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Background/objective: The size-dependent mucosal immunoresponse against nanomaterials 

(nanoimmunoresponse) is an important approach for mucosal vaccination. In the present work, 

the size-dependent nanoimmunoresponse of mouse Peyer’s patches (PPs) and immunoglobulin A 

(IgA) level was investigated using fluorescent thiol-organosilica particles.

Methods: Various sizes of fluorescent thiol-organosilica particles (100, 180, 365, 745, and 

925 nm in diameter) were administered orally. PPs were analyzed histochemically, and IgA levels 

in PP homogenates, intestinal secretions around PPs, and bile were analyzed biochemically.

Results: When compared with the larger particles (745 and 925 nm), oral administration of 

smaller thiol-organosilica particles (100, 180, and 365 nm) increased the number of CD11b+ 

macrophages and IgA+ cells in the subepithelial domes of the PPs. Additionally, administration 

of larger particles induced the expression of alpha-L-fucose and mucosal IgA on the surface of 

M cells in the follicle-associated epithelia of PPs and increased the number of 33D1+ dendritic 

cells in the subepithelial domes of the PPs. IgA contents in the bile and PP homogenates were 

high after the administration of the 100 nm particles, but IgA levels in the intestinal secretions 

were high after the administration of the 925 nm particles. Two size-dependent routes of IgA 

secretions into the intestinal lumen, the enterohepatic route for smaller particles and the mucosal 

route for larger particles were proposed.

Conclusion: Thiol-organosilica particles demonstrated size-dependent nanoimmunoresponse 

after oral administration. The size of the particles may control the mucosal immunity in PPs 

and were useful in mucosal vaccination approaches.

Keywords: thiol-organosilica particles, Peyer’s patches immune cells, IgA, mucosal 

vaccination

Introduction
Nanoparticles (NPs) have the following advantages for mucosal vaccination: controlled 

release, specific targeting, and efficient immunization.1,2 The size-dependent immuno-

response against nanomaterials in various immune tissues (nanoimmunoresponse) is 

a new and attractive field, and mucosal immunity induction and enhancement using 

nanomaterials is a nanoimmunoresponse that is important to understand for developing 

new applications for nanomaterials.

The initiation of adaptive mucosal immunity occurs in organized, mucosal lymphoid 

tissues such as the Peyer’s patches (PPs) of the small intestine.3 The PP immune cells play 

an important role in the immune defense against pathogens and antigen-coated NPs.3,4 
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A main immunological function of macrophages is to remove 

NPs from the body, especially from gut lymphoid tissue 

or from other organs.5,6 Additionally, dendritic cells (DCs) 

have a primary role in the immune defense against mucosal 

pathogens and antigen-coated NPs and in the uptake of NPs 

from gut-associated lymphoid tissue.7,8

Analysis of the size-dependent nanoimmunoresponses 

of immune cells in PPs is important for understanding the 

mucosal immunity. Some previous studies detected a change 

in the numbers of immune cells in PPs after oral administra-

tion of bacteria and viruses such as Lactobacillus paracasei 

and Cowpea Mosaic virus.9–13 But studies on the nanoim-

munoresponse, such as those on the change in the number of 

PP immune cells after oral administration of nanomaterials, 

are very rare. In a previous study, a powerful intestinal secre-

tagogue and induction of an abnormal mucin composition in 

the intestinal mucosa were observed after oral administration 

of silver NPs (average diameter of 60 nm). The silver NPs 

decreased the number of mucus cells, and mucus was released 

from the goblet cells in the intestine. Moreover, rectum and 

colon mucosa exhibited a higher amount of sialomucins.14 

It was also reported that fluorescent polystyrene particles 

(200 nm) were efficiently transported by M cells to the subepi-

thelial dome (SED) of the PPs and were ingested by CD11c+ 

cells and that a small number of microparticles were ingested 

with CD11b+ macrophages after oral administration.4

Locally produced immunoglobulin A (IgA) is consid-

ered to be among the most important of protective humoral 

immune factors.15–17 Recently, mucosal and systemic nano-

immunoresponses after oral administration of particles 

have been actively investigated.4,18–20 It has been previously 

reported that a mucosal nanoimmunoresponse occurred after 

using functionalized NPs of a single particle size.2,19–21 Also, 

intestinal IgA and serum HBsAg-specific total antibodies are 

specific mucosal nanoimmunoresponses against antigens and 

have been induced after oral administration of poly lactic-co-

glycolic acid (PLGA) microparticles (2–9 µm) plasmid DNA, 

which encoded HBsAg,19 and PLGA NPs (390 nm), which 

encapsulated the hepatitis B surface antigen.18 Additionally, 

the IgA, size-dependent nanoimmunoresponse in serum after 

oral administration of functionalized particles of various sizes 

has been reported.22–24 In another study, PLGA NPs (1–5 µm), 

which encapsulated the hepatitis B surface antigen (HBsAg), 

induced secretory IgA levels in salivary, intestinal, and vagi-

nal secretions.25 However, no report has been published on the 

changes in the numbers of immune cells from PPs that was 

based on the size-dependent nanoimmunoresponse against 

NPs. Therefore, studies regarding the size-dependent nanoim-

munoresponse against nanomaterials in the gastrointestinal 

tract require further investigation.

The authors of this present study recently developed new 

nanomaterials, ie, organosilica particles, for nanomedicine 

applications.26–32 Various sizes of fluorescent, thiol-organosil-

ica particles can be synthesized with a narrow size distribu-

tion, high dispersion, and unique surface charge.28 Recently 

it was reported that thiol-organosilica particles have excellent 

adhesion ability to mucosal surfaces, possibly due to effects 

of thiol residue.33 The authors of this present study previously 

Figure 1 (A) Schemes for two size-dependent nanoimmunoresponses induced by 
smaller thiol-organosilica particles and larger thiol-organosilica particles, and two 
possible routes, enterohepatic route and mucosal route, of two size-dependent 
IgA secretions. (B) Electron micrograph of different sizes of fluorescent thiol-
organosilica particles. 
Note: Scale bar = 1 µm.
Abbreviations: FAE, follicle associated epithelium; IgA, immunoglobulin A; 
paracellular-E pathway, paracellular pathway between enterocytes; Rh, rhodamine B;  
SED, subepithelial dome; transcellular-E pathway, transcellular pathway through 
enterocytes; transcellular-M pathway, transcellular pathway through M cell.
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administered various sizes of thiol-organosilica particles 

orally into mice and demonstrated the size-dependent uptake 

and novel pathways in PP (Figure 1A). In the present study, 

histochemical studies of PP were performed to quantita-

tively investigate the size-dependent nanoimmunoresponse 

enhancement of surface molecules on M cells and the immune 

cell number. Furthermore, the size-dependent nanoimmuno-

response enhancement of IgA in PP tissue homogenates and 

in bile and intestinal secretions surrounding the PPs was 

biochemically investigated. The outcomes from this study 

could provide important information for enhancing mucosal 

and systemic immunity against nanomaterials and could 

improve mucosal vaccination efficiency and nanomedicine 

applications through intestinal mucosa.

Materials and methods
Materials
3-Mercaptopropyltrimethoxysilane, rhodamine B (Rh), lectin 

Ulex europaeus agglutinin I (UEA I) conjugated with fluorescein 

isothiocyanate (FITC), and anti-mouse IgA (alpha chain-spe-

cific) antibody conjugated with FITC were purchased from 

Sigma–Aldrich Chemical Co (Saint Louis, MO). Anti-mouse 

CD11b (Mac 1 alpha chain) antibody and affinity-purified anti-

mouse DC marker (33D1) were purchased from eBioscience, 

Inc (Kobe, Japan). A sheet of polyvinylidene difluoride (PVDF) 

membrane was obtained from Amersham Pharmacia Biotech 

UK Limited (Buckinghamshire, England).

Preparation and characterization  
of thiol-organosilica particles
The particles were prepared from 3-mercaptopropyl-

trimethoxysilane as the silica source, and five different sizes 

of particles containing Rh B (100  nm, 180  nm, 365  nm, 

745 nm, and 925 nm in diameter) were prepared according 

to previous methods with slight modification28,32 (Figure 1B 

and Table 1). The images of particles were obtained with a 

Hitachi H7650 electron microscope (Tokyo, Japan), and the 

sizes and standard deviations of about 200 particles were 

analyzed by Image-Pro Plus software (Media Cybernetics, 

Inc, Bethesda, MD).

Oral administration of different sizes  
of thiol-organosilica particles
Female C57 BL/6J mice (6–8 weeks old) were used for 

this study, and all experiments were conducted according 

to the guidelines for the Care and Use of Animals that 

was approved by the Animal Experiments Committee at 

the University of Tokushima. Before administration of 

the particles, the mice were fasted for 4 hours with free 

access to water, and the animals were then separated into 

six groups (four mice per group). Each group of mice was 

orally administered 5 mg (100 µL of 50 mg/mL) of various 

sizes of particles. The control group was orally adminis-

tered 5 mg (100 µL of 50 mg/mL) of food that had been 

dissolved in phosphate-buffered saline solution. After oral 

administration, the mice were left with free access to water. 

Five to seven PPs were dissected from the intestines of the 

mice, fixed with 4% paraformaldehyde, and processed for 

cryostat sectioning.

Immunohistochemical and quantitative 
analysis of PPs
Sections were incubated with lectin UEA I conjugated with 

FITC (20  µg/mL), anti-mouse IgA antibody conjugated 

with FITC (68.75  µg/mL), anti-mouse CD11b antibody 

(0.625 µg/mL), or anti-mouse 33D1 (5 µg/mL). All sections 

were observed with an inverted TE 2000 fluorescence micro-

scope (Nikon, Kanagawa, Japan) equipped with a 100 W 

mercury lamp as a light source and a CCD camera. For quan-

titative analysis of PP immune cells, about 20 representative 

sections (n = 20) were selected from each group, and a survey 

to count IgA+ cells, 33D1+ DCs, and CD11b+ macrophages 

for each PP SED was performed. The number of PP immune 

cells was normalized with an averaged area of the PP SED 

(0.154 mm2).

Western blotting of PP homogenates,  
bile, and intestinal secretions IgA
A control and two experimental groups, which were admin-

istrated either Rh100 or Rh925, were used for this study. 

Collected bile from gall bladder and intestinal secretions 

surrounding PPs and PP tissues were applied to Western 

blotting. A suitable and equal amount of protein from each 

sample (5 µg of bile, 15 µg of PP homogenates, and 10 µg 

of intestinal secretions) was applied to sodium dodecyl 

Table 1 Average sizes with standard deviations and coefficient 
variants of fluorescent thiol-organosilica particles containing Rh

Thiol-organosilica  
particles

Average diameter (nm) ± 
Standard deviation

Coefficient 
variants (%)

Rh100   97 ± 11 11.3
Rh180 181 ± 21 12.0
Rh365 365 ± 48 13.3
Rh745 745 ± 77 10.4
Rh925 925 ± 133 14.3

Abbreviation: Rh, rhodamine B.
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sulfate polyacrylamide gel electrophoresis. Proteins on the 

gel were transferred to a PVDF membrane using a semi-dry 

transfer unit electrophoretically. The membrane was incu-

bated with anti-IgA antibody conjugated to FITC (11 µg/mL, 

1:100 dilution) for 1  hour, and scanned using a Typhoon 

scanner 9400 (GE Healthcare, Tokyo, Japan). IgA bands 

were analyzed using ImageQuant TL software, and the IgA 

value was calculated from the means ± standard deviations 

of four mouse groups (n = 4).

Results
Histochemical and immunohistochemical 
analysis of the nanoimmunoresponse  
of PPs after oral administration  
of thiol-organosilica particles
Localization of thiol-organosilica particles  
with immune cells of PPs
After 4 hours of oral administration, the co-localization of 

thiol-organosilica particles and some immune cells from 

PPs was observed. The uptake of thiol-organosilica particles 

by PPs was size-dependent, ie, the fluorescence area from 

smaller particles (Rh100, Rh180, and Rh365) in the SEDs 

of PPs was larger than that from larger particles (Rh745 and 

Rh925) (Figures 2–5). To identify the precise localization of 

the particles in the SEDs of the PPs, lectin UEA I labeling of 

follicle-associated epithelium (FAE) M cells, and immunohis-

tochemical staining of macrophages, DCs, and IgA+ cells were 

performed. As shown in Figure 2A, PP FAE contains UEA 

I- enterocytes and UEA I+ M cells that are scattered between 

enterocytes. UEA I+ M cells expressed an alpha-L-fucose 

residue only on the surface and upper cytoplasm of the cells 

(Figure 2A, arrowheads). Only a few of the smaller particles 

were localized with the green fluorescence that represented 

UEA I (Figure 2C and D); however, for the larger particles, 

nearly all red fluorescence from the particles was observed to 

localize with the green fluorescence of UEA I (Figure 2F). The 

particles localized on the surface and in the cytoplasm of UEA 

I+ M cells, but they were then translocated into the SEDs of the 

PPs. Immunohistochemical staining with a CD11b antibody, 

a specific marker for macrophages, revealed that CD11b+ 

macrophages (Figure 3A, arrowheads) were scattered in the 

SEDs of the PPs of the control. As shown in Figure 3B–D, 

CD11b+ macrophages with smaller particles (Rh100, Rh180, 

and Rh365) fluoresced more than those with larger particles 

(Rh745 and Rh925) (Figure 3E and F). In some cases, the 

particles diffused freely into the SED of the PPs or into 

intercellular spaces, as shown by fluorescence (Figures 3C, 

D, and 5A) and electron microscopy (Supplementary figures 1 

and 2). Histochemically, to identify DCs and IgA+ cells in 

PPs, 33D1 and IgA antibodies (Figure 4A, arrowheads; Fig-

ure 6A, bold arrows) were used, respectively. A small number 

of particles co-localized with 33D1+ DCs, compared with 

CD11b+ macrophages (Figure 4B, bold arrows), and in some 

cases, a small amount of particles co-localized with 33D1+ 

DCs (Figure 5B, arrowheads). Furthermore, co-localization 

of particles and IgA+ cells (Figure 6B, arrowheads) was rare. 

These data revealed that a main role of UEA I+ M cells and 

CD11b+ macrophages is to take up particles into the SEDs 

of PPs.

Nanoimmunoresponse of immune cells of PPs after 
oral administration of thiol-organosilica particles
In contrast to the M cells from the PPs of the control group 

(Figure  2A, arrowheads), the smaller particles (Rh100, 

Rh180, and Rh365) increased the expression of alpha-L-

fucose residue on the surface of M cells and redistributed 

it into the cytoplasm and the apical region of the cells 

(Figure 2B–D). However, uptake and mechanical adhesion 

of the larger particles (Rh745 and Rh925) (Figure 2E and F) 

with the FAE and M cells of PPs increased the expression 

of alpha-L-fucose residue and redistributed it to the apical 

region of the cell, in contrast to what occurred with smaller 

particles (Rh100, Rh180, and Rh365) and M cells from the 

PPs of the control group. Additionally, electron microscopy 

analysis showed that mechanical contact between the larger 

particles (Rh925) and cells deformed the microvilli of the 

FAE of the PPs, in contrast to the control group or to the 

smaller particles (Rh100), which smoothly dispersed between 

the microvilli (Supplementary figure  3). In addition, the 

expression of IgA on the surface of M cells increased after 

administration of the larger particles (Rh745 and Rh925) 

(enlarged parts in Figure 6E and F, arrowheads), in contrast 

to what was observed with the smaller particles (Rh100, 

Rh180, and Rh365) and the control group (Figure 6B–D, 

arrowheads). Moreover, larger particles (Rh925) (Figure 7C) 

increased IgA induction in the intestinal lumen more readily 

than the smaller particles (Rh100) (Figure 7B) or the control 

group (Figure 7A).

An increased number of CD11b+ macrophages, 33D1+ 

DCs, and IgA+ cells in the SEDs of the PPs were observed after 

oral administration of the particles. Namely, the number of 

CD11b+ macrophages that contained smaller particles (Rh100, 

Rh180, and Rh365) in the SEDs of the PPs was greater 

(Figure 3B–D, arrowheads) than that of the control group 

(Figure 3A, arrowheads). The ratios of CD11b+ macrophages 
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Figure 2 Fluorescent microscope images showing the FAE of PPs that had been stained with lectin UEA I (a marker for alpha-L-fucose residue on M cells) after 4 hours of 
oral administration of different sizes of fluorescent thiol-organosilica particles. (A) Control, M cells were scattered in the FAE, and alpha-L-fucose residue was expressed 
on the surface and upper cytoplasm of M cells. PP after administration of (B) Rh100 particles, (C) Rh180 particles, (D) Rh365 particles, (E) Rh745 particles, and (F) Rh925 
particles. The expression of alpha-L-fucose residue on the surface and cytoplasm of M cells increased more in animals that had been administered Rh745 or Rh925 than in 
animals that had been administered the smaller particles Rh100, Rh180, or Rh365 or the control. 
Note: Scale bar = 50 µm. 
Abbreviations: FAE, follicle-associated epithelium; PPs, Peyer’s patches; Rh, rhodamine B; SED, subepithelial dome; UEA I, Ulex europaeus agglutinin I.
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Figure 3 Fluorescent microscope images showing the SED of PPs stained with CD11b (Mac 1α chain) antibody (CD11b) (a marker for macrophages) after 4 hours of oral 
administration of different sizes of fluorescent thiol-organosilica particles. (A) Control, macrophages scattered in the SEDs of PPs. PPs after administration of (B) Rh100 
particles, (C) Rh180 particles, and (D) Rh365 particles; there was co-localization of particles and Cd11b+ macrophages, and the number of CD11b+ macrophages increased 
compared with the control. PPs after administration of (E) Rh745 particles and (F) Rh925 particles; the number of CD11b+ macrophages were similar to that of the control. 
CD11b+ macrophages aggregated under the FAE of PPs after administration of all particle sizes. 
Note: Scale bar = 50 µm. 
Abbreviations: FAE, follicle associated epithelium; PPs, Peyer’s patches; Rh, rhodamine B; SED, subepithelial dome.

that contained Rh100 or Rh180 particles to those without 

particles were higher than the corresponding ratio calculated 

with CD11b+ macrophages that contained Rh365 particles. 

Furthermore, the number of CD11b+ macrophages in the 

SEDs of PPs after administration of the larger particles (Rh745 

and Rh925) was similar or slightly higher (Figure 3E and F) 

than that of the control group. The uptake of smaller particles 

(Rh100) by PPs induced CD11b+ macrophages to migrate 

under the FAE of PPs (Figure 5A, arrowheads); and similar 

to CD11b+ macrophages, the uptake of smaller particles 

(Rh100, Rh180, and Rh365) (Figure  6B–D, arrowheads) 

increased the number of IgA+ cells in the SEDs of PPs more 
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Figure 4 Fluorescent microscope images showing the SED of PPs stained with 33D1 antibody (a marker for DCs) after 4 hours of oral administration of differently sized 
fluorescent thiol-organosilica particles. (A) Control, 33D1+ DCs scattered in the SED of the PPs. PPs after administration of (B) Rh100 particles, (C) Rh180 particles, and 
(D) Rh365 particles; there was no co-localization of particles and 33D1+ DCs. The number of 33D1+ DCs was similar to the control. PPs after administration of (E) Rh745 
particles and (F) Rh925 particles; the number of 33D1+ DCs increased when compared with the control. 33D1+ DCs aggregated under the FAE of the PPs after administration 
of all particle sizes. 
Note: Scale bar = 50 µm. 
Abbreviations: DCs, dendritic cells; FAE, follicle associated epithelium; PPs, Peyer’s patches; Rh, rhodamine B, SED, subepithelial dome.

readily than larger particles (Rh745 and Rh925) (Figure 6E 

and F) or the control group (Figure  6A). In contrast to 

CD11b+ macrophages and IgA+ cells, the mechanical contact 

of larger particles with the FAE of PPs (Rh745 and Rh925) 

increased the number of 33D1+ DCs in the SEDs (Figure 4E 

and F, arrowheads), when compared with the control group 

(Figure 4A) or to the uptake of smaller particles (Rh100, 

Rh180, and Rh365) (Figure 4B–D, bold arrows). These data 

indicate that the uptake of smaller particles increases the num-

ber of CD11b+ macrophages and IgA+ cells. In contrast, the 

uptake and mechanical adhesion of larger particles increase 

the number of 33D1+ DCs.
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FAE
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CD11b 33D1

Figure 5 Fluorescent microscope images showing PPs at high magnifications after 4 hours of oral administration of Rh100 fluorescently labeled thiol-organosilica particles. 
(A) CD11b+ macrophages containing particles scattered in the SED of the PPs and aggregated under the FAE of the PPs; large numbers of particles co-localized with CD11b+ 
macrophages. (B) 33D1+ DCs scattered in the SED of the PPs; there was little co-localization of the particles with 33D1+ DCs. 
Note: Scale bar = 25 µm. 
Abbreviations: DCs, dendritic cells; FAE, follicle associated epithelium; PPs, Peyer’s patches; Rh, rhodamine B; SED, subepithelial dome.

Quantitative analysis of the 
nanoimmunoresponse of immune cells 
of PPs after oral administration of thiol-
organosilica particles
To evaluate and quantitatively compare the number of CD11b+ 

macrophages, 33D1+ DCs, and IgA+ cells, the number of PP 

immune cells in the SEDs were counted and that number 

normalized to the average area (0.154 mm2) (Figure 8). After 

administration of smaller particles (Rh100), the number of 

CD11b+ macrophages in the SED of PPs was five times higher 

than that of the control group or two times higher than that of 

larger sized particles (Rh925). Furthermore, the number of 

IgA+ cells after administration of smaller particles (Rh100) 

was seven times higher than that of control or four times 

higher than that of larger particles (Rh745 and Rh925). In 

contrast, the number of 33D1+ DCs that accumulated after 

administration of larger particles (Rh925), within the same 

area, was two times higher than that of the control and other 

particle sizes. These quantitative data confirmed the immu-

nohistochemical analysis of the nanoimmunoresponse of PP 

immune cells against thiol-organosilica particles.

Western blotting of the IgA 
nanoimmunoresponse after oral 
administration of thiol-organosilica 
particles
Because an increase in the number of IgA+ cells was observed 

after oral administration of smaller particles, the protein level 

of IgA was measured by Western blotting using an anti-IgA 

antibody in bile, PP homogenates, and intestinal secretions. 

In Figure 9, it can be observed that Western blotting detected 

a band of 55 kDa, which is consistent with the molecular 

weight of IgA. In the bile sample (5 µg/lane), the intensity 

of the 55 kDa protein band after the administration of smaller 

or larger particles was significantly higher than that of the 

control group. Similarly, the intensity of the same protein 

band after administration of Rh100 was significantly higher 

than that after Rh925 administration (Figures 9A and 10). 

For PP homogenates (15 µg/lane), the intensity of the 55 kDa 

protein after Rh100 administration was higher than that of the 

control or after the administration of Rh925. Furthermore, 

after Rh925 administration, IgA levels were slightly higher 

or similar to that of the control group (Figures 9B and 10). 

In contrast, Western blotting analysis of intestinal secretions 

(10 µg/lane) indicated that the intensity of the 55 kDa protein 

after the administration of Rh925 was higher than that after the 

administration of Rh100, which, in turn, was slightly higher 

than that of the control group (Figures 9C and 10). These data 

revealed that IgA induction increased after a 4-hour adminis-

tration of smaller particles (Rh100) in bile secretions and PP 

homogenates, when compared with the control group or the 

administration of larger particles (Rh925). In contrast, larger 

particles increased the induction of IgA in intestinal secre-

tions, when compared with the control group or administration 

of smaller particles (Figure 10).

Discussion
In the present study, a mucosal, size-dependent nanoimmuno-

response, ie, a change in mouse PP immune cell numbers and 

expression of alpha-L-fucose and IgA secretion, using vari-

ous sizes of thiol-organosilica particles was demonstrated. 

These results were unexpected because the particles were 

not immunologically functionalized. Although the smaller 

(Rh100) and larger (Rh925) particles were prepared from 

the same silica source, they showed different patterns of 
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Figure 6 Fluorescent microscope images showing the SED of PPs stained with IgA antibody after 4 hours of oral administration of different sizes of fluorescently labeled thiol-
organosilica particles. (A) Control, IgA+ cells scattered in the SED of the PPs. PPs after administration of (B) Rh100 particles, (C) Rh180 particles, and (D) Rh365 particles; 
there was no co-localization of the particles and IgA+ cells. The number of IgA+ cells in animals treated with the smaller particles (Rh100, Rh180, and Rh365) increased 
compared with the control. PPs after administration of (E) Rh745 particles and (F) Rh925 particles; the number of IgA+ cells were similar to that of the control, but IgA 
expression on the surface of M cells increased when compared with the smaller-sized particles or the control (white quadrates and enlarged parts of merged (E) and (F)). 
Notes: Scale bar = (A–F), 50 µm; enlarged sections of merged (E) and (F), 10 µm. 
Abbreviations: DCs, dendritic cells; FAE, follicle associated epithelium; IgA, immunoglobulin A; PPs, Peyer’s patches; Rh, rhodamine B; SED, subepithelial dome.
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thiol-organosilica particles. (A) Control, IgA+ cells (bold arrows) in the villi (V) lamina propria; and (B) Rh100 particles inside the intestinal lumen; no IgA expression inside 
the lumen was observed, similar to the control. (C) The Rh925 particles inside the intestinal lumen; IgA proteins that were secreted into the lumen and the leukocyte (arrow 
heads) number increased when compared with that of Rh100-administered animals. 
Note: Scale bar = 50 µm. 
Abbreviations: IgA, immunoglobulin A; Lu, lumen; Rh, rhodamine B; V, villi.
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Figure 8 Quantitative analysis of the nanoimmunoresponse of immune cells from 
PPs 4 hours after oral administration of different-sized, fluorescently labeled, thiol-
organosilica particles. Immune cells of PPs were counted in 0.154 ± 0.004 mm2 sections 
of the SEDs of PPs. The uptake of smaller particles (Rh100) increased the number of 
CD11b+ macrophages and IgA+ cells two- and fourfold, respectively, when compared 
with larger particles (Rh925) or five- and sevenfold, respectively, when compared with 
the control. In contrast, mechanical adhesion of larger particles increased the number 
of 33D1+ DCs twofold when compared with smaller particles or the control. 
Note: Bars represented means ± standard deviations (n = 20). 
Abbreviations: DCs, dendritic cells; IgA, immunoglobulin A; PPs, Peyer’s patches; 
Rh, rhodamine B; SED, subepithelial dome.

nanoimmunoresponse. In the present study, M cells of the 

PPs did not take up many of the larger particles (Rh925). 

Unlike the smaller particles, larger particles localized to 

the surface of the FAE of PPs and increased the amount of 

alpha-L-fucose residue and IgA expression on the surface 

of M cells. Additionally, the larger particles increased the 

numbers of 33D1+ DCs more than the smaller particles. 

Alpha-L-fucose is an important cell surface carbohydrate 

and fucose-containing glycan, and it has important roles 

in host-microbe interactions.34 Also, IgA has an important 

role in the humoral immune response against pathogens and 

antigen-coated NPs,22–24 and in the mouse intestine, IgA was 

found to bind selectively to M cells of the PPs.35,36 Therefore, 

the authors of this present study conclude that larger particles 

can stimulate the mucosal nanoimmunoresponse.

Larger particles that are similar in size to bacteria or 

spores have stronger surface tension forces and heavier 

and higher gravitational effects than smaller particles;37 

therefore, these particles might induce mechanotransduc-

tion in the FAE of PPs. Previous studies have revealed that 

mechanotransduction is a physiological process that allows 

cells to sense and respond to mechanical stress,38 and sev-

eral molecules and receptors that have intermediary roles 

in mechanotransduction have been identified.3,39–46 One of 

these receptors is the Toll-like receptor-2 (TLR2),42,43 which 

is expressed on the villus epithelium and on the FAE and in 

M cells of PPs. This receptor plays a critical role in the early, 

innate immunoresponse and invasion of pathogens by sensing 

microorganisms.3,45–49 Furthermore, the TLR2 induces B-cell 

homing to the gastrointestinal tract and IgA production.48,49 
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Therefore, it is possible that the adhesion of larger particles 

to the FAE stimulates mechanotransduction receptors, such 

as the TLR2, which then induce mucosal nanoimmunore-

sponses such as IgA and M cell alpha-L-fucose.

DCs play a primary role in oral tolerance and defense 

against mucosal pathogens,8 by maintaining IgA production 

and regulating the activity of T, B, and plasma cells.8,15,16 

An increased number of 33D1+ DCs in the SEDs of PPs was 

observed when larger particles were administrated; however, 

there was no direct contact between the larger particles and 

DCs. It was reported that enterocytes in the FAE of PPs 

could release chemokines that attract DCs,50–52 and one of the 

chemokines was the macrophage inflammatory protein (MIP-3 

alpha), which was expressed by the FAE of PPs and attracted 

DCs into the SEDs of those PPs.50 Therefore, it is possible that 

larger particles increase the number of 33D1+ DCs by releasing 

chemokines that are produced in the FAE. However, no report 

describing the induction of chemokines by mechanotransduc-

tion has been published. The authors of this present paper 

hypothesize that mechanotransduction due to larger particles 

induces the release of chemokines from the FAE, and those 

chemokines attract 33D1+ DCs into the SEDs of PPs.

In this study, it was demonstrated that, smaller thiol-

organosilica particles were taken up mainly by CD11b+ 

macrophages rather than by 33D1+ DCs. In contrast to these 

findings, a previous study reported that orally administrated, 

hydrophobic, fluorescent polystyrene particles (200  nm), 

were taken up mainly by CD11c+ DCs rather than by CD11b+ 

macrophages.4 Also, previously it was reported that, if the 

surface charge of the NPs is positive or uncharged, it has 

an affinity for adsorptive enterocytes through hydrophobic 

interactions, whereas a negatively charged and hydrophilic 

surface shows greater affinity for adsorptive enterocytes 

and M cells.32,53 It is possible that this difference in cellular 

uptake was brought about by the surface properties of the 

particles, eg, thiol-organosilica particles are hydrophilic and 

naturally possess mercaptopropyl residues that contain alkyl 

chains and thiol residues with highly negative surface charges 

(Figure 1A). Therefore, the particles could have adsorbed 

antigenic molecules that were derived from commensal 

microbes in the intestinal lumen, which could explain why 

thiol-organosilica particles have an increased ability to bind 

proteins, as reported previously.28 Therefore, orally admin-

istered, smaller particles could be significantly taken up by 

CD11b+ macrophages from PPs, rather than by 33D1+ DCs, 

but further studies are needed to clarify the mechanism of 

uptake of thiol-organosilica particles by PP cells.

The present study demonstrated that the uptake of smaller 

particles increased the number of CD11b+ macrophages and 

IgA+ cells in the SEDs of PPs, and this uptake was dependent 

on the size of the particle. In contrast, after the administration 
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of larger particles, the number of CD11b+ macrophages and 

IgA+ cells was similar to that of the control cells. Macrophages 

have an important role in the uptake and clearing of nano-

materials and pathogens from the body,54–56 and it has been 

reported that after oral administration of the Scrapie virus, the 

uptake of the virus and the number of Mac-3+ macrophages 

increased in the SEDs of the PPs.14 IgA+ cells function in the 

small intestine to enhance the immune system against some 

infections by producing IgA. In a previous study, when mice 

were orally administered Lactobacillus paracasei subsp,9 

or reovirus (70–80 nm in diameter), IgA+ cells increased in 

number in the SEDs of the PPs and villi lamina propria.57 In 

the present authors’ previous work, size-dependent uptake of 

particles by the M cells of PPs was reported, and this uptake 

was achieved by transcytosis of PPs M cells and enterocytes 

and a paracellular pathway in the FAE of PPs. The uptake 

of six different sizes of particles by M cells of PPs using 

simultaneous, dual administration was also compared, and it 

was found that the uptake of the smaller particles by immune 

cells of the PPs was higher than that of the larger particles.32 

Smaller particles were easily transported to the SED of PPs, 

and the presence of more of the smaller particles in the SED 

increased the number of CD11b+ macrophages and IgA+ cells. 

In that study, the size-dependent nanoimmunoresponse that 

alters the number of CD11b+ macrophages and IgA+ cells in 

the SEDs of PPs were described, and the results indicate that 

smaller particles enter into PPs easily via three pathways,32 

and could increase the number of CD11b+ macrophages and 

IgA+ cells with respect to the number of particles that are 

taken up. However, larger particles, which are transported 

to PPs inefficiently, do not increase the number of immune 

CD11b+ macrophages and IgA+ cells in the PPs.

In this present study, an increase in IgA secretion in bile 

and PP homogenates after the administration of smaller par-

ticles (Rh100) was observed. Recently, some studies reported 

a size-dependent nanoimmunoresponse in serum after oral 

administration of various sizes of surface-functionalized par-

ticles.22–24,58 An increase in serum IgA and IgG was observed 

after the administration of 500 or 100 nm tetanus toxoid-loaded 

PLGA NPs but not after 1 µm NPs or tetanus toxoid solution 

alone.23 It has also been reported that serum IgG induction by 

ovalbumin PLGA microspheres show the following depen-

dence on particle size: 4.0 µm . 1.3 µm = 7.5 µm . 14 µm. 

Also, particle surface area may be the most appropriate 

parameter to evaluate the pulmonary inflammatory potential.58 

The size-dependent nanoimmuneresponse and pulmonary 

inflammation come from the larger surface area of smaller 

particles as compared with larger particles.24,58 These reports 
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indicated that inductions of serum IgA and IgG by orally 

administering particles depended not only on the size of the 

particles but also on the type of particle, antigen, and surface 

area. In this present study, the adhesion of larger particles to 

the FAE of PPs increased mucosal IgA secretion and IgA 

expression on the surface of M cells; however, the uptake of 

smaller particles by the SED of PPs increased systemic IgA 

in bile and PP homogenates 4 hours after oral administra-

tion. These results allow us to hypothesize that there are two 

routes of size-dependent IgA nanoimmunoresponse in the 

small intestine, from enterohepatic circulation into lumen 

(enterohepatic route) and directly via mucosal membrane into 

the lumen (mucosal route) (Figure 1A). In the enterohepatic 

route, many macrophages take up commensal antigens from 

the intestinal lumen and process and present antigenic infor-

mation to B and plasma cells. As reported previously, smaller 

particles can be taken up by PPs through PP M cells as well 

as two novel pathways (through PP enterocytes and between 

PP enterocytes). The smaller particles were taken up by PPs 

more, as compared with larger particles.32 Smaller particles 

with higher surface area as compared with larger particles, 

probably introduce more antigenic molecules into the SED 

of PPs or other lymphoid tissues such as villi lamina propria. 

A portion of the IgA is released, binds to the IgA receptor on 

epithelial cells, and is transported into the intestinal lumen. The 

other portion of IgA that is produced in the lymphoid tissues 

enters the portal flow, is transported into the liver, and then 

released into the bile.59,60 This mechanism could explain the 

induction of IgA by smaller particles via enterohepatic route. In 

the mucosal route, larger particles mechanically stimulate the 

FAE, including M cells, and IgA molecules are released from 

M cells and are then secreted into the lumen directly. In this 

report, the authors proposed two possible routes, enterohepatic 

route and mucosal route, of two size-dependent of IgA secre-

tion into the intestine lumen using organosilica particles.

Conclusion
Size-dependent nanoimmunoresponses in PPs were dem-

onstrated by orally administering various sizes of thiol-

organosilica particles to mice. As shown in Table 2, larger 

particles (745 and 925 nm) increased the expression of 

alpha-L-fucose on the surface of M cells of the FAE and 

the secretion of mucosal IgA into the intestinal lumen. In 

addition, larger particles increased the number of 33D1+ 

DCs in the SED of PPs. Smaller particles (100, 180, and 

365  nm) were transported to the SED and taken up by 

CD11b+ macrophages, which then increased in number 

and increased the content of systemic IgA in both PP 

homogenates and bile. The novel findings in this study 

indicated that there are two size-dependent routes of IgA 

secretions into the intestinal lumen: the mucosal route 

by larger particles and the enterohepaic route by smaller 

particles. However, the mechanisms for size-dependent 

enhancement of the immunological responses of thiol-

organosilica particles must be clarified. Additionally, in 

this study, size-dependent nanoimmunoresponse after 

4 hours of oral administration was evaluated. The nano-

immunoresponse may be altered with time, and further 

studies, such as those on the time-dependent change in 

IgA induction after administration, are required to under-

stand the mucosal and systemic nanoimmunoresponse 

enhancement that occurs when using thiol-organosilica 

particles. Furthermore, an investigation of the enhance-

ment of the size-dependent nanoimmunoresponse and 

its mechanism are important for the development of 

nanomedicine, mucosal vaccination enhancement, and 

protective immunity.
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Supplementary figures

Figure S1 Electron photomicrographs showing the colocalization of Rh130 thiol-organosilica particles and PP SED cells. 
Note: Scale bar = (A) 2 µm; (B) 1 µm; (C) 200 nm. 
Abbreviations: PPs, Peyer’s patches; Rh, rhodamine B; SED, subepithelial dome.

Figure S2 Electron photomicrographs showing, (A–E) The colocalization of Rh130 particles with PP SED cells. (G and H) The diffusion of Rh130 thiol-organosilica particles 
between the PP SED cells. 
Note: Scale bar = (A), (D), (G), 2 µm; (B), 1 µm; (E), (H), 500 nm; (C), (F), (I) 200 nm.
Abbreviations: PPs, Peyer’s patches; Rh, rhodamine B; SED, subepithelial dome.
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Figure S3 Electron photomicrographs showing the PP FAE enterocytes and the mechanical adhesion of thiol-organosilica particles. (A) The control of PP FAE,  
(B) mechanical adhesion of Rh100 on PP FAE, (C) mechanical adhesion of Rh925 on PP FAE. 
Note: Scale bar = (A); (B); and (C), 700 nm.
Abbreviations: FAE, follicle associated epithelium; PPs, Peyer’s patches; Rh, rhodamine B.
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