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ABSTRACT   

To combat mucosal pathogens that cause gastrointestinal (GI) infections, local mucosal 

immunity is required which is best achieved through oral vaccination. Oral delivery of vaccines 

is also a safe and convenient alternative to injected vaccines due to its non-invasive nature and 

high compliance rate for all ages. However, the lack of effective and safe mucosal adjuvants, the 

selective permeability of the mucus barrier, and the harsh GI environment continue to pose a 

significant challenge for oral vaccine development. Microparticle-based strategies are attractive 

for oral vaccination due to their ability to efficiently penetrate the mucus barrier and have the 

added advantage of protecting the antigen in the harsh gastric environment. In this work, self-

adjuvanting peptide nanofiber-CaCO3 composite microparticles were prepared and investigated 

for oral vaccine delivery. Compared to polymeric microparticles, inorganic CaCO3 

microparticles have unique advantages due to the biocompatibility of CaCO3 as a natural 

mineral, mild preparation conditions, and its porous structure that is suitable for loading other 

materials. Particle size distribution, nanofiber loading efficiency, morphology, and degradation 

in simulated gastric fluid were characterized. The composite microparticles were efficient at 

penetrating the mucus barrier and were localized to immune inductive sites and elicited the 

production of mucosal antibody responses, particularly the protective IgA isotype following oral 

administration. The magnitude of the mucosal immune response was comparable to the gold-

standard adjuvant cholera toxin B (CTB). Our results indicate that OVA-KFE8/CaCO3 composite 

microparticles are efficient self-adjuvanting oral vaccine delivery vehicles for induction of 

mucosal antibody responses.  

 

Key Words: calcium carbonate, composite microparticle, oral vaccination, peyer’s patches, 

peptide nanofibers, self-assembly 
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INTRODUCTION  

It is estimated that 70% of human pathogens initiate infection via the mucosal surfaces 

and the intestinal mucosa is especially vulnerable to infections caused by bacteria, viruses, and 

protozoa
1
. Injected vaccines are often very poor at inducing mucosal immunity and local 

immunity in the gut is best induced by oral vaccination, which has the added advantage of being 

a needle and medical-waste free strategy
2
. The WHO estimates that unsafe healthcare injections 

accounted for 5% of HIV, 32% of hepatitis B and 40% of hepatitis C infections acquired in 

developing countries making oral vaccination a highly attractive alternative
3
. Oral vaccination 

also stimulates productive immune responses at distal sites via the interconnected mucosa-

associated lymphoid tissue (MALT) and offers an avenue for mass vaccination programs in 

developing countries with high patient compliance, eliminating the need for skilled personnel, 

and limiting the risk of infections due to needle reuse and medical waste
4,5

.  

Currently, approved oral vaccines are based on inactivated or attenuated pathogens, 

which in general suffer from poor safety profiles and maintain a risk of reversion to virulence
6
. 

Subunit vaccines based on purified or recombinant peptide/protein antigens are safer, however 

they are poorly immunogenic and need to be co-administered with adjuvants for enhancing 

antibody and cellular immune responses
7,8

. In the U.S. only alum-based adjuvants are licensed 

for clinical use and limited to parenteral route of administration
9
. Bacterial toxins, such as 

cholera toxin (CT) and the heat-labile enterotoxin (LT) of Escherichia coli are the most potent 

and extensively studied mucosal adjuvants available, but they are too toxic for clinical use
10-12

. 

Additionally, the highly acidic and protease-rich environment of the gastrointestinal (GI) tract 

poses a significant barrier to the integrity and effective translocation of vaccines across the gut 

mucosa associated lymphoid tissues (GALT also known as MALT) 
5,13

. GALT consists of the 
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diffuse lymphoid tissue such as lamina propria and organized lymphoid tissue, which includes 

Peyers patches (PP) and isolated lymphoid follicles
1,14

. At the sites of organized MALT, antigens 

are taken up by M cells, which are involved in the initiation of acquired antigen-specific immune 

responses, such as IgA induction, via the uptake of luminal antigens
15

. M cells specialize in 

taking up antigen from the intestinal lumen and translocate it to GALT where DCs present it to 

the B cells and T cells leading to production of strong and protective IgA responses
15,16

. 

Therefore, oral vaccination strategies that are self-adjuvanting and efficiently translocate 

antigens across the mucus barrier to immune inductive sites are highly desirable. 

Polymeric micro/nano particle-based strategies are attractive for oral vaccination due to 

their ability to efficiently penetrate the mucus barrier and have the added advantage of protecting 

the antigen in the harsh gastric environment
1,17,18

. Oral vaccine delivery systems based on 

poly(lactide-co-glycolic acid) (PLGA) microparticles
19

, enteric coating polymers
20

, chitosan 

microspheres
21,22

, yeast β-glucan microparticles
23

, and cationic liposomes
24

 have been 

successfully developed and tested in small animal models. However, the widely adopted 

production-scale methodologies for fabrication of polymeric micro- and nanoparticles involve 

the use of organic solvents and cross-linkers, even low levels of exposure to which, could lead to 

toxic side effects
25

. Also, inclusion of exogenous adjuvants and surface modification strategies 

are required to enhance the potency and penetration of the polymeric particles across the mucus 

barrier
4,14

. To date only formulations based on PLGA and liposomes have progressed from 

animal models to clinical trials
26

. 

We previously reported an adjuvant-free vaccination platform based on self-assembling, 

β-sheet rich, peptide nanofibers, which induce robust humoral and cellular immune responses 

when linked to peptide or protein antigens
27-31

. Parenteral vaccination with peptide nanofibers 
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 5 

has been shown to elicit protective immune responses in mouse models of malaria
29

, cancer
32

, 

and influenza
30

. However, the microenvironment and cellular populations of GALT differ 

significantly from peripheral lymph nodes and are therefore distinct as an inductive site for 

priming of acquired immune responses
1
. Therefore the adjuvanting ability of self-assembling 

peptide nanofibers when delivered orally needs to be defined. Also, based on our current 

understanding of mucosal immunology, particulate antigens are highly effective at inducing 

mucosal immunity compared to soluble antigens and encapsulation strategies that render soluble 

nanofibers into particulate form would enhance their translocation across the mucus barrier and 

also protect them from the harsh GI environment
5
.  

Here, we report peptide nanofiber-CaCO 3 composite microparticles as self-adjuvanting 

oral vaccine delivery vehicles. Compared to polymeric microparticles, inorganic CaCO3- 

microparticles have unique advantages such as preparation in mild physiological buffers, 

biocompatibility, and biodegradability
33,34

. We synthesized peptide nanofiber-CaCO3 composite 

microparticles by precipitating CaCO3 in aqueous buffers containing self-assembling peptide 

nanofibers bearing the model antigenic peptide OVA (chicken egg ovalbumin 323-339). The 

loading efficiency, size distribution, and morphology of the composite microparticles was 

characterized and their uptake by antigen-presenting cells (APCs) was investigated using in vitro 

bone marrow derived dendritic cell cultures (BMDCs). Phagocytosis of composite microparticles 

by antigen-presenting cells (APCs) in the GALT was investigated using ligated ileal loop assays. 

The production of mucosal and systemic antibody responses following oral administration of 

composite microparticles was investigated in mice. Our results indicate peptide nanofiber-CaCO3 

composite microparticles are effective as self-adjuvanting oral vaccine delivery vehicles for 

efficient induction of mucosal and systemic immune responses. 
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 6 

 

 

RESULTS & DISCUSSION 

OVA-KFE8/CaCO3 composite microparticle synthesis and characterization 

Successful synthesis of OVA-KFE8/CaCO3 composite microparticles was achieved by 

dissolving OVA-KFE8 nanofibers in 0.33 M CaCl2 and an equal volume of 0.33 M Na2CO3 was 

added under stirring
35

. Precipitation of CaCO3 microparticles in the presence of OVA-KFE8 

nanofibers led to the encapsulation of the nanofibers in the microparticle core (Fig. 1a). For 

visualization purposes rhodamine-OVA-KFE8 nanofibers were used. Confocal imaging of 

labeled nanofibers indicated gelatinous random aggregates, which were transformed into discrete 

fluorescent microparticles after precipitation, indicating loading of the fluorescent nanofiber 

within the CaCO3 matrix (Fig. 1b).  

The loading efficiency and morphology of the composite microparticles was found to be 

dependent on the concentration of nanofiber stock solution. Highest loading efficiency of ~72% 

was achieved when microparticles were synthesized using a 2 mM solution of OVA-KFE8 

nanofibers (Fig. 2a). At higher concentrations OVA-KFE8 nanofibers formed viscous solutions, 

which prevented optimal stirring. To assess whether the nanofibers were uniformly distributed 

within the microparticle or were mostly surface bound, microparticles loaded with rhodamine-

OVA-KFE8 nanofibers were washed in PBS, and leaching of the nanofibers was measured by 

fluorescence spectroscopy. To calculate percentage of loaded nanofibers released during serial 

washes, microparticles were dissolved in 0.5 M ethylenediaminetetraacetic acid (EDTA) leading 

to 100% release of the nanofibers
36

. Data indicated that only ~8% of the nanofibers leached out 

after the first wash and significantly decreased over serial washes and after 5 wash cycles ~15% 
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 7 

of the OVA-KFE8 nanofibers were lost while ~85% were encapsulated within the CaCO3 core 

(Fig. 2b) indicating that the bulk of the nanofibers were retained within the microparticles.  

Scanning electron microscopy revealed highly spherical structures and while subtle 

differences in surface morphology were evident between pure CaCO3 and OVA-KFE8/CaCO3 

composite microparticles (Fig. 3a and 3b), gross differences in cross-sectional morphology were 

observed. Control microparticles had a highly porous interior (Fig. 3a) while the composite 

particles were dense and devoid of any porosity suggesting encapsulation of the nanofibers 

within the microparticle core (Fig. 3b). Mean diameter of control microparticles was found to be 

3.5 µm (Fig. 3c), whereas the composite microparticles had an average diameter of 2.2 µm (Fig. 

3d), which is ideal for phagocytosis by APCs such as dendritic cells (DCs) and macrophages. 

Composite microparticles were also found to have a tighter size distribution profile compared to 

controls (Fig. 3d). The microparticles of CaCO3 were formed by precipitation reaction between 

calcium chloride and sodium carbonate and the growing calcium carbonate cores captured 

nanofibers within them. Previous reports have suggested that presence of additives such as 

proteins and polymers may affect the crystallization process
37

. This has been attributed to 

increased viscosity of the reaction mixture leading to reduced ion diffusion rates, which slows 

down crystallization and causes a general decrease in particle size. While globular proteins like 

BSA do not significantly affect particle size, long chain polymers like ethylene glycol affect 

particle size in a concentration-dependent fashion
38

. The peptide nanofibers are long polymeric 

aggregates and presumably shift the particle formation process from crystal growth to oriented 

attachment of primary nanoparticles, which could possibly be the reason for smaller size of the 

composite microparticles. In summary, our data suggest that OVA-KFE8/CaCO3 composite 
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 8 

microparticles can be synthesized under mild physiological conditions with high yields and tight 

control over particle morphology and size distribution.  

 

Stability of composite microparticles in acidic environment 

To determine the likelihood of OVA-KFE8/CaCO3 composite microparticles surviving 

the highly acidic gastric environment without loss of encapsulated nanofiber cargo, the 

degradation of CaCO3 and release of rhodamine-OVA-KFE8 nanofibers was measured using 

simulated gastric fluid (SGF)
39

. Microparticles were treated with 0.5 M EDTA (100% release) or 

PBS (no release) to calculate the percentage of nanofibers released following incubation in SGF 

(pH 1.2). To determine the nature of microparticle degradation, composite microparticles 

incubated for 90 min in SGF were visualized using scanning electron microscopy. Data indicated 

that the microparticles retained their spherical morphology similar to controls (Fig. 4a) but 

displayed increased porosity suggesting that they underwent surface degradation (Fig. 4b). 

Fluorescence intensity measurements indicated that 12% of the encapsulated nanofibers were 

released within the first 5 min and increased to 15% after 30 min (Fig. 4c). The nanofiber release 

plateaued over the next 60 min and at the end of 90 min of incubation ~20% of the encapsulated 

nanofibers fibers were released (Fig. 4c). The composite microparticles retained their spherical 

morphology and ~80% of encapsulated nanofibers after 90 min of incubation in SGF suggesting 

that they can be useful as oral antigen delivery vehicles.  

 

Uptake of composite microparticles by BMDCs in vitro  

Previous studies have demonstrated that peptide nanofibers are actively phagocytized by 

DCs and macrophages when injected into mice. Interestingly, only DCs exhibited increased 
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 9 

expression of B7 co-stimulatory molecules CD80 and CD86 after nanofiber uptake while 

expression of these molecules by macrophages remained unchanged
40

. These molecules are 

critical for the induction of T cell proliferation/activity in response to the antigen presentation by 

APCs
39

. Therefore, we examined whether OVA-KFE8/CaCO3 composite microparticles could 

activate dendritic cells in vitro. To this end, BMDCs were incubated with composite 

microparticles and up-regulation of maturation markers CD80 and CD86 was determined using 

flow cytometry. Untreated or BMDCs incubated with OVA-KFE8 nanofibers were used as 

controls. Data indicated higher levels of CD80 and CD86 expression by BMDCs incubated in the 

presence of composite microparticles compared to OVA-KFE8 nanofibers or controls (Fig. 5a 

and 5b). Also, BMDCs incubated with OVA-KFE8 nanofibers had higher levels of CD80, and to 

a lesser extent CD86, compared to controls (Fig. 5a and 5b). Confocal microscopy indicated that 

OVA-KFE8/CaCO3 composite microparticles were efficiently phagocytized by BMDCs and had 

stellate morphology suggesting maturation (Fig. 5c). 

Innate immune responses elicited by APCs in response to the stimulation of toll-like and 

nod-like pattern recognition receptor activation are critical for the chemo-attraction and 

regulation of effector immune responses
42

.  It is not known whether self-assembling peptide 

nanofibers or inorganic minerals such as CaCO3 are capable of activating those innate immune 

receptors on APCs. However, particulates such as silica, asbestos, and aluminum salts have been 

shown to activate the NLRP3 inflammasome pathway leading to the production of the cytokine 

IL-1β, which supports the recruitment of pro-inflammatory immune cells. ELISA data indicated 

significantly higher levels of IL-1β in cultures of BMDCs treated with composite microparticles 

compared to OVA-KFE8 nanofibers or controls (Fig 5D). Although production of IL-1β is not 

direct evidence of NLRP3 inflammasome activation, the data suggest that OVA-KFE8/CaCO3 
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 10

composite microparticles, while improving the delivery of antigens to DCs, can also stimulate 

DCs to produce IL-1β, which is involved in the recruitment of the effector cells and induction of 

Th17 response, critical to the clearance of several mucosal pathogens
43,44

. 

Mechanisms of composite microparticle sampling in vivo 

The harsh environment in the intestinal mucosa and the mucus coating provide a strong 

barrier not only for pathogen entry but also vaccine delivery
5
. A prerequisite for an efficient oral 

vaccine is to be able to efficiently translocate across the mucus barrier and be taken up by GALT 

where it will be efficiently presented by APCs to T and B cells to elicit protective immune 

responses
45

. The most well studied mechanisms of antigen sampling in the gut are uptake by M 

cells present in the follicle-associated epithelium, located just above the PPs, in which CCR6
+
 

DC will present antigens sampled by M cells to T cells
46

. Other mechanisms include CX3CR1
+
 

APCs that populate the mucosal lamina propria of the small intestine, which depend on the 

chemokine receptor CX3CR1 to form transepithelial dendrites to directly sample luminal 

antigens
47

. To determine whether uptake of OVA-KFE8/CaCO3 composite microparticles 

occurred in vivo and if M cell and/or CX3CR1
+
 APCs uptake mechanisms were involved, ligated 

intestinal ileal loop experiments were performed using transgenic CX3CR1
gfp/gfp 

mice. Using 

rhodamine-OVA-FKE8 loaded microparticles and confocal microscopy it was observed that the 

composite microparticles translocated across the lumen and were co-localized with CX3CR1
+
 

APCs in the lamina propria (Fig 6A). Anti-M cell antibodies were used to determine efficiency 

of the composite microparticles uptake by M cells in these experiments. We observed that 

composite microparticles were co-localized with M cells suggesting translocation of the 

composite microparticles also occurs through M cells (Fig 6B).  
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Previous studies have demonstrated a key role for mesenteric lymph nodes (MLNs) as an 

inductive site in PP-deficient mice and that the intestinal lamina propria–MLN axis performs a 

potent mucosal inductive function in addition to the PPs
4,48

. Therefore to assess whether 

mesenteric lymph nodes were a major site for the drainage of composite microparticles, 

CX3CR1
gfp/gfp

 mice were orally gavaged with rhodamine-OVA-KFE8 loaded composite 

microparticles and mesenteric lymph nodes collected after 2 h. Using confocal microscopy it was 

observed that CX3CR1
+
 APCs that acquired the composite microparticles were found in MLN 

suggesting that APCs that acquire the composite microparticles from gut lumen and/or mucosal 

lamina propria migrate to MLN. Therefore, MLNs could be an active induction sites of mucosal 

antibody responses detected after vaccination with composite microparticles (Fig 6C). These 

findings indicate that OVA-KFE8/CaCO3 composite microparticles are sampled by mechanisms 

involving CX3CR1
+
 APCs in the lamina propria and M cells for presentation to B cells and T 

cells in the PP’s, lymphoid follicles and MLNs. 

Oral vaccination with OVA-KFE8/CaCO3 composite microparticles  

Given the favorable physicochemical and immunological characteristics of OVA-

KFE8/CaCO3 composite microparticles, we investigated their ability to induce mucosal antibody 

responses following oral administration in mice. Mice were vaccinated according to the schedule 

shown in Fig. 7a and control mice received PBS, OVA-KFE8 nanofibers, or OVA admixed with 

CTB. The concentration of all formulations was adjusted to ensure that all groups received 

equivalent amounts of OVA. Production of anti-OVA antibodies in the gut mucosa was 

measured using fecal extracts from the colon and systemic antibody responses were evaluated 

using sera. Using ELISA, significantly higher levels of antibodies (total IgG (H+L)) were 

detected in fecal extracts of mice vaccinated with OVA-KFE8/CaCO3 composite microparticles 
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 12

compared to mice vaccinated with OVA-CTB, OVA-KFE8 nanofibers, or PBS (Fig. 7b). 

Interestingly, it was observed that peptide nanofibers alone were also efficient at inducing 

adjuvant-free mucosal antibody responses when delivered orally, however their encapsulation in 

CaCO3 microparticles significantly enhances the magnitude of the antibody response (Fig. 7b). 

This is presumably, due to efficient penetration of the particulates across the mucus barrier and 

enhanced uptake by gut-resident antigen-presenting cells. Our most interesting finding in the oral 

gavage studies is the significantly higher levels of antibodies in mice vaccinated with the 

composite microparticles compared to OVA-CTB (Fig. 7b). Evaluation of systemic antibody 

responses in the sera revealed only a few responders across all groups nonetheless antibody 

responses in mice vaccinated with composite microparticles were significantly higher than PBS 

or OVA-KFE8 nanofiber groups (Fig. 7c).  

Antibody isotype IgA plays an important role in the protection of gastrointestinal, 

respiratory, and urogenital mucosal surfaces by regulating the symbiotic relationship existing 

between commensals and the host and preventing opportunistic infections
49

. Therefore fecal 

extracts were assayed using isotype specific IgG1, IgG2a, IgG2b, IgG3, IgM, and IgA primary 

antibodies. ELISA data showed significantly higher levels of IgA in mice vaccinated with OVA-

KFE8/CaCO3 composite microparticles compared to mice receiving PBS, OVA-KFE8 

nanofibers, or OVA-CTB (Fig. 8a). Antibody isotype IgG1 was found to be significantly higher 

in the OVA-CTB group compared to all other groups (Fig. 8b). Also detectable and significantly 

higher levels of isotype IgG3 (Fig. 8c) and IgM (Fig. 8d) were observed in all groups compared 

to PBS. Levels of isotypes IgG2a and IgG2b were not detectable (below background levels). 

Based on these findings we conclude that OVA-KFE8/CaCO3 composite microparticles are 

effective at inducing strong mucosal antibody responses when administered orally. In summary, 
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we have demonstrated that peptide-nanofiber/CaCO3 composite microparticles are efficient self-

adjuvanting oral vaccine delivery vehicles.  

Our findings indicate that the working mechanism of the nanofiber-CaCO3 composite 

microparticles is via enhanced uptake by DCs that sample the gut lumen and non-specific 

transcytosis through M cells. In this study, no exogenous adjuvants were incorporated into the 

composite microparticles to elicit antibody responses equivalent to those induced by CTB, a 

strong gold-standard mucosal adjuvant. While mucosal vaccination elicits both systemic and 

local immunity, the antigen doses required to elicit an immune response through the oral route 

are substantially higher. Encapsulation of the nanofibers into CaCO3 microparticles not only 

protects the nanofibers in the harsh gastric environment but also ensures efficient delivery and 

antigen dose sparing for oral delivery. Studies using synthetic carriers for mucosal vaccination 

have demonstrated that particles with hydrophobic or net positive surface charge are 

mucoadhesive due to interactions with the negatively charged mucus layer
50

. Surface 

functionalization of hydrophobic PLGA microparticles with polyethylene glycol (PEG) chains 

has been shown to enhance their mucus penetrating properties
51

. CaCO3 microparticles are 

intrinsically hydrophilic with a net neutral charge, which could enhance their translocation across 

the mucus barrier without further modification. Furthermore, they can be surface modified via 

simple adsorption with ligands specifically targeting receptors on antigen-presenting cells or M 

cells for targeted vaccine delivery.  

We recently demonstrated that linking D amino acid self-assembling domains to antigens 

could enhance the potency of peptide nanofiber vaccines in mouse models
52

. This strategy can be 

used to improve the mucosal and antibody responses elicited by the composite microparticles 

through encapsulation of peptide nanofibers bearing an all-D amino acid self-assembling domain. 
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The chemical versatility of self-assembling peptide nanofibers allows for covalent linkage of 

whole protein antigens and recent studies demonstrated that protein-bearing self-assembling 

peptide nanofibers are self-adjuvanting
31

. This enables the development of composite 

microparticles loaded with protein-bearing nanofibers for enhancing the breath of protection and 

also covers broad population distributions. Furthermore, by controlling physical parameters such 

as agitation rate, mixing time, ionic strength, and temperature, CaCO3 particle size and 

morphology can be controlled
53

. This allows for investigating the role of particle size and 

morphology on the uptake and sampling of microparticles in the GALT and the associated 

mucosal immune responses. Future embodiments of the current work will investigate, surface 

functionalization of the composite microparticles for targeted delivery to M cells, their ability to 

induce T helper cell responses with the appropriate immunological bias, and protect against 

challenge with mucosal pathogens.  

 

Conclusions 

In conclusion, this study demonstrates the feasibility of peptide nanofiber-CaCO3 composite 

microparticles as oral vaccine delivery vehicles using the model antigen OVA. We show that 

composite microparticles can be synthesized under mild physiological conditions with tight size 

distribution profile, spherical morphology, and high nanofiber loading efficiency. The composite 

microparticles are able to withstand harsh acidic environment without significant loss of cargo or 

morphology and are phagocytized by antigen presenting cells in vitro leading to the production 

of pro-inflammatory cytokines. In vivo, the microparticles translocate across the mucus barrier 

and are sampled via classical antigen presenting mechanisms in the gut-associated lymphoid 

tissue. Oral vaccination with peptide nanofiber-CaCO3 composite microparticles leads to the 
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production of robust mucosal antibody responses with appropriate isotypes advantageous for 

mucosal immunity.  

 

EXPERIMENTAL  

Synthesis of peptides and OVA-KFE8/CaCO3 composite microparticles  

Peptide nanofibers bearing the model antigenic peptide OVA were synthesized by 

coupling OVA (ISQAVHAAHAEINEAGR) to the N-terminus of the self-assembling peptide 

domain KFE8 (FKFEFKFE) via an amino acid linker (SGSG) using standard Fmoc Chemistry 

on a CS Bio-CS336X solid phase peptide synthesizer (CS Bio, CA). Rink Amide MBHA resin 

(Novabiochem, MA) was swelled in dry DMF for 1 h, and amino acids were double coupled 

using HBTU (O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate) and 

HOBt (1-Hydroxybenzotriazole) chemistries. Peptides were cleaved from the resin using a 95% 

TFA/2.5% water/2.5% triisopropyl silane cocktail and precipitated in cold diethyl ether. The 

crude product was washed and purified by reverse-phase HPLC (C18 column) using 

Acetonitrile/H2O gradients (>90% purity) and peptide mass was confirmed by MALDI-TOF 

mass spectrometry using α-cyano-4-hydroxycinnamic acid matrix (Bruker Daltonics, MA). All 

peptides were lyophilized and stored at -20 °C prior to use. OVA-KFE8/CaCO3 composite 

microparticles were synthesized by colloidal crystallization technique reported previously
34

. 

Briefly, OVA-KFE8 nanofibers were prepared by dissolving the peptide in sterile water (8 mM 

stock solution), stored overnight at 4°C, and diluted to working concentration of 2 mM using 

0.33 M sterile calcium chloride (CaCl2). An equal volume of 0.33 M Na2CO3 was added under 

stirring (1000 rpm) and the mixture was stirred for additional 30 sec. The solution was allowed 

to stand for 30 min at RT and the precipitated OVA-KFE8/CaCO3 composite microparticles 
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were obtained by centrifugation at 4000 rpm for 5 min. The particles were washed three times 

with DI water and dried under vacuum. For some studies composite microparticles were 

prepared using rhodamine-OVA-KFE8 nanofibers. 

Loading efficiency, size distribution, and release studies  

Loading efficiency of OVA-KFE8 nanofibers into CaCO3 microparticles was calculated 

by the measuring the fluorescent intensity of a solution of rhodamine-conjugated OVA-KFE8 

nanofibers (stock) before microparticle synthesis against the fluorescent intensity of the 

supernatant (sup) after microparticle synthesis. The loading efficiency was evaluated as follows: 

�� =
��������	
����� − ��������	
sup�

��������	
�����
× 100% 

To confirm that the nanofibers were not just bound to the microparticle surface, 1 mg of 

microparticles were washed multiple times with water and the release of rhodamine-OVA-KFE8 

in the washes was calculated against an equal weight of microparticles treated with 0.5 M EDTA 

(100% release). The stability of the composite microparticles in acidic environment of the gut 

was investigated by a dissolution test where the microparticles were exposed to simulated gastric 

fluid (pH 1.2) compared to PBS (pH 7.5) for 90 minutes. The release of rhodamine-OVA-KFE8 

over time was calculated using fluorescence measurements compared against an equal weight of 

microparticles treated with 0.5 M EDTA (100% release). Morphology of the microparticles after 

exposure to simulated gastric fluid was determined using scanning electron microscopy as 

discussed below. The size distribution was obtained using confocal laser microscopy to first 

image the particles, followed by using ImageJ (NIH) to measure the diameter of the 

microparticles. 500 microparticles per batch were used to calculate the average diameter and size 

distribution range. 
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In vitro uptake of OVA-KFE8/CaCO3 composite microparticles  

To generate BMDCs, bone marrow was collected from the femurs of C57BL6 mice, 

suspended in RPMI-1640 medium (Invitrogen) supplemented with 10% heat-inactivated fetal 

bovine serum (HyClone), 1% penicillin-streptomycin, and 50 µM β-mercaptoethanol (Sigma 

Aldrich). Red blood cells were lysed using ACK buffer (Sigma Aldrich, MO) and cells were 

washed and re-suspended media supplemented with 50 ng/mL of granulocyte–macrophage 

colony-stimulating factor (GM-CSF). 10
6 

cells/well were plated in six-well plates and cultured at 

37°C for 7–9 days. Cells were fed on days 3, 5 and 7 with complete medium containing GM-

CSF and on day 9, non-adherent cells were collected, washed and used for experiments. 50,000 

cells/well were plated on cover slips in 6-well plates and primed with 50 ng/ml LPS for 18 hours 

and followed by 8-hour incubation with 100,000 composite microparticles (rhodamine-OVA-

KFE loaded). The cover slips were gently removed, washed in media, and imaged using confocal 

microscopy (see below). To determine IL-1β production following microparticle uptake, culture 

media supernatant was collected and cytokine levels measured using mouse IL-1β ELISA 

Ready-SET-Go kit (eBioscience) as per protocols provided by the manufacturer. Cell surface 

markers Live/Dead (AmCyan), CD3 (PB), CD11b (PE), CD11c (PerCP-Cy5.5), CD80 (PE), 

CD86 (APC), and MHC-II (FITC) antibodies were purchased from BD Biosciences (San Jose, 

CA) and cell surface marker staining was performed according to standard protocol. Flow 

Cytometry was performed using a BD LSR Fortessa and FlowJo software (Tree Star, OR) was 

used to analyze data.  
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Ligated ileal loops and Immunohistochemistry 

To investigate the uptake of OVA-KFE8/CaCO3 composite microparticles by gut resident 

dendritic cells in vivo, 8-12 week old CX3CR1
gfp/gfp

 reporter mice (transgenic mice whose 

CX3CR1
+
 DCs express GFP) were fasted overnight and anesthetized by intraperitoneal injection 

of ketamine (100 mg/kg) and xylazine (20 mg/kg).  After making a small abdominal incision, 

two 3-5 cm segments of the distal ileum each containing a Peyer’s patch were ligated. The 

proximal loop was injected with PBS  (~200 µl) and the distal loop with OVA-KFE8 nanofibers 

or OVA-KFE8/CaCO3 microparticles (8×10
6
/mouse) suspended in a similar volume of 

PBS.  Thirty minutes later, mice were euthanized by cervical dislocation and the loops excised 

and fixed in 4% PFA + 10% sucrose for 1 hour at 4 °C.  Fixed tissue was then embedded in 

Tissue-Tek OCT medium (Sakura Finetek, CA), frozen in liquid nitrogen, and stored at -80 °C 

for processing. A subset of mice was orally gavaged with composite microparticles 

(8×10
6
/mouse) and 2 h later mice were euthanized, MLNs were collected, and processed for 

immunohistochemistry.  

  Intestinal tissue or mesenteric lymph nodes were sectioned (10 µM) and rehydrated in 

PBS with calcium and magnesium at room temperature for 5 minutes and then fixed with 100 µL 

of 1% paraformaldehyde for 30 minutes at RT. The sections were then washed 4 times in PBS, 

incubated in blocking buffer (2.5% rat serum + 0.5 µg/ml Fc blocker in PBS) at RT for 30 min, 

and stained with M cell antibody (30 µg/ml, cat # NKM 16-2-4, Miltenyi Biotech) at RT for 60 

min. Tissue sections were washed again 3 times in PBS followed by nuclear staining with 4′,6-

diamidino-2-phenylindole (DAPI) (Invitrogen).  
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Microscopy 

Peptide nanofibers were imaged using transmission electron microscopy and imaged on a 

JEM1400 TEM (JEOL) equipped with LaB6 electron gun and digital cameras. Stock solutions of 

1 mM peptides were allowed to fibrillize in water overnight at room temperature, diluted in PBS 

to 0.3 mM and applied to 300 mesh copper grids with carbon support film (Quantifoil). The grids 

were negatively stained with 2% uranyl acetate and images were viewed and recorded with an 

Ultrascan 1000 camera (Gatan). OVA-KFE8/CaCO3 composite microparticles were imaged 

using a Nova NanoSEM 230 scanning electron microscope.  Samples were sputtered with a 10 

nm platinum-palladium coat to enhance the contrast and imaged using at an acceleration voltage 

of 7 kV. For confocal laser microscopy analysis, images were collected using a Zeiss LSM-510 

META confocal microscope with 63× oil 1.4 NA objective and three different channels of 

emission with sequential acquisition. After excitation with the 364-nm, 488-nm, and 543-nm 

laser lines, emission was measured with a 385–470-nm filter, 505– 530-nm filter, and a 560–

615-nm filter respectively. Confocal microscopy was conducted at the Optical Microscopy Core 

at UTMB. 

Animals and immunizations  

All experiments were conducted under protocols approved by the Institutional Animal 

Care and Use Committee at the University of Texas Medical Branch. Female mice (C57BL/6, 6-

8 weeks old) were purchased from Taconic Farms and allowed to acclimate for a week prior to 

vaccinations. Oral vaccines were administered using a 22G gavage needle and mice were fasted 
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6 h prior to vaccination but given water ad libitum. OVA-KFE8/CaCO3 microparticles 

suspended in sterile PBS and OVA-KFE8 nanofibers were prepared for vaccination as described 

previously. Control mice received PBS or OVA peptide admixed with the gold standard mucosal 

adjuvant CTB. To ensure mice in all treatment groups recieved equivalent amounts of OVA, 

mice were gavaged orally on days 1, 2, and 3 with 400 nmol of OVA-KFE8 nanofibers (200 µL 

of 2 mM formulation) or 13.5×10
6
 OVA-KFE8/CaCO3 microparticles (200 µL of PBS) or 400 

nmol of OVA admixed with 10 µg of CTB (200 µL of PBS). Mice were boosted with half the 

dose of all formulations on days 14 and 21 and sacrificed on day 35. To determine mucosal 

antibody responses, colon contents were collected, weighed and antibodies were extracted using 

ice-cold extraction buffer (1 ml PBS supplemented with 0.1 mg/ml trypsin inhibitor and 2 mM 

EDTA per 100 mg fecal pellet). The pellets were ground and a proportionate amount of 

extraction buffer was added to the pellets and incubated for 20 min on ice followed by 

centrifugation at 13,000 rpm for 15 min. 400 µL of extract supernatant was collected and mixed 

with 100 µL of glycerol and phenylmethylsulfonyl fluoride (100 mM) was added to the mixture 

prior to storage. For analysis of systemic antibody production, trunk blood was collected, serum 

extracted and stored at -80°C until use. To account for batch-to-batch variation in nanofiber 

formation and microparticle synthesis, mice were vaccinated with two different synthetic 

preparations of nanofibers or microparticles with 3-4 mice per group per experiment.  

 

Antibody responses and isotypes 

High-binding ELISA plates (eBioscience, CA) were coated with 20 µg/mL of OVA 

peptide in PBS overnight at 4°C and blocked with 200 µL of 0.5% BSA in PBST (0.5% Tween-

20 in PBS) for 1 h.  Serum and fecal extract were diluted 1:100 in PBST dilutions and applied to 
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the plates (100 µL/well) for 1 h at room temperature followed by peroxidase-conjugated goat 

anti-mouse IgG (H+L) (Jackson Immuno Research, PA) (1:5000 in 0.5% BSA-PBST, 100 

µL/well). Plates were developed using TMB substrate (100 µL/well, eBioscience, CA), the 

reaction stopped using 50 µl of 1 M phosphoric acid, and absorbance measured at 450 nm. 

Absorbance values of PBS (no antigen) coated wells were subtracted to account for background. 

Antibody isotypes were determined using a mouse monoclonal antibody kit (Sigma, MO) with 

secondary goat anti-mouse IgG1, IgG2a, IgG2b, IgG3, IgM, and IgA.  

 

 

Statistical analysis  

All the experimental data were plotted using GraphPad Prism software and represented as 

mean ± SEM. Grubb’s test was used to identify any statistical outliers and analysis was 

performed by ANOVA with Tukey’s post hoc test. Significance was assigned at p values <0.05. 
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Figure Legends 

Figure 1. (a) Schematic depicting OVA-KFE8/CaCO3 composite microparticle synthesis. OVA-

KFE8 nanofibers (TEM image) were dissolved in 0.33 M CaCl2 to which 0.33 M Na2CO3 

solution was added under stirring. Precipitation of CaCO3 resulted in encapsulation of OVA-

KFE8 nanofibers within the CaCO3 matrix (SEM image). (b) Confocal microscopy images of 

OVA-KFE8 nanofibers and OVA-KFE8/CaCO3 composite microparticles showing conversion 

from fibrous aggregates into discrete spherical microparticles.  

 

Figure 2. (a) Encapsulation efficiency of OVA-KFE8 nanofibers in CaCO3 microparticles as a 

function of peptide nanofiber concentration. Highest nanofiber encapsulation ~72% was 

observed at 2 mM peptide concentration. (b) Figure showing loss of surface bound nanofibers 

from composite microparticles after serial washes. To calculate percentage of nanofibers released 

during serial washes, microparticles were dissolved in EDTA (100% release) and fluorescence 

intensity of supernatants was measured.  Data indicated that ~8% of nanofibers are washed out 

and not bound within the microparticle core. *p<0.05 by ANOVA using Tukey post-hoc test. 

 

Figure 3. (a) SEM micrographs of intact control CaCO3 microparticles depicting spherical 

morphology and cross section showing a highly porous interior. (b) Composite microparticles are 

also spherical but have a denser surface and core suggesting nanofiber loading within the particle. 
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(c) Size distribution of control CaCO3 microparticles and (d) composite microparticles. Control 

microparticles had an average diameter of 3.5 µm whereas composite microparticles had an 

average diameter of 2.2 µm. Data shown is an average of 500 microparticles for each group. 

Figure 4. (a) Stability of OVA-KFE8/CaCO3 composite microparticles in simulated gastric fluid 

(SGF). Scanning electron micrographs of composite microparticles (a) before and (b) after 90 

min of incubation in SGF. Composite microparticles displayed increased porosity following 

treatment with SGF but retained their spherical morphology. (c) Data showing release of OVA-

KFE8 nanofibers in SGF over time. Fluorescence intensity measurements indicated that 

following 90 min of incubation ≈20% of the encapsulated nanofibers fibers were released. 

 

Figure 5. Treatment of BMDCs with composite microparticles leads to DC maturation and 

production of pro-inflammatory cytokines. (a) Flow cytometry histograms of DC maturation 

markers (a) CD80 and (b) CD86 after 8 h incubation with composite microparticles showing 

significantly higher levels of co-stimulatory markers in DCs treated with microparticles 

compared to untreated or DCs treated with OVA-KFE8 nanofibers. (c) Confocal microscopy 

image showing phagocytosis of composite microparticles by BMDCs. (d) Treatment of BMDCs 

with composite microparticles leads to the production of cytokine IL-1β and significantly higher 

levels of IL-1β were detected in BMDC cultures treated with composite microparticles compared 

to OVA-KFE8 nanofibers or controls. *p<0.05 by ANOVA using Tukey post-hoc test. 

  

Figure 6. Uptake of composite microparticles in vivo assessed by ligated ileal loop assays or oral 

gavage of composite microparticles in transgenic CX3CR1
gfp/gfp

 mice using confocal microscopy.  

(a) Images of intestinal villi showing composite microparticles within the lamina propria co-
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localized CX3CR1
+
 DCs. Microparticles in the intestinal lumen at the mucus barrier can be seen. 

(b) Uptake of composite microparticles by M cells in mouse PPs. M cells were stained using an 

anti-M cell antibody and data shows co-localization of composite microparticles with M cells. (c) 

MLNs are a major inductive site as evidenced by the co-localization of CX3CR1
+ 

DCs and 

composite microparticles within MLNs of CX3CR1
gfp/gfp

 mice orally gavaged with composite 

microparticles. Nuclei were stained with DAPI (blue), microparticles (red), CX3CR1
+ 

DCs or M 

cell antibody (green). Data are representative of images collected from 3 mice per group.  

 

Figure 7. Oral vaccination with composite microparticles induces robust mucosal antibody 

responses. (a) Total mucosal anti-OVA antibody titers (H+L) measured from fecal extracts of 

mice vaccinated orally with OVA-KFE8/CaCO3 composite microparticles or controls. 

Significantly higher mucosal antibody production was observed in mice vaccinated with 

composite microparticles compared to PBS, OVA-KFE8 nanofibers, or OVA-CTB vaccinated 

mice. (b) Systemic antibody responses measured using sera from mice vaccinated orally with 

composite microparticles or controls. Significantly higher antibody responses were detected in 

mice vaccinated with composite microparticles compared to PBS or OVA-KFE8 nanofibers. 

Data is cumulative of two independent experiments (n = 3-4 mice per group per experiment). 

*p<0.05 by ANOVA using Tukey post-hoc test. 

 

Figure 8. Mucosal antibody isotypes in fecal extracts of mice immunized orally with composite 

microparticles or controls. (a) Significantly higher levels of IgA isotype were detected in 

composite microparticle vaccinated mice compared to controls whereas (b) IgG1 was 

significantly higher in OVA-CTB vaccinated mice. Isotypes (c) IgG3 and (d) IgM were also 
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detected in mice vaccinated with composite microparticles and were significantly higher than 

PBS controls. Data is cumulative of three independent experiments (n = 3-4 mice per group per 

experiment). *p < 0.05 by ANOVA using Tukey post-hoc test. 

Figures 

Figure 1. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7.  
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Figure 8 
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