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Abstract

To prime adaptive immune responses from the female reproductive tract (FRT), particulate 

antigens must be transported to draining lymph nodes (dLNs) since there are no local organized 

lymphoid structures equivalent to those found in the respiratory or gastrointestinal tracts. However, 

little is known about how to safely and effectively navigate successive barriers to transport such as 

crossing the epithelium and gaining access to migratory cells and lymphatic drainage that provide 

entry into dLNs. Here, we demonstrate that intravaginal pre-treatment with chitosan significantly 

facilitates translocation of nanoparticles (NPs) across the multilayered vaginal epithelium to target 

dLNs. In addition, chitosan pre-treatment was found to enhance NP associations with 

immunogenic antigen presenting cells in the vaginal submucosa. These observations indicate that 

chitosan may have great potential as an adjuvant for both local and systemic protective immunity 

against viral infections in the FRT.

Graphical Abstract

To induce robust immunity in the female reproductive tract, particulate antigens administered to 

the vaginal lumen must be transported to lymph nodes that drain the female reproductive tract. 

However, traversing the multilayered squamous epithelium to reach the draining lymph nodes is a 

formidable obstacle for particulate antigens. This study reports on the first evidence of using 

chitosan to facilitate nanoparticle trafficking to the draining lymph nodes. Observations indicate 

that it is feasible to safely overcome the physical barrier to nanoparticles, thereby enhancing 

efficacy of vaccines as well as drug delivery to the vaginal route.
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Background

The large surface area of the vaginal epithelium provides the most substantial entry points in 

the female reproductive tract (FRT) for mucosal pathogens or vaccines. However, traversing 

this multilayered squamous epithelium to reach the iliac (ILLNs) and inguinal lymph nodes 

(IGLNs) that drain the lower FRT can be a formidable obstacle for large macromolecules 

and particulate antigens.1, 2 While ultrasmall nanoparticles (NPs) (≤40 nm) may appear in 

the dLNs following intravaginal (IVG) administration,3, 4 the robustness of NP delivery to 

the draining lymph nodes (dLNs) from the vaginal routes with respect to reproducibility and 

frequency of positive LNs in animal treatment groups has not been reported. As such, 

questions still remain about mechanisms of NP delivery across the vaginal epithelium to the 

dLNs. In addition, less is known about transport and accumulation to these same sites for 

larger NPs (≥100 nm), which may be more suitable as vaccine carriers.

Vaccine nanocarriers that mimic pathogen size (≤200 nm) and other attributes conducive for 

mucosal transport have been previously investigated for effective vaginal delivery.5 

However, nanocarrier designs have focused mostly on surface modifications to overcome the 

mucus barrier, but stop short of describing subsequent barriers to transport encountered 

throughout the FRT. Some mucosal pathogens such as HIV have been shown to alter the 

integrity of intercellular junctions to facilitate paracellular translocation of cell-free virus 

across the epithelium.6 In addition, HIV-1 has recently been found to utilize transcellular 

trafficking through vagina epithelial cells.7 Alternatively, viruses can also hijack host cells to 

gain systemic entry. For example, vaginal Langerhans cells (LCs) capture and endocytose 

HIV virions from the epithelium and then, without being productively infected, migrate 

distally to transmit the virus to CD4+ T cells.8 Understanding the contribution of these 

different pathways in nanocarrier transport across the vaginal epithelium may present 

opportunities to improve their delivery in the FRT.

Strategies that can safely overcome the epithelial barrier without significantly compromising 

tissue integrity and inducing inflammation will be necessary to advance particulate drug and 

vaccine delivery via the transvaginal route. Chitosan is a cationic polysaccharide derived 

from the partial deacetylation of chitin, which is present in crustacean shells, insect 

exoskeleton, or the cell wall of fungi.9 Due to its non-toxic, biodegradable and 

biocompatible properties, chitosan has been extensively studied as a biomaterial for tissue 

engineering10–12 Chitosan has also been used as a pharmaceutical excipient electrostatically 
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complexed with negatively charged hormones, proteins, nucleic acids, drugs, or NPs for 

mucosal delivery.13–15 When these complexes are delivered to the epithelium, studies have 

indicated that positively charged amino groups of chitosan interact directly with the 

negatively charged epithelial cell surface to induce a redistribution of cytoskeletal F-actin 

and tight junction proteins, which is suggested to subsequently increase paracellular 

permeability of the epithelium.13 The interaction of chitosan with the epithelial cell surface 

is also thought to destabilize the complexes formed with chitosan and release the complexed 

molecules or NPs for subsequent transport across the epithelium.16 However, it is unknown 

if other molecules or mechanisms are involved in this chitosan-induced cell modification and 

transportation.13 In addition, chitosan has an immunogenic capacity to stimulate intestinal 

epithelial cells17, 18 or murine immune cells19–21 to secrete a variety of pro-inflammatory 

cytokines including tumor necrosis factor (TNF)-α and interleukin (IL)-1β. Of particular 

interest is the unique function of chitosan as a potent adjuvant for eliciting mucosal immune 

response that has been demonstrated in various animal models or human subjects.22–26

We hypothesized that chitosan could facilitate transport of NPs across the mouse vaginal 

epithelium to the dLNs in association with its capacity to open tight junctions of the 

epithelium and/or to elicit mucosal immune response as an adjuvant. The effect of chitosan 

on vaginal epithelial cell behavior and immune response of the vaginal mucosal tissue has 

not been previously investigated. To test our hypothesis, we examined integration and 

inflammation of the mouse vaginal epithelium following pre-treatment of the vaginal 

mucosal surface with chitosan, and then investigated NP translocation across the vaginal 

epithelium, NP accumulation in the dLNs, biodistribution of NPs, and interaction between 

NPs and immune cells. We observed that chitosan significantly enhanced NP transportation, 

in the absence of destruction or inflammation of the vaginal epithelium, not only across the 

vaginal epithelium but also to both ILLNs and IGLNs. Also, chitosan significantly enhanced 

NP association with immunogenic antigen presenting cells (APCs) in the vaginal 

submucosa. Since our study is not focused on mucus-penetration, we made no attempt to 

address effect of the mucus presence on our protocol and the mucus was removed before 

chitosan pre-treatment or NP administration. To the best of our knowledge, our study 

provides the first evidence of NP delivery, across the vaginal epithelium, to target LNs that 

drain the female mouse genital tract by taking advantage of multifunctional attributes of 

chitosan in the vaginal mucosal tissue.

Method Summary

All in vivo procedures were approved by the University of Washington Institutional Animal 

Care and Use Committee (Protocol #4260-01). The study was conducted to ensure humane 

care of animals as per the IACUC’s guidelines. In vivo administration of reagents and 

materials to mice is summarized in Figure 1a. Briefly, female C57BL/6J (8–10 weeks old) 

mice were synchronized with the menstrual cycle by medroxyprogesterone acetate injection, 

intravaginally administered reagents [ultra-pure chitosan, CpG-ODN, or nonoxynol-9 (N9)] 

and carboxylate-modified polystyrene (PS) NPs (20 and 200 nm diameter). At specified 

times, organs were isolated from euthanized mice, and processed for fluorescence 

biodistribution imaging, flow cytometry, histology, or cytokine secretion measurement. A 

complete version of the full methods is detailed in the supplement materials.
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Results

Chitosan pre-treatment and prevention of oral ingestion of NPs facilitate NP retention in 
the RT and transport to dLNs

In small pilot studies (n=1 mouse per group), we optimized the mouse caging and dosing 

regimen to promote submucosal and dLN accumulation of NPs administered intravaginally. 

We found that when mice were abdominally taped and individually caged prior to and 

during NP administration to restrain them from oral ingestion of NPs via self- and inter-

grooming, NPs were transported to dLNs but not to any other organs (Supplemental Figure 

1). In addition, when NPs were administered following chitosan pre-treatment, NPs showed 

greater retention in the RTs and draining ILLNs and IGLNs compared to co-administration 

of chitosan with NPs (Supplemental Figure 2). Based on these observations, we used this 

optimized caging and dosing method for all mouse treatments in this study (see the 

supplement materials).

Chitosan pre-treatment and NP administration do not alter tissue integrity or elicit pro-
inflammatory cytokine secretion

Tissue cytotoxicity and vaginal irritation were assessed to inform the safety of chitosan pre-

treatment and NP administration in the RT (Figure 1). Based on the histology of RT tissue 

sections, we observed that all treatment groups maintained tissue integrity similar to our 

placebo controls but distinct from treatment with N9 (1% w/v). The Depo-Provera control 

mice showed a thinned epithelium compared to the naïve (untreated) mouse group (Figure 

1b). However, all treatment arms except for N9 maintained an intact vaginal epithelium 

despite undergoing a vaginal lavage and swab procedure. Mice that were administered N9 

intravaginally showed complete ablation of the epithelium to expose the vulnerable 

underlying submucosa, which extended the entire length of the lumen (Figure 1c). In 

contrast, we were unable to identify any damage to the vaginal epithelium anywhere along 

the lumen for mice subjected to chitosan pre-treatment and NP administration.

To understand if chitosan pre-treatment promoted inflammation, we also measured secretion 

of two pro-inflammatory cytokines (TNF-α and IL-1β) from homogenized tissues of the 

RTs. We used CpG-ODN (0.15% w/v) as a positive control since it is used commonly as an 

adjuvant for IVG vaccination in mouse models.27 For both CpG-ODN and chitosan 

treatment groups, we observed that secretion of TNF-α and IL-1β peaked at 12 hours and 6 

hours post-administration, respectively, but then declined to basal levels by 48 hours (Figure 

1d and 1e). CpG-ODN induced significant secretion of TNF-α and IL-1β that was at least 3- 

and 10-fold higher, respectively, than the PBS control at most time points. However, 

chitosan did not significantly elevate secretion of either cytokines compared to the PBS 

control despite being dosed over 6-fold (by weight) higher than CpG-ODN. As such, 

chitosan pre-treatment resulted in minimal pro-inflammatory cytokine secretion at levels that 

were similar to the PBS control.

Chitosan promotes accumulation of differently sized NPs from the RT to the distal IGLNs

Given the favorable safety profile of chitosan pre-treatment in the RT and the promising 

results from our pilot study, we performed larger-scale studies to further investigate the fate 
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of differently sized NPs administered intravaginally. Here, we compared the biodistribution 

of 20 nm and 200 nm fluorescent NPs in both the presence and absence of chitosan pre-

treatment. Similar to our pilot study, whole organ imaging showed that chitosan pre-

treatment prior to NP administration resulted in fluorescence in the vaginal tract and uterine 

horns within 24 hours (Supplemental Figure 3a). Similar fluorescence distribution in these 

tissues was observed for NPs administered in the absence of chitosan, and no qualitative 

difference in RT fluorescence was observed between the 20NP and 200NP. Since an 

extensive vaginal lavage was performed prior to imaging, we expect that the observed 

fluorescence is indicative of NPs that are adherent to the mucosal epithelium or have 

penetrated into the tissue, which we also confirmed with tissue microscopy as discussed 

below.

By 24 hours post-administration of 20NPs and 200NPs, fluorescence was detected in both 

the draining ILLNs and IGLNs and indicates that NPs are capable of trafficking into the 

dLN after vaginal delivery (Figure 2a). We calculated that chitosan pre-treatment for both 

sized NPs led to about 2-fold higher combined fraction of fluorescence-positive LNs 

compared to no pre-treatment (Table 1). In the absence of chitosan pre-treatment, we also 

observed that 20NP resulted in a similar fraction of positive ILLN and IGLN whereas 

200NP showed a reduced trend of 4-fold for IGLN compared to ILLN. In contrast, chitosan 

pre-treatment led to a slight trend for 20NP in the ILLN but an opposite trend for 200NP. 

Overall, 20NP and 200NP showed a 2~8-fold higher fraction of positive IGLN when 

administered following chitosan pre-treatment. NP accumulation in the dLNs was also 

confirmed by fluorescent microscopy images of tissue sections taken from the ILLNs and 

IGLNs, where we observed both cell-free NPs and cell-associated NPs that are co-localized 

with cells (Figure 2b). Flow-cytometry analysis of total cells collected from dLNs also 

supported a trend for higher NP+ cells for the chitosan pre-treatment groups (Figure 2c and 

2d). While these trends were not statistically significant, these data suggest that chitosan pre-

treatment leads to differential transport of NP to the ILLN and IGLN depending on size.

In addition to the frequency calculations, we also measured relative tissue fluorescence 

collected by imaging to further inform NP accumulation to the dLNs from the RT. We found 

that chitosan pre-treatment resulted in up to a 2.4-fold enhancement of average radiance in 

both the ILLN and IGLN for 20NP and 200NP (Figure 2e and 2f). We attribute the enhanced 

radiance in the chitosan pre-treatment groups to accumulation of more NPs in these organs. 

Finally, we attempted to understand if higher NP fluorescence in the RT would also predict 

higher NP accumulation in the dLNs. When we plotted the measured NP fluorescence in the 

dLNs (ILLN and IGLN) against the fluorescence measured in RT tissues (vaginal tract and 

uterine horns), we observed a small positive correlation indicating that more NPs retained in 

RTs led to more NP accumulation in dLNs irrespective of their size (Supplemental Figure 

3b).

Chitosan pre-treatment promotes translocation of NP across the epithelium to associate 
with migratory immune cells of the RT

We looked at the site of NP administration to understand how events that occur locally may 

facilitate NP transport distally. In particular, we investigated if cells in the RT interact with 
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NPs and contribute to their transport to the dLNs. We first used immunofluorescent 

histochemical (IFHC) staining of tissue sections from the RT to visualize that NPs were 

transported across the vaginal epithelium into the submucosa for all treatment groups 

(Figure 3a). Representative IFHC microscopy data from CH200NP show co-localization of 

NPs with the cell cytoskeleton proximally within the vaginal epithelium (Figure 3b) and 

distally within the submucosa (Figure3c). Optical sectioning along the tissue depth (z-axis) 

indicates that NPs are present in the extracellular spaces, which may be evidence for a 

paracellular route of transport across the vaginal epithelium (Figure 3b, merge). In addition, 

we observed that NPs are associated with cells of the submucosa (Figure 3c, merge).

Flow cytometry was used to measure recruitment of immune cells to the RT and interaction 

of NPs with specific migratory immune cells. We tracked NP association with CD45+ 

leukocytes stained for total mucosal dendritic cells (DCs) (CD11c+MHCII+), macrophages 

(CD11b+F4/80+), monocytes (CD11b+Ly6C+) and granulocytes (CD11b+Gr-1+). We 

observed that the frequencies of these cell populations remained the same after IVG 

administration of chitosan and NP alone and in combination (data not shown), which 

indicates no immune cells were recruited to the RT and supports our previous findings on the 

mucosal safety of these reagents. We found that NPs associated with 0.1~0.3% of CD45+ 

leukocytes and 5~15% of CD45-epithelial cells irrespective of chitosan treatment 

(Supplemental Figure 4a and 4b). We also measured the mean fluorescence intensity (MFI) 

of NP+ cell populations as an effect of chitosan treatment and NP size (Supplemental Figure 

4a). These MFIs of NPs per immune cell population for 20NP and CH20NP were 

statistically similar across all immune cell types. However, CH200NP showed a significantly 

higher MFI compared to 200NP for all immune cell types except for CD11b-DCs (Figure 4).

IFHC staining of RT tissue sections was performed to visualize the interactions of NP with 

DCs (CD11c +) and granulocytes (Gr-1+), which are both phagocytic cells known to migrate 

to the dLNs upon antigen uptake.28 Although we had observed NP fluorescence in the 

uterine horns irrespective of their size or chitosan pre-treatment (Supplemental Figure 3a), 

IFHC tissue sections did not show NPs in the uterine submucosa or associated with DCs or 

granulocytes for any treatment groups (Supplemental Figure 4c). As expected, DCs were 

found in both the vaginal epithelium and submucosa whereas granulocytes were detected 

mainly in the submucosal tissue (Figure 5). We did not detect co-localization of the smaller 

sized 20NP or CH20NP treatment groups with either cell type from the vaginal epithelium. 

In contrast, DCs and granulocytes both showed co-localization with 200 nm NP and the 

interaction appeared to be enhanced with chitosan pre-exposure. We also found that 200NP 

appeared to associate with CD11c+ DCs in the vaginal epithelium following chitosan pre-

exposure, which may be evidence for a transcellular migration route across the epithelium. 

In summary, we found that chitosan facilitates NP transportation across the vaginal but not 

uterine epithelia via paracellular or transcellular routes, and enhances association of larger 

NPs with various immune cells except CD11b-DCs in the vaginal submucosa.

Discussion

This is the first in vivo study showing that chitosan, a naturally derived biomaterial, 

enhances NP targeting of the draining ILLN and IGLN after delivery to the mouse vaginal 
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tract. In addition, chitosan administration in the vaginal mucosa modulated immune cell 

association with NPs but did not promote local tissue inflammation. In the present study, 

IVG washing, swabbing, or chitosan pre-treatment did not induce damage of the mouse 

vaginal epithelium. We also confirmed that NPs were transported to the dLNs following NP 

transport across the vaginal but not uterine epithelium, which was enhanced by chitosan pre-

treatment.

Only a few studies have investigated NP trafficking from the mouse vaginal mucosa to the 

dLNs of the FRT. However, questions remain about the frequency and reproducibility of NP 

accumulation in the dLNs following vaginal dosing, particularly for larger sized NPs that 

may be more useful as vaccine carriers. Moreover, the routes in which NP can be transported 

(cellular and non-cellular pathways) to the dLNs have not been fully described and may 

present untapped opportunities for local immunization and drug delivery. For example, 

quantum dots (≤20 nm) dosed vaginally after pre-treatment with the surfactant N9 were 

transported to the ILLNs but not the distal IGLNs.3 While quantum dot accumulation was 

quantified in the ILLN, it is unclear if the positive nodes were from the same or separate 

animals given that only five individual nodes were scored from an expected total of 10 

ILLNs collected. The mice used in this study were also not collared or separately caged, 

which may confound data if quantum dots were ingested orally. In a separate study by Howe 

et al., PS NPs (≤40 nm) were imaged in the ILLN by microscopy after vaginal dosing but the 

robustness of the delivery was not quantified or discussed.4 Here, we quantify for the first 

time that only a low frequency of about 1 in 4 nodes (25%) accumulates 20 nm- or 200 nm-

sized NP that are dosed vaginally. In this case, we also observed only limited NP-cell 

interactions in the vaginal tissue and the dLNs, which may support evidence of NP transport 

by the paracellular route. As such, our findings suggest that NPs dosed vaginally without 

chitosan pre-treatment are only infrequently trafficked to the dLNs of the FRT where the 

epithelium presents a formidable barrier to particulate carriers.

In contrast, chitosan pre-treatment of the vaginal epithelium enhanced NP accumulation to 

both dLNs and increased NP-cell interactions detected locally in the vaginal tissue as well as 

distally in the dLNs. Most importantly, we found that chitosan did not alter the integrity of 

the vaginal epithelium while still facilitating transepithelial migration of NPs to the dLNs, as 

well as association between larger NPs and various immune cells including immunogenic 

APCs in the RT. NPs dosed vaginally after chitosan pre-treatment resulted in a doubling of 

the frequency of positive dLNs. Notably, we saw that chitosan improved transport of larger 

200 nm NP to the IGLN from a frequency of ~10% to ~75%. NP-cell interactions detected 

in the vaginal epithelium between CD11c+ cells and 200 nm NP may be indicative of 

transcellular routes of migration across the epithelial barrier. Likewise, we saw evidence of 

paracellular transport of both smaller and larger NPs across the multilayered vaginal 

epithelium. Since this is the first study investigating effect of chitosan pre-treatment on 

transport of intravaginally administered NPs, we limited our examination of NP 

biodistribution to the ILLN and IGLN. However, we do not exclude the possibility of farther 

systemic transport beyond the IGLNs of larger NPs past 24 hours. Future studies that 

investigate the impact of NP size on biodistribution may inform protocol development for 

systemic delivery of NPs from female genital mucosa.
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Chitosan molecules have positively charged primary amine groups that are well recognized 

for their role in opening tight junctions of the epithelium.29, 30 These amine groups have 

been described to reversibly destabilize cell plasma membrane,31 which enhances uptake of 

cargo co-administered with chitosan.32 In addition, when orally administered to mice, 

chitosan is transported primarily associated with DCs or macrophages to LNs that drain the 

gastrointestinal mucosa.18 In the present study, it is conceivable that chitosan opens tight 

junctions of the vaginal epithelium to facilitate NP transepithelial delivery while also 

promoting greater association between NPs and cells locally in the RT to cause 

accumulation distally in the dLNs. Pro-inflammatory cytokines, TNF-α and IL-1β, are 

autocrine cytokines produced from immune cells as well as epithelial cells and promote 

recruitment of inflammatory cells.33, 34 These cytokines have recently been found to also 

play a role in modulating tight junctions and thereby contribute to viral translocation across 

the genital epithelium.6 As a natural adjuvant for intranasal or intestinal mucosal 

vaccines,17, 18, 26, 35–37 chitosan is known to induce various cells to secrete pro-

inflammatory cytokines including TNF-α or IL-1β.17, 19–21, 38–42 Interestingly, for both 

CpG-ODN and chitosan treatment groups, secretion of TNF-α and IL-1β was found to peak 

in the mouse RT at 12 and 6 hours post-administration, respectively. These levels declined to 

basal levels by 48 hours possibly due to continuous turnover of the mucus layer that may 

expel chitosan as well as CpG-ODN out of the vaginal lumen.43–45 Unexpectedly, a single 

dose of chitosan (200 μg) per mouse was insufficient to induce significant secretion of either 

TNF-α or IL-1β nor result in immune cell recruitment to the RT compared to our PBS 

control. However, we found that chitosan pre-exposure still enhanced NP transport across 

the vaginal epithelium and further transit to both ILLN and IGLN irrespective of NP size.

Our flow cytometry and fluorescence microscopy data detect NPs in the dLNs and confirm 

the Xenogen IVIS results showing NP transport to the dLNs. However, flow cytometry was 

unable to measure statistically significant enhancement of NP transport to the dLNs upon 

chitosan pre-treatment. Previous studies reported that NPs are easily lost during repeated 

washing steps46 and flow cytometry can underestimate cell number by 70-fold compared to 

microscopy.47 Therefore, it is possible in our study that preparing samples for flow 

cytometry analysis led to a significant loss of NPs or target cells, which reduced sensitivity 

compared to our imaging methods. We found that chitosan pre-treatment significantly 

enhanced association between larger NPs and immunogenic APCs in the vaginal mucosa 

(Figure 4). In previous studies, drainage via lymphatics from intradermal or intracutaneous 

injection sites in mice has shown that immune cell-associated transport of NPs depends on 

the carrier size.48, 49 Our flow cytometry and microscopy results showing NP-cell 

association locally in the RT indicates that larger NPs may indeed be transported to the 

dLNs by increased association with immune cells. We also observed that other immune cells 

such as granulocytes associate with NPs in the vaginal mucosa.49 More comprehensive 

studies are needed wherein various immune cell-associated mechanism of NP transport in 

both lymphatics and dLNs are further investigated.

Parenteral, oral, or intranasal immunizations have been examined for the ability to elicit 

protective immunity in the genital mucosa against sexually transmitted infections (STIs). 

Recently, a NP-based oral vaccine was shown to protect animals challenged intravaginally 

with vaccinia virus.50 However, oral vaccination in this case still induced lower IgG and IgA 
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antigen-specific antibody responses at the local mucosa (colorectal tissue or vaginal wash) 

compared to intracolorectal vaccination. Eliciting protective mucosal immunity in the genital 

mucosa from systemic rather than local immunization is challenging due to the unique 

anatomy and organization of immune function of the FRT compartment. For example, it has 

been reported that only CD11b+ DCs resident in vaginal submucosa induce protective 

immunity against virus infection whereas CD11b-DCs resident in vaginal epithelium 

promote immunosuppression.51, 52 Furthermore, the FRT has a highly compartmentalized 

immune system wherein entry of circulating memory lymphocytes into the vaginal mucosa 

is strictly limited. For this reason, IVG immunization is considered to elicit greater local 

cellular and humoral (IgG and IgA) immunity than parenteral, oral, or intranasal 

immunization.53–57 In the present study, we found that chitosan enhanced association 

between larger NPs and CD11b+ DCs in the vaginal submucosa as well as NP transport 

across the vaginal epithelium and to the dLNs. These interactions and the trafficking of NPs 

may be conducive for the development of a systemic immunity. Therefore, our findings 

suggest that chitosan could have great potential for delivering NPs loaded with vaccine 

antigen/adjuvant formulations targeted to CD11b+ submucosal DCs in the genital mucosa 

and promote protective immunity against viral infections.

In this study, we removed the mucus in the vaginal lumen before chitosan pre-treatment or 

NP administration to induce direct contact between chitosan or NPs and the vaginal 

epithelium. In the presence of mucus, hydrophobic/charged interactions may lead to 

preferential interaction of conventional NPs with the mucus layer rather than with the 

epithelium.58 This interaction could reduce the probability for NP transport across the 

vaginal epithelium. However, we expect if mucus-penetrating NPs59, 60 are employed, 

transport of such NPs across the vaginal epithelium can still be enhanced by chitosan despite 

the presence of mucus.

We have shown that NPs are transported across the multilayered vaginal epithelium via 

paracellular or transcellular pathways depending on NP size or chitosan pre-treatment, and 

further transported to both dLNs (ILLNs and IGLNs) irrespective of NP sizes. We also 

found that chitosan pre-treatment significantly enhanced the NP transport across the vaginal 

epithelium to the dLNs as well as association between larger NPs and immunogenic APCs 

in the vaginal submucosa. These results indicate that it is feasible to safely overcome the 

physical barrier of thick vaginal epithelium of the FRT and increase NP transport and 

association with specific immune cells. Thus, we expect that our chitosan-based protocol 

may be useful for immunization by the vaginal route to target immunogenic APCs (via cell-

associated mechanism) in the vaginal submucosa, thereby inducing both local and systemic 

immunity against viral infections. In addition, our chitosan-based protocol may enhance 

efficacy of drug delivery to the vaginal route by increasing NP transport across the vaginal 

epithelium.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chitosan does not alter tissue integrity or elicit pro-inflammatory cytokine secretion 
when applied topically to the vaginal mucosa
(a) Schematic of treatment study design. Depo-Provera was administered to all C57Bl/6 

mice prior to pre-treatment with chitosan followed by delivery of 20 nm or 200 nm NP 

(CH20 or CH200, respectively). Mice were also administered NPs without chitosan pre-

treatment (20NP and 200NP). Control mice were only administered PBS. (b) Brightfield 

images (10× objective) of H&E-stained tissue sections of the mouse vaginal tract excised 24 

hours after vaginal administration of PBS, 20NP, 200NP, and CH20NP. Tissue sections of 

naïve mice show effect of no treatment and Depo-Provera only treated mice show evidence 

of a thinned epithelium. SM: submucosal tissue, E: epithelium, L: lumen, M: mucus. (c) 

Image montage of a 2.8 mm length of vaginal tract comparing treatment of N9 and 

CH200NP. Images are collated from H&E-stained tissue sections collected from a single 

microtomed plane. (d–e) Dynamics of pro-inflammatory cytokine secretion following pre-

treatment with chitosan or CpG-ODN without subsequent NP administration. G: CpG-ODN, 

C: chitosan, P: PBS control. Data show mean±SD, n>4 mice from independent experiments. 

*: p≤0.05, **: p≤0.01, ***: p≤0.001.
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Figure 2. Chitosan enhances NP accumulation in dLNs following IVG administration
(A) Image overlay of whole organ tissue fluorescence and photograph of ILLN and IGLN 

excised 24 h following treatment with PBS, 20NP, 200NP, CH20NP and CH200NP. 

Fluorescent-positive lymph nodes are shown from pairs of dLNs collected from 4 mice per 

treatment. The images were obtained from a single trial out of 6 independent trials. (B) 

Fluorescent images (63× oil objective) of NPs (red) merged with IFHC-stained cell nucleus 

(DAPI, blue) and cytoskeleton (Phalloidin, green) from dLNs excised at 24 h post-treatment 

with 20NP, CH20NP, 200NP, and CH200NP. NP–cell association was confirmed by co-

localization of fluorescence (yellow arrow head) from NPs (red arrow head) and cell 

cytoskeleton (green) detected in both x-y planes and z-axis using optical sectioning (images 

of z-axis not shown). Inset (additional 3×) confirms presence of NPs in co-localized 

fluorescence signal. (C-D) Percentage of NP+ cells from total LN cell population 

normalized to PBS control for (C) ILLN and (D) IGLN excised 24 h post-treatment. Data 

show mean ± SD from n = 5 independent trials (2-4 mice combined per treatment per trial). 

(E-F) Average tissue radiance normalized to PBS control measured from whole organ 

fluorescence imaging of (E) ILLN and (F) IGLN excised 24 h post-treatment. Data show 

mean ± SD of all LNs (40-44 ILLNs or IGLNs) collected from n = 6 independent trials (2-4 
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mice per treatment per trial). Asterisk marks in parentheses indicate significant difference 

compared to PBS control. *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001.
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Figure 3. Chitosan promotes translocation of NPs across the vaginal epithelium
Fluorescent images of NPs (red) merged with IFHC-stained cell nucleus (DAPI, blue) and 

cytoskeleton (Phalloidin, green) from vaginal tissue sections excised at 24 h following 

treatment with CH200NP. (A) Image (20× objective) of FRT tissue section demarcating a 

region of the vaginal epithelium and submucosa. (B) Inset (b) of vaginal epithelium (63× oil 

objective) from (A) showing an optical section where NPs (red) have penetrated beneath the 

epithelium. (C) Inset (c) of submucosa (63× oil objective) from (A) showing an optical 

section where NPs (red) have reached the lamina propria and co-localize (yellow arrows) 

with cells (green). Images are representative of n = 3 mice.
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Figure 4. NPs associate with various immune cells in mouse RTs
Fold-increase in mean fluorescence intensity (MFI) of NP+ cells resulting from chitosan 

pre-treatment relative to no pre-treatment. Reproductive tracts were excised 24 h post-

administration of NPs and isolated cells were stained with fluorescently labeled antibodies 

to identify specific immune cells under flow cytometry. Data show mean ± SD from n = 5 

independent trials (2-4 mice combined per treatment per trial). *: P ≤ 0.05.
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Figure 5. NPs associate with CD11c+ and Gr-1+ immune cells in mouse vaginal tract
Fluorescent images (63× oil objective) of NPs (red) merged with IFHC-stained cell nucleus 

(DAPI, blue) and CD11c+ or Gr-1+ (green) markers from vaginal tissue sections excised at 

24 hours following treatments with (a) 20NP and CH20NP and (b) 200NP and CH200NP. 

NP-cell associations were confirmed by co-localization of fluorescence (yellow arrow head) 

from NPs (red arrow head) and cell marker (green) detected in both x-y planes and z-axis 

using optical sectioning, and only select NPs or NP-cell associations are shown with arrow 

heads. Images are representative of n=3 mice.

Park et al. Page 19

Nanomedicine. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Park et al. Page 20

Ta
b

le
 1

Fr
ac

tio
na  

of
 f

lu
or

es
ce

nc
e-

po
si

tiv
e 

ly
m

ph
 n

od
es

 r
es

ul
tin

g 
fr

om
 v

ag
in

al
 d

os
in

g 
of

 N
Ps

 in
 th

e 
pr

es
en

ce
 a

nd
 a

bs
en

ce
 o

f 
ch

ito
sa

n 
pr

e-
tr

ea
tm

en
t.

P
B

S 
(c

on
tr

ol
)

20
N

P
C

H
20

N
P

20
0N

P
C

H
20

0N
P

IL
L

N
0

0.
3 

(0
.5

)
0.

6 
(0

.3
)

0.
4 

(0
.3

)
0.

3 
(0

.3
)

IG
L

N
0

0.
3 

(0
.5

)
0.

5 
(0

.6
)

0.
1 

(0
.3

)
0.

8 
(0

.5
)

C
om

bi
ne

d 
dL

N
s

0
0.

3 
(0

.3
)

0.
6 

(0
.2

)
0.

3 
(0

.2
)

0.
5 

(0
.4

)

a V
al

ue
s 

ar
e 

th
e 

m
ea

n 
(±

SD
) 

fr
eq

ue
nc

y 
fo

r 
ev

er
y 

pa
ir

 o
f 

ly
m

ph
 n

od
es

 c
ol

le
ct

ed
 f

ro
m

 n
=

4 
m

ic
e 

pe
r 

tr
ea

tm
en

t g
ro

up
 s

ho
w

n 
in

 F
ig

ur
e 

2a
. S

co
ri

ng
 c

ri
te

ri
a 

fo
r 

po
si

tiv
e 

ly
m

ph
 n

od
e 

ar
e 

de
sc

ri
be

d 
in

 th
e 

M
et

ho
ds

.

Nanomedicine. Author manuscript; available in PMC 2018 August 01.


	Abstract
	Graphical Abstract
	Background
	Method Summary
	Results
	Chitosan pre-treatment and prevention of oral ingestion of NPs facilitate NP retention in the RT and transport to dLNs
	Chitosan pre-treatment and NP administration do not alter tissue integrity or elicit pro-inflammatory cytokine secretion
	Chitosan promotes accumulation of differently sized NPs from the RT to the distal IGLNs
	Chitosan pre-treatment promotes translocation of NP across the epithelium to associate with migratory immune cells of the RT

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

