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Abstract 

 
For oral vaccination, incorporation of antigens into nanoparticles has been shown to 

protect the antigen from degradation, but may also increase its uptake through the intestinal 

epithelium via M-cells. The aim of this study was to understand the mechanisms by which oral 

administration of antigen-loaded nanoparticles induces an immune response and to analyze 

the effect of the nanoparticle composition on these mechanisms. Nanoparticles made from 

chitosan (CS) and its N-trimethylated derivate, TMC, loaded with a model antigen ovalbumin 

(OVA) were prepared by ionic gelation with tripolyphosphate. Intraduodenal vaccination with 

OVA-loaded nanoparticles led to significantly higher antibodies responses than immunization 

with OVA alone. TMC nanoparticles induced anti-OVA antibodies after only a priming dose. To 

explain these results, the interaction of nanoparticles with the intestinal epithelium was 

explored, in vitro, using a follicle associated epithelium model and visualized, ex vivo, using 

confocal laser scanning microscopy. The transport of OVA-FITC-loaded TMC nanoparticles by 

Caco-2 cells or FAE model was higher than OVA-FITC-loaded chitosan or PLGA nanoparticles. 

The association of nanoparticles with human monocyte derived dendritic cells and their effect 

on their maturation were determined with flow cytometry. TMC nanoparticles but not 

chitosan or PLGA nanoparticles had intrinsic adjuvant effect on DCs. In conclusion, depending 

on their composition, nanoparticles can increase the M-cell dependent uptake and enhance 

the association of the antigen with DC. In this respect, TMC nanoparticles are a promising 

strategy for oral vaccination. 
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Introduction 

 

Whereas most pathogens gain access to their hosts via mucosal surfaces, most human 

vaccines currently available are licensed for non-mucosal administration e.g. via subcutaneous 

or intramuscular injections. However, mucosal vaccines have several attractive features 

compared with parenteral vaccines. Mucosal immune responses are most efficiently induced 

by administration of vaccines onto mucosal surfaces[1]. Moreover, mucosal immunization is 

needle-free, patient-friendly and reduces the risk of infection. Nonetheless, if mucosal 

vaccination is to become a feasible alternative for parenteral immunization, there are still 

hurdles to overcome before such an approach can be used widely. Oral vaccine delivery raises 

particular challenges: the bioavailability of orally delivered antigen is limited by possible 

degradation in the gastrointestinal environment. Moreover, most antigens are bulky 

substances and therefore not easily absorbed into the intestinal epithelium. Finally, the 

intestine is a fairly immuno-tolerant site, and the default response to an antigen will often be 

tolerance instead of immunity[2,3]. 

To facilitate effective mucosal immunization, the antigen must be protected from 

degradation, its uptake/absorption enhanced and immune cells activated. Therefore, oral 

vaccines should ideally be multimeric/particulate, adherent to the intestinal surface, 

effectively target M-cells and efficiently stimulate innate and adaptive immune responses [1]. 

Polymeric nanoparticles in which the antigen is encapsulated have been designed for oral 

immunization [4-6]. Various studies have shown increased antibody responses when antigens 

are orally administered in poly-(lactic-co-glycolic acid) (PLGA) particles [7-10]. Particles 

composed of bioadhesive material like chitosan (CS) and its soluble derivate N-trimethyl 

chitosan (TMC) characterised by its permanent positive charges irrespective of pH, can 

prolong the residence time of the antigen in the intestine, increase its permeation and 

enhance its immunogenicity [11,12,13,14,15]. Although most of the polymers used allow 

protection of the antigen from degradation, their effects on interaction with intestinal surface 

and on antigen uptake is less well recorded and depends on the type of polymer used [4].  

What happens to an encapsulated antigen once it has reached the intestine is also not 

straightforward. M-cells in the follicle-associated epithelium (FAE) of intestinal Peyer’s patches 

and isolated lymphoid follicles are gatekeepers of the mucosal immune system. They sample 

the gut lumen and transport antigens in the underlying mucosal lymphoid tissue for 

processing and initiation of an immune response [16]. Given their unique features to 

transcytose particles, M-cells are an interesting target in oral vaccine delivery. It has been 

shown that nanoparticles are actively taken up by the FAE through M-cells [5,12,16,17]. 
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Moreover, M-cells have been suggested to transport antigen to underlying dendritic cells 

(DCs), without any degradation of the antigen, even without a protective carrier [18]. In vitro 

models of human FAE that have been recently developed are useful to study the contribution 

of M-cells to the transport of nanoparticles [5,17] 

Interestingly, nanoparticles are also reported to increase the antigen uptake by DCs and to 

induce the maturation of DCs [19,20]. The use of a nanoparticulate delivery system might 

therefore work as a double edged sword as it increases the uptake into epithelium and 

subsequently the uptake into antigen presenting cells (APCs). 

The aim of this study was to understand the mechanisms by which nanoparticles can 

enhance immune responses after oral administration apart from protection from degradation. 

Ovalbumin (OVA) was used as a model antigen and encapsulated with CS and TMC polymers 

to form nanoparticles. CS particles have been described as potential oral vaccine carrier [12] 

and transport of these particles by M-cells has been observed [21]. A drawback of CS is its 

water solubility. With CS’ pKa of 6.2, at physiological pH primary amines groups are protonated 

and consequently OVA/CS nanoparticles will loose their repulsive surface charge and show 

colloidal instability. The slightly acid environment of the jejunum will promote the stability of 

CS nanoparticles, but as soon as these particles are transported to the subepithelial space to 

interact with immune cells, the physiological pH will be deleterious for its stability. As TMC 

carries a permanent positive charge, OVA/TMC nanoparticles will not be affected by small pH 

shifts and may be a more suitable carrier for mucosal vaccination.    

An intraduodenal immunization study with OVA/CS particles, OVA/TMC and 

unencapsulated OVA nanoparticles was performed to analyse the extent and the type of 

immune response elicited [22]. To explore whether transport into the FAE and interaction 

with DCs are indeed factors that contribute to the increased immune response caused by CS 

and TMC nanoparticles, first the interaction of these vaccine carriers with the enterocytes and 

FAE was investigated in vivo and in vitro [5,8], allowing a direct comparison and quantification 

of the transepithelial transport of CS and TMC nanoparticles. Secondly, the effect of 

nanoparticle uptake by DCs and on the maturation of DCs was assessed. Negatively charged 

PLGA nanoparticles of comparable size as OVA/CS and TMC/OVA were included to investigate 

the effect of nanoparticle composition on M-cell transport and DC interaction. 
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Materials and Methods 

 

Materials 

N-trimethyl chitosan with a degree of quaternisation of 15% was obtained from 92% 

deacetylated (MW 120 kDa) chitosan (Primex, Avaldsnes, N), by NaOH induced methylation as 

described by Sieval [6]. Poly(lactic-co-glycolic acid) 50:50 (PLGA) (L:G 50:50 average Mw 5,000-

15,000) pentasodium tripolyphosphate (TPP), 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic 

acid (HEPES), dichloromethane, dimethyl sulfoxide (DMSO), 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), ovalbumin (OVA) grade V and sodium cholate were 

obtained from Sigma-Aldrich (Steinheim, DE). FITC-ovalbumin (FITC-OVA) was purchased from 

Molecular Probes (Invitrogen Breda, NL). All culture media, including penicillin/streptomycin 

(PEST) and trypsin were obtained from Gibco (Invitrogen, Carlsbad, CA), unless indicated 

otherwise. 

 

Nanoparticle preparation 

CS and TMC nanoparticles were prepared by ionic complexation with pentasodium 

tripolyphosphate (TPP) [23]. CS and OVA were dissolved in a 0.1 M acetate buffer (pH 5) to a 

final concentration of respectively 1 mg/ml and 0.1 mg/ml. A TPP solution (1 mg/ml) was 

added under continuous stirring to weight ratio CS:TPP:OVA of 10:1.2:1. TMC and OVA were 

dissolved in a 5 mM Hepes buffer (pH 7.4) to a final concentration of 1 mg/ml and 0.1 mg/ml, 

respectively. TPP was added under continuous stirring to a weight ratio TMC:TPP:OVA of 

10:1.8:1. Nanoparticles were collected by centrifugation (30 min 15000 g) on a glycerol bed, to 

avoid aggregation. 

PLGA particles were prepared by a “water-in-oil-in-water” solvent evaporation method 

described by Garinot [8]. Briefly, 50 µL of 10 mg/mL OVA or FITC-OVA in 10mM phosphate 

buffer saline pH7.4 (PBS) was emulsified with 1 mL of dichloromethane containing 50 mg of 

PLGA with an ultrasonic processor for 15 s at 70 W (Branson Instruments, CT, USA). The 

secondary emulsion was prepared with 2 mL of 1% (w/v) sodium cholate in water. The double 

emulsion was then poured into 100 mL of a 0.3% sodium cholate aqueous solution, and stirred 

at 37°C for 45 min. The nanoparticle suspension was then washed twice in PBS by 

centrifugation at 22 000 g for 1 h. 

 

Nanoparticle characterisation 

Particle size distribution was determined by means of dynamic light scattering (DLS) using 

a NanoSizer ZS (Malvern Instruments, Malvern UK). The zeta potential of the particles was 
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measured with the NanoSizer ZS by laser Doppler velocimetry. Before the measurement, 

samples were diluted in 5 mM Hepes pH 7.4 or 50 mM acetate buffer pH 5.9 until a slight 

opalescent dispersion was obtained.  

The OVA content of the particles was determined with a BCA protein assay (Pierce, 

Rockford, IL, USA) according to the manufacturer’s instructions.The encapsulation efficiency 

was expressed in percentage as the amount of OVA encapsulated compared to the amount of 

OVA used to form the nanoparticles. The process yield was expressed in percentage as the 

weight of nanoparticles compared to the amount of polymers used for the formulation. 

 

Immunization with ovalbumin-loaded nanoparticles 

Female Balb/c mice 6 weeks old at the beginning of the experiment were purchased from 

JANVIER (Le Genest-Saint-Isle, FR). The mice were kept in hanging wire cages and allowed 

access to food and drink ad libitum. Mice were fasted the day before their immunization. All 

experiments were approved by the ethical committee for animal care of the faculty of 

medicine of the Université Catholique de Louvain. 

Mice received intramuscular injection of OVA (50 μg OVA/50 μL) as a positive control, or 

intraduodenal injections of OVA, OVA-loaded CS nanoparticles (OVA/CS) or TMC nanoparticles 

(OVA/TMC) (100 μl containing 50 μg of OVA). A boost was applied in similar fashion, 14 days 

after the priming. Blood samples were collected by retro-orbital punctures 14, 28, 42 days 

after priming. Sera isolated by centrifugation were stored at -20°C before analysis. OVA-

specific IgG, IgG1 and IGg2a levels were determined by enzyme-linked immunosorbent assay 

(ELISA) [8]. Serum dilutions were made in OVA-coated plates (Nunc-Immnuno Plate F96 

MAXISORP) and detection of anti-OVA antibodies was carried out using peroxidase-labelled 

rat anti-mouse immunoglobulin G, G1 and G2a (LO-IMEX, Brussels, BE). IgG titres were defined 

as the logarithm of the inverse of the sera dilution corresponding to an absorbance equal to 

0.2. 

   

Visualisation of OVA transport in vivo 

Female Balb/c mice were administered 50 µg FITC-OVA encapsulated in TMC or CS 

nanoparticles by intraduodenal injection. After 1h mice were sacrificed, pieces of jejunum and 

Peyer’s patches were harvested and washed with PBS. Tissues were formaldehyde fixed and 

incubated with PBS 0.2% Tween 100 and 2% Rhodamine-phalloïdin to stain membrane cells. 

Scanning laser confocal microscopy was used to visualise the luminal side. 
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Cell lines  

Human colon carcinoma Caco-2 line (clone 1) was obtained from Dr. Maria Rescigno, 

University of Milano-Bicocca, Milan, IT [24] and maintained in supplemented Dulbecco’s 

Modified Eagles Medium (DMEM) high glucose and L-glutamine, with 10% v/v foetal bovine 

serum (FBS) and 1% v/v non essential amino acids at 370C under a 5% CO2 water saturated 

atmosphere. Human Burkitt’s lymphoma Raji B-cell line (American Type Culture Collection, 

Manassas, VA, USA), was maintained in RPMI 1640, supplemented with 10% v/v FBS, 1% v/v L-

glutamine and 1% v/v non essential amino acids. 

  

Effect of polymers on cell viability 

Toxicity of the formulations on Caco-2 cells was assessed using the MTT method. Caco-2 

cells (10000/well) were seeded in a 96-well plate (Nunc, Roskilde, DK) and maintained for 2 

days at 37°C and 5% CO2. After 1 h exposure to 1 mg/ml of the various delivery systems, the 

cells were washed 3x with Hank’s Balanced Salt Solution (HBSS) and incubated for 3 h with 0.5 

mg/ml MTT in DMEM. Medium was removed and the purple formazan crystal was dissolved in 

100 μl DMSO. Absorbance at 570 nm was measured using a μQuant ELISA plate reader (Biotek, 

Winooski, VT, USA).  

 

In vitro human FAE culture 

FAE cultures were performed according to the protocol improved by des Rieux [5]. Briefly, 

5x105 Caco-2 cells were seeded on Matrigel (Becton Dickinson, Franklin Lakes, NJ, USA) coated 

12-well Transwell inserts (Corning, Schiphol-Rijk, NL) and cultivated for 3 days in 

supplemented DMEM + 1% PEST. Inserts were inverted, a piece of silicon rubber (Labo-

modern, Queveaucamps, BE) was placed around the basolateral side and transferred into a 

pre-filled Petri dish (VWR, Amsterdam, NL) with supplemented DMEM + 1% PEST. Inverted 

inserts were maintained for 10 days and the basolateral medium was refreshed every other 

day. 5x105 Raji-B cells, resuspended in supplemented DMEM+ 1% PEST, were added to the 

basolateral compartment of the inserts. The co-cultures were maintained for 5 days. Mono-

cultures were prepared in the same way, except that the Raji-B cells were left out. 

 

Nanoparticle transport in vitro 

For transport experiments mono- and co-culture inserts were reversed to their original 

orientation in 12-well plates (Corning) and washed with HBSS. After 20 minutes of 

equilibration at 37°C the trans-epithelial electrical resistance (TEER) was measured using a 

home made chop stick electrode couple to a MilliCellers® multimeter (Millipore, NL). 
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Nanoparticle formulations containing FITC-OVA were diluted to a final concentration of 1 

mg/ml in HBSS (corresponding to approximately 0.9x108 CS, 1.0x108 TMC and 1.0x108 PLGA 

nanoparticles per ml, as determined by flow cytometry) and 400 μl were applied to the apical 

compartment of the insert. At the basolateral side 1.2 ml HBSS was used as acceptor 

compartment. After incubation for 60 minutes at 37°C the amount of particles in the acceptor 

compartment was determined using flow cytometry (FACScalibur, Becton Dickinson) [5,8,17]. 

The transport of free FITC-OVA was evaluated by fluorimetry with an FS920 fluorimeter 

(Edinburgh Instruments, Campus Livingston, UK). 

The Papp (cm/s) was calculated as follows: 

 

Papp = dQ / dtAC0  

 

Where dQ/dt is the transport rate number of nanoparticles per ml or amount of FITC-OVA 

(mg) present in the basal compartment as function of time (s), A the area of Transwell (cm2) 

and C0 the initial concentration of nanoparticles (number/ml) or OVA (mg/ml) in the apical 

compartment. 

 

The apical compartment was harvested and centrifuged (14000 g, 30 min). The 

supernatant was used to quantify the release of lactate dehydrogenase (LDH) according to the 

manufacturer’s instructions (cytotoxicity detection kit, Roche, Woerden, NL).  

 

Human monocytes derived dendritic cells culture 

Monocytes were freshly isolated from human donor blood before each experiment by 

means of density gradients (Ficoll and Percoll) and depletion of platelets was performed by 

adherence of the monocytes in 24-well plate (Corning, Schiphol, NL) followed by washing. 

Monocytes (5x105 cells/well) were maintained for 6 days in RPMI 1640, supplemented with 

10% v/v FBS, 1% glutamine, 1% v/v PEST, GM-CSF 250 U/ml (Biosource-Invitrogen, Breda, NL) 

and IL-4 100 U/ml (Biosource) at 37°C and 5% CO2 to differentiate into immature DCs. Medium 

was refreshed after 3 days [25]. 

 

Interaction of nanoparticles with dendritic cells (DCs) 

DCs were incubated for 4 h at 37°C in RPMI 1640 and 500 U/ml GMCSF with 2 μg/ml FITC-

OVA either free or encapsulated in TMC, CS or PLGA nanoparticles (polymer concentration 20, 

20 and 100 µg/ml respectively). Cells were washed 3 times with PBS containing 1% w/v bovine 

serum albumin and 2% v/v FBS before FITC-OVA association with DCs was quantified using 
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flow cytometry (FACScalibur, Becton Dickinson). Live cells were gated based on forward and 

side scatter. FITC-OVA association was expressed as the mean fluorescence intensity (MFI) in 

the FL-1 channel. Histogram overlay were created with WinMDI vs 2.9. 

 

Effect of nanoparticles on DC maturation 

DCs were incubated for 48 h at 37°C in RPMI 1640 and 500 U/ml GMCSF with 2 μg/ml OVA, 

either free or encapsulated in TMC, CS or PLGA nanoparticles and LPS (100 ng/ml) as a positive 

control. Cells were washed 3 times with PBS containing 1% w/v bovine serum albumin and 2% 

v/v FBS and incubated for 30 min with mixture of 50x diluted anti-HLADR-FITC and anti-CD86-

APC (Becton Dickinson) on ice, to measure expression of MHCII and CD86 molecules on the 

DCs’ cell surface, respectively. Cells were washed and expression of MHCII and CD86, both 

markers for mature DCs [26], was quantified using flow cytometry (FACScalibur). Live cells 

were gated based on forward and side scatter. The amount of MHCII and CD86 double positive 

cells was expressed as a percentage of the live cell population. 

 

Statistics 

Immunoglobulin levels were compared by Kruskal-Wallis non parametric tests (significance 

p<0.05). Two-way ANOVA with Bonferroni post-tests were used for the transport study. One-

way ANOVA with Bonferroni post-tests was used for all the other in vitro studies. 

 

 

Results and discussion 

 

Nanoparticle formulations 

All OVA-loaded nanoparticles showed a mean size distribution between 200 and 300 nm 

with comparable size distributions and a good process yield (Table I). With an ionic 

complexation method using TPP, adapted from Calvo [23], OVA was efficiently encapsulated 

into fairly monodisperse (PDI<0.25) CS and TMC nanoparticles with a mean hydrodynamic 

diameter of approximately 300 nm. For comparison, monodisperse (PDI< 0.15) PLGA 

nanoparticles with an average size of 240 nm were prepared by emulsification/solvent 

extraction [8]. 

TMC nanoparticles carried a positive surface charge at physiological pH. CS nanoparticles 

however lost their positive zeta potential at pH 7.4 due to deprotonation of the primary amine 

groups and showed major colloidal instability. Therefore, the characterisation and in vitro 
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experiments with CS nanoparticles were conducted at pH 5.9. PLGA nanoparticles carried a 

negative surface charged due to deprotonated carboxyl groups. 

OVA was more efficiently encapsulated into CS or TMC nanoparticles (loading efficiency 

65% and 67 % respectively) than into PLGA nanopartlices (42%). This may be due to the 

different preparation protocol as well as the hydrophobicity and negative charge of PLGA, 

disfavouring the encapsulation of the hydrophilic, negatively charged OVA (pI=4.8). 

 

Table I: Characteristics of TMC, CS and PLGA nanoparticles  

91 ± 2.342 ± 0.9-36.3 ±2.20.118 ± 0.014240 ± 9.0PLGA/OVA**

89 ± 1.566 ± 2.727.8 ±1.50.202 ± 0.045291 ± 12TMC/TPP/OVA**

72 ± 5.965 ± 4.943.3 ± 1.00.244 ± 0.011290 ± 36CS/TPP/OVA*

Yield 

(%)
Loading 

efficiency 

(%)

Zeta 
potential 

(mV)

Polydispersity 
index

Size 

(nm)

91 ± 2.342 ± 0.9-36.3 ±2.20.118 ± 0.014240 ± 9.0PLGA/OVA**

89 ± 1.566 ± 2.727.8 ±1.50.202 ± 0.045291 ± 12TMC/TPP/OVA**

72 ± 5.965 ± 4.943.3 ± 1.00.244 ± 0.011290 ± 36CS/TPP/OVA*

Yield 

(%)
Loading 

efficiency 

(%)

Zeta 
potential 

(mV)

Polydispersity 
index

Size 

(nm)

 

Data represent the mean of 4 independently prepared batches ± standard deviation.  

* Measurements performed in 50 mM acetate buffer pH 5.9 ** Measurements performed in 5 mM 

Hepes pH 7.4 

 

Mucosal immunization with OVA-loaded TMC and CS nanoparticles 

A mucosal immunization study was performed to compare the ability of OVA-loaded TMC 

and CS nanoparticles to elicit an immune response. Therefore, 50 μg of free OVA and 50 μg of 

encapsulated OVA in TMC and CS nanoparticles were administered by intraduodenal injection 

to mice.  

Two weeks after priming, TMC nanoparticles showed an immune response in 5 out of 8 

mice, whereas free OVA, OVA encapsulated in CS nanoparticles or intramuscular injection of 

OVA induced a low IgG response in 2 out of 8 mice (Fig. 1a). On day 42 (4 weeks after 

boosting), all mice vaccinated with OVA loaded nanoparticles showed a strong and significant 

enhancement (over 1000 fold) in IgG production compared to intraduodenal immunization 

with free OVA (Fig. 1b). No significant difference in IgG titres was observed between the 2 

groups vaccinated with nanoparticles. Interestingly, OVA administered by intramuscular 

injection, while yielding a 100 fold higher IgG titre than free OVA given intraduodenally, 

resulted in a lower immune response than the intraduodenal delivery of OVA in 

nanoparticulate formulations. This could indicate that the increased immune response caused 
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by encapsulation of the antigen is not solely due to a more efficient delivery of the antigen to 

the target cells but also to an intrinsic immunopotentating capacity of the nanoparticles 

[19,20]. 

Compared to intraduodenal immunization with free OVA, TMC and CS encapsulated OVA 

induced higher IgG1 and IgG2a titres (p<0.05) (Fig. 2a). Mice vaccinated with free OVA by 

intramuscular injection and intraduodenal delivery showed a mean IgG2a/ IgG1 ratio of 0.5 

and 0.1, respectively. Mice vaccinated with CS and TMC nanoparticles had a more balanced 

ratio of 1 and 0.8, respectively (Fig. 2b). It has been reported that soluble antigens usually 

elicit high levels of IgG1 antibodies, but very low levels of IgG2a [27]. Both polymers (TMC and 

CS) have been described in the literature as being mucosal adjuvants and their influence on 

the Th1/Th2 balance seems to be very dependent on the antigen and route of administration 

[28-30]. The shift in profile of the immune response towards a Th1 response by the 

nanoparticulate formulations could be due to proton scavenger properties of CS and TMC, 

which may facilitate endosomal escape of the antigen and thereby promote antigen 

presentation by the MHC class I pathway [31].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. OVA-specific IgG titres in serum 

of Balb/c mice intraduodenally fed with 

OVA solution, OVA-loaded TMC 

nanoparticles or CS nanoparticles, as 

compared to intramuscular injection 

with OVA solution. a) Total IgG titres 14 

days after priming. b) Total IgG titres 42 

days after priming (28 days after 

boosting). **OVA-loaded TMC and CS 

nanoparticles induced higher IgG titres 

than OVA solution (p<0.01). O
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This study as well as other reports [12,32] clearly demonstrates that TMC and CS 

nanoparticles are potential candidates for oral delivery. It is generally accepted that 

nanoencapsulation can protect the antigen from degradation in the gastrointestinal tract; this 

however does not explain why encapsulation of OVA leads to a higher immune response than 

intramuscular injection or why a shift to Th1 response has been observed. Hence, the 

mechanisms by which TMC or CS nanoparticles could act as adjuvant, either as delivery 

systems and/or as immunomodulator were investigated. We hypothesized that the particulate 

form and the positive charge (unencapsulated OVA is negatively charged) account for the 

immuno-stimulatory effect. Therefore OVA-loaded PLGA nanoparticles with a similar size 

distribution as OVA/CS and OVA/TMC were included to serve as a negatively charged 

counterpart to the CS and TMC based particles. The effect of nanoparticle composition on 

their uptake by M-cells, was studied in vivo and in vitro. Moreover, their effect on DC uptake 

and maturation was assessed in vitro. 

 

 

 

Figure 2. OVA-specific IgG1 and IgG2a titres in serum of Balb/c mice intraduodenally fed 

with OVA solution, OVA-loaded TMC and CS nanoparticles. Intramuscular injection was 

used as a positive control. a) IgG1 and IgG2a 28 days after boost. *IgG1 and **IgG2a 

induced by TMC/TPP/OVA and CS/TPP/OVA were significantly higher than those induced by 

free OVA (pb0.05). b) Ratio of IgG2a on IgG1 titres 28 days after boost. **Ratio induced by 

OVA-loaded CS nanoparticles immunization was significantly different from those induced 

by OVA solution (p<0.01). 
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Localization of antigen in Peyer’s patches 

A confocal microscopy of the gut of mice after intraduodenal delivery of free or 

encapsulated FITC-labelled OVA was performed to check if the TMC and CS particleswere 

specifically taken up by M-cells in Peyer's patch. Free FITC-OVAwas detected in neither regular 

(Fig. 3a) nor Peyer's patch epithelium (Fig. 3b), which could account for the poor 

immunogenicity of OVA observed after intraduodenal administration. Consistent with 

previous studies conducted by van der Lubben [12,21], who found M-cell specific uptake of CS 

microparticles, uptake of FITC-OVA encapsulated in CS (Fig. 3d) or TMC (Fig. 3f) nanoparticles 

was detected mainly in the Peyer's patches. In general, regular intestinal epithelium exhibited 

less intense OVA related fluorescence than the M-cell rich Peyer's patch area (Fig. 3c and e). 

x–z analysis clearly shows that CS and TMC nanoparticles were taken up by cells in the 

jejunum and Peyer's patches. This indicates that 1 h after of intraduodenal administration a 

significant part of the antigen has accumulated in the Peyer's patch, which is most probably 

due to M-cell specific uptake. The ability of M-cells to transport particulate structures is well 

established [33] and increasing the M-cell uptake has become an attractive strategy to 

improve current mucosal vaccines [34–36]. The particulate nature of the encapsulated FITC-

OVA therefore seems to be one of the major reasons for the active uptake by the FAE. To 

support these findings and to assess whether encapsulation in CS or TMC nanoparticles is 

beneficial for M-cell mediated transport, FITC-OVA transport studies over an in vitro FAE was 

performed. 

 

In vitro studies with FAE  

Cell viability and monolayer integrity 

As cell viability and monolayer integrity are vital for the interpretation of the transport 

experiments, the toxicity of the nanoparticles on Caco-2 cells was assessed with an MTT assay 

and a LDH release test, and monolayer integrity was evaluated by monitoring the TEER (Table 

2). At 1.0 mg/ml, the same concentration as used in the transport experiments, no significant 

cytotoxicity of CS and PLGA nanoparticles on Caco-2 cells was observed by the MTT assay. 

However, TMC nanoparticles caused a 20% reduction of cell survival (pb0.05). No LDH release 

(b1%) was detected. MTT as well as LDH assay performed at pH 5.9 showed similar results 

(data not shown). The toxicity of TMC could be due to its higher positive charge density 

leading to a higher interaction with cell membrane and higher uptake [32]. CS and TMC have 

been reported as enhancers of oral absorption, due to the opening of tight junctions between 
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the epithelial cells [11-15,32]. The relatively small but significant decrease of electrical 

resistance across the monolayer of both Caco-2 monocultures and co-cultures induced by CS 

and TMC particles (pb0.05) indicates that nanoparticles composed of these cationic 

biopolymers modified the tight junctions. In contrast, no changes in TEER were observed after 

exposure to PLGA nanoparticles. Although tight junction opening has been described as 

mechanism promoting antigen uptake, it is unlikely that an antigen encapsulated in a 300 nm 

sphere, will diffuse through these tight junction openings as FITCdextran (4 kDa and 12 kDa) 

were not significantly transported by co-cultures [5]. Therefore the immune- enhancing effect 

of CS and TMC nanoparticles should not be attributed to their ability to modify tight junctions. 

 

Nanoparticle transport across human FAE culture 

M-cells present in the FAE are known for their transcytotic transport capacity and may be 

critical for effective antigen transport to subepithelial immune cells [1,16]. Therefore, 

nanoparticle transport across the intestinal epithelium was investigated in vitro by measuring 

the amount of FITC-OVA-loaded particles in the basolateral compartment of Caco-2 mono-

cultures as well as Caco-2/Raji-B co-cultures. The Raji-B cells induce the generation of M-cells 

within the epithelial cell layer, permitting us to discriminate between M-cell dependent and 

M-cell independent transport (Fig. 4). All types of nanoparticles were more transported in the 

presence of M-cells, although only CS and TMC particle transport increased significantly 

(p<0.01). 

 

Table II: Effect of nanoparticles on Caco-2 cell survival and monolayer integrity after 1 h of exposure 

to 1 mg/ml free or nanoparticulate OVA 

 MTT test 
(%) a 

Initial TEER 
(Ω/cm2) b 

Final TEER (% of initial 
value) b 

  Mono-culture Co-culture Mono-culture Co-culture 

OVA (aq)° 97.7 ± 10.5 240 ± 24 111 ± 11 99.4 ± 0.7 92.7 ± 2.7 
CS/TPP/OVA*  93.3 ± 23.1 219 ± 15 101 ± 12 70.5 ± 5.0# 60.5 ± 3.1# 
TMC/TPP/OVA° 78.3 ± 3.4# 222 ± 12 100 ± 7 74.8 ± 1.8# 70.7 ± 2.0# 
PLGA/OVA° 103.0 ± 12.8 205 ± 12 117 ± 14 103.0 ± 1.6 96.3 ± 1.0 
 

a
 Cell viability was assessed by an MTT test. Results are expressed as percentage (mean ± SEM; n=14) of 

the medium control (100%) 
b Monolayer integrity was investigated by measuring the TEER before and after the experiment. Values 

represent mean ± SEM (n=14)  

# p<0.05, compared to OVA solution ° HBSS pH 7.4 * HBSS pH 5.9 
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The increase in CS and TMC particle transport in the co-culture is consistent with the 

preferential localisation in Peyer's patches in vivo (Fig. 3). TMC particle transport by the mono-

culture and co-culture was higher than CS and PLGA particle transport, independent of the 

presence of M-cells (pb0.01). Transport by co-cultures was equivalent for PLGA and CS 

particles. It could be related to the higher positive charge density which is a critical factor for 

bioadhesion and penetration enhancement towards intestinal epithelium. It could also be 

related to the increase of quaternization degree favouring the mucoadhesion or to the small 

toxic effect of TMC (Table 2), which may have negatively affected the integrity of the 

monolayer. For the lower transport of CS particles in comparison with TMC particles, a key 

element could be the instability of the CS particles. The colloidal stability of OVA/CS is fragile 

and very sensitive to pH shifts, ionic strength and medium composition [37,38]. Thus, it is well 

possible that many particles exposed to pHN6.5 had aggregated before they reached the 

basolateral compartment [39,37] or that CS could be less condensed because the amine 

groups will not be charged and so, be less transported [40,15].  

In conclusion, nanoparticles seem to direct the antigen towards the Peyer's patches as 

their particulate nature favours M-cell specific uptake, compared to unencapsulated antigen. 

Hence, M-cell uptake seems to be the most likely route of CS or TMC nanoparticles, although 

active transport by epithelial cells [41] or uptake by extruding DCs [24] cannot be ruled out. 

 

In vitro studies with DCs 

Effect of nanoparticles on FITC-OVA association with DC 

Immature human DCs were stimulated for 4 h with either FITCOVA alone or nanoparticles 

containing FITC-OVA to investigate if encapsulation of OVA increased its association with DCs. 

Treatment with 2 μg/ml FITC-OVA led to an increase in mean fluorescence intensity compared 

to unstimulated DCs, indicating association of the antigen with the DCs. The positively charged 

formulations (OVA/CS and OVA/TMC) showed significantly increased association with DCs (Fig. 

5a). Interestingly, OVA incorporated in PLGA nanoparticles was not taken up by DCs more 

efficiently than free 

OVA, probably because the DC-PLGA interaction was less pronounced due to the 

unfavourable electrostatic interactions between the negative surfaces of PLGA nanoparticles 

and the DC's cell  membrane. 
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Figure 3. Representative confocal microscopy images of murine jejunum (a, c, e) 

and a Peyer's patch (b, d, f) from murine jejunum, isolated 1 h after intraduodenal 

injection with 50 μg of FITC-OVA alone (a, b), incorporated in CS nanoparticles (c, d) 

or in TMC nanoparticles (e, f). Tissues were formaldehyde fixed for 90 min and 

incubated with PBS containing 0.2% Triton X-100 and Rhodamine-phalloïdin (1/50 

v/v) to stain cell membranes. Scanning laser confocal microscopy was used to 

visualize the luminal side and to perform x–z analysis. 
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Effect of nanoparticles on DC maturation 

Uptake of antigen by DC does not necessarily mean that a successful immune response will 

be started. DCs sample their environment continuously, but only become activated if the 

antigen is recognized as dangerous. To measure whether nanoparticles supply a ‘danger 

signal’ next to increasing the delivery of the antigen, the maturation of human monocyte DC 

was studied. After 48 h of exposure to the different OVA formulations, clear differences in the 

maturation status of the DCs could be observed (Fig. 5b). The positive control, LPS-stimulated 

DCs expressed maturation markers to a very high extent, as 90% of the total DCs population 

was positive forMHCII as well as CD86. DCs treated with OVA showed no maturation, but 

OVA/TMC nanoparticles increased the number of MHCII/CD86 double positive DCs (pb0.01).  

The type of biopolymer seems to be an important parameter determining DCs maturation, 

as for PLGA and CS nanoparticles no significant increase of mature DCs was observed. 

Figure 4: FITC-OVA-loaded nanoparticle transport over Caco-2 monolayers (white 

bars) and Caco-2/Raji-B co-cultures (grey bars) quantified by FACS analysis. 

Transport is expressed as apparent permeability (Papp). Error bars represent 

standard error of the mean (SEM). M-cell, only present in co-culture significantly 

enhance the transport of OVA inside CS and TMC particles, but not unformulated 

OVA (n=18). Level of significant differences in Papp values are indicated by * 

(p<0.05) and ** (p<0.01). 
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Induction of DC maturation by CS and PLGA particles has been investigated by other groups 

with inconclusive results. Increased DC maturation by PLGA and CS biofilms in vitro [42] and 

by CS solutions in vivo [30] has been shown, but also studies claiming no stimulatory effect of 

these biopolymers exist [43,44]. Fisher et al. have recently addressed this discrepancy [45] and 

explained it by slight differences in preparation of the formulations and possible endotoxin 

contamination. To rule out LPS contamination in our experiments, TLR-4 transfected HEK cells 

were exposed to the formulations and we found the LPS content to be below the detection 

limit (<0.1 ng/ml, data not shown).  

As only the (positively charged) TMC nanoparticles induced DC maturation, but no DC 

maturationwas found after exposure to soluble antigen, (negatively charged) PLGA particles 

and (positively charged) CS particles, the nanoparticles material rather than the zeta potential, 

is an important factor in the process of DCs maturation. Effect of TMC 

on cell viability could also trigger DC maturation. As CS particles were incapable of 

activating DCs, but were effective in inducing an immune response, CS apparently acts as an 

adjuvant via a different mechanism. Possibly a depot is formed by OVA/CS particles that 

aggregate as soon as they are secreted into the subepithelial space and come into contact 

within a higher pH and medium constituents [39]. Why TMC has immunopotentiating capacity 

is unclear. To our best knowledge, this is the first time that the direct effect of TMC 

nanoparticles on DCs was assessed and TMC is a not a known ligand for pathogen recognition 

receptors. Further investigation into the adjuvant effect of TMC will therefore be necessary. 

 

 

Conclusion 

 

This study shows that if the right nanoparticle material is selected, the transport of the 

antigen into the FAE, association with APC, maturation of DCs and modulation of the immune 

response can be accomplished. The particulate nature of the delivery system increases the M-

cell specific transport into the FAE and a positive surface charge seems to cause an enhanced 

association of antigen with DCs, increasing the probability of successful antigen uptake. 

Moreover, TMC nanoparticles exerted intrinsic adjuvant properties, as it induces maturation 

of DCs. These characteristics make TMC nanoparticles a promising delivery system for mucosal 

vaccination. 
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Figure 5. Interaction of OVA with human monocyte derived DCs. DCs were exposed to 2 μg/ml soluble 

or encapsulated FITC-OVA for 4 h. a) OVA-FITC association with DCs measured by flow cytometry. 

Bars represent mean values of 5 experiments from 5 different donors. Insert: Representative overlay 

histogram of a single DC-association experiment: control DCs (filled), DCs pulsed with 2 μg/ml FITC-

OVA (black line) or FITC-OVA loaded TMC nanoparticles (dashes line) analyzed after 4 h of incubation. 

b) Maturation of DCs exposed to 2 μg/ml soluble or encapsulated OVA, or 10 ng LPS, for 48 h. Cells 

were stained with anti-HLADR-FITC and anti-CD86-APC. Expression of surface molecules MHCII and 

CD86 was determined by flow cytometry. Double positive cells for MHCII and CD86 were considered 

matured (see insert). Bars represent mean values of 5 experiments from 5 different donors. Error bars 

represent SEM. *p<0.01; **p<0.001. 
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