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Abstract 

Vaccines have been a revolutionary intervention for infectious diseases over the 

past many decades. However, over 2 million people continue to die every year of vaccine-

preventable causes, especially in low-resource areas. This is mainly due to inefficiencies 

in the vaccine supply chain which in entirety lead to loss of potency of vaccines worth 

over $250 million every year due to temperature fluctuations. Additionally, vaccines that 

actually reach users may lose effectiveness because of more challenges related to their 

direct delivery to the recipients; for example, contamination and injuries from misuse of 

needles. We sought to take a step in addressing these challenges by developing thermally 

stable vaccine tablets for the sublingual delivery of self-assembled peptide nanofibers. 

Tablets were engineered from a combination of supramolecular peptide nanofibers plus 

the excipients, dextran and mannitol. The tablet structure was characterized to assess the 

impact of tablet formation on the nanofiber structure, as well as for suitability of 

sublingual delivery. In vivo studies were then carried out in a mouse model to determine 

the capacity to raise antigen-specific immunogenic responses. Sublingual delivery of the 

tablet in the mouse model was achieved and an immunogenic response was raised in 

mice. This proof-of-concept study indicates a step towards improving vaccines with 

regard to addressing challenges of the vaccine supply chain and vaccine delivery, 

especially in low resource centers. 
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1. Introduction 

1.1 The Vaccine Supply Chain 

Vaccines have proven to be a revolutionary intervention to disease progression 

and eradication over the past decade. [1, 2] However, over 2 million people continue to 

die annually of vaccine-preventable causes, especially in low resource centers. [3, 4] This 

has been largely attributed to vaccine supply chain (vaccine cold chain) inefficiencies. [5, 

6] This supply chain is a series of uninterrupted storage and distribution activities that 

retain a vaccine’s viability by maintaining it within an acceptable temperature range. 

Inefficiencies that affect this framework of logistics may arise due to challenges such as 

poor infrastructure or a lack of resources. Poor infrastructure can include inadequate road 

networks and electric power shortages, which make access to healthcare challenging in 

some areas. Further, some areas lack sufficient technological and human resources to 

sustain properly regulated storage facilities, transportation, and practices which are 

crucial for maintaining potency of the thermally sensitive vaccines. Such obstacles have 

led to yearly losses of over $250 million of vaccines before reaching intended recipients. 

[4, 7]  

To address some of these bottlenecks in the vaccine supply chain, alternative 

energy sources are being explored. For example, solar energy and propane have been used 

to power refrigerators in areas with fluctuating electricity supply. [8, 9] Additionally, 

various portable technologies such as vaccine carriers and cold boxes have been 



 

2 

 

developed by optimizing insulation techniques for vaccine storage and transportation. 

[10, 11] Although very helpful, such interventions mentioned above have proven to be a 

considerable financial burden with costs exponentially rising up to 300 million dollars 

annually, thus making these approaches unsustainable. [5] Furthermore, when the 

vaccines do reach the intended recipients, they are met with more constraints, especially 

the lack of enough trained medical personnel to administer the vaccines. This is 

pronounced in the misuse of needles in administration of these vaccines, which has led to 

both injuries from the needles, and re-infection of patients from re-use of needles. [12, 13] 

These complications demonstrate a significant need for solutions to eliminate both the 

logistical challenges that arise with the vaccine supply chain and the technical difficulties 

associated with delivery and administration of vaccines, especially in low-resource areas. 

1.2 Biomaterials for Vaccines 

In an attempt to address the challenges associated with vaccine distribution, 

researchers and scientists have sought to develop thermally stable vaccines by exploring 

various aspects of vaccine delivery. The first aspect taken into consideration has been the 

type of biological material used in vaccine manufacture. Traditional vaccines have been 

based on inactivated or attenuated pathogens, which are particularly sensitive to 

temperature changes. Recently, however, a variety of natural and synthetic biomaterials 

such as micelles, polymeric biomaterials, lipid particles, and self-assembling peptides 

have been used as vaccine platforms. These biomaterials offer the advantage that their 
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properties can be adjusted to achieve a desired outcome such as thermal stability.  Of the 

above-mentioned materials, self-assembling peptides have become popular for 

biomedical applications such as drug delivery and tissue engineering [14] due to their 

biocompatibility, modularity, and tunable nature. [15] Self-assembling peptides are a class 

of peptides [16] that are sensitive to stimuli such as pH and temperature, allowing for 

their assembly into supramolecular structures such as nanofibers. [17] These 

supramolecular structures can be functionalized with biologically relevant structures 

such as cell adhesive ligands, haptens, T-cell epitopes, or B-cell epitopes, yet maintain 

their self-assembling characteristics. Additionally, these structures possess remarkable 

multivalency, a property which is responsible for immunogenicity of self-assembling 

peptide nanofibers. [18-20] Groups have exploited the immunogenic quality of these 

structures by conjugating peptide epitopes to self-assembling peptides like Q11. [21, 22] 

These materials have been shown to raise antigen-specific immune responses and have 

been used for distinctive applications directed to modulate the immune system. [22-25] 

Q11 (QQKFQFQFEQQ), is a self-assembling peptide platform developed by the 

Collier Lab. It is a fibrillizing peptide that self-assembles to form β-sheet–rich nanofibers 

and is easily manipulated to display bioavailable epitopes in the form of surface chemical 

groups or specific amino acid sequences. The Collier Lab has demonstrated the use of Q11 

as a platform for vaccine delivery [24, 26] and found it to not only induce strong and 

lasting immune responses but also possess the property of thermal stability when stored 

in powder form. [27] 
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1.3 The Sublingual Route for Vaccine Delivery 

In parallel with the refinement of biomaterials as platforms for the design of 

vaccines, [28, 29] different routes of vaccine delivery are being explored. [30, 31] 

Previously, the commonly used routes for vaccine administration have been the oral, 

intravenous, and intramuscular routes. [32, 33] However, more recently the sublingual 

route has received attention. [34] The sublingual region includes the ventral side of the 

tongue and the floor of the mouth. It is one of the four distinct regions of the of the oral 

cavity, along with the buccal, gingival, and palatal regions. The sublingual region is lined 

by epithelium which is stratified and non-keratinized. The epithelium is reinforced by a 

basement membrane that separates it from underlying connective tissue known as the 

lamina propria. [35] The epithelium plays a protective mechanical barrier role, the 

basement membrane replenishes the epithelium, and the lamina propria is a moist 

connective tissue consisting of collagen and elastic fibers that connects the inner-most 

epithelial cells with the muscularis mucosa to form the mucus membrane and supports 

blood vessels. The epithelial membrane in the sublingual region is 100–200 µm in 

thickness, which together with the lack of keratinization, make it highly permeable due to 

a relatively more elastic arrangement and thus offers quick uptake of molecules. [36] 

Passive diffusion is the main transport mechanism within the epithelium of the sublingual 

region. Although spontaneous, this diffusion is aided by other factors like molecular 

weight and solubility of the molecules being delivered, temperature, concentration 

gradient, membrane surface area, and the proximity of the molecule to the membrane. 
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Carrier-mediated transport is another passage mechanism which applies only to 

macromolecules like glucose. [37, 38] Critical barriers to transport in the sublingual region 

are mucus and saliva. Mucus is a semitransparent and viscous discharge which forms a 

thin, continuous gel which sticks to the epithelial surface. Its thickness ranges between 50 

– 450 µm. Mucus is comprised of entwined and crosslinked fibers known as mucins. 

Mucins are glycoproteins which comprise about 80% of the dry weight of mucus [39] and 

help promote the production and secretion of saliva. [35] Mucus establishes a diffusion 

barrier which largely depends on physico-chemical features like molecular weight and 

charge. In addition, the presence of saliva in the sublingual region can be unfavorable 

since the structure, pH and flow rate of saliva fluctuates. Superfluous secretion and flow 

can easily disrupt uptake of molecules like drugs or vaccines being delivered. Generally, 

drugs devised for sublingual delivery have a molecular weight less than 500 Da, a size 

significantly below even monomeric, unassembled OVAQ11 peptides. [40] The challenge 

of delivering larger, supramolecular structures sublingually can be addressed through 

surface property modulation. For example, it has been shown that conjugation of Q11 

nanofibers with low molecular weight PEG enables sublingual immunization by 

promoting mucus penetration. [41] 

Despite being generally understudied for vaccine delivery, the sublingual route 

has recently shown considerable potential in its effectiveness for inducing both systemic 

and mucosal immunity over a broad range of tissues in response to a variety of antigens 

[35] Additionally, with mucosal surfaces functioning as the main entry points for 
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pathogens in a host, [42, 43] strong mucosal immunity is desirable for providing 

protection against pathogens. In an effort to target mucosal immunity, the Collier lab has 

also developed a system in which to deliver the Q11 platform through the sublingual 

route in liquid form, with the use of Polyethylene glycol (PEG). (unpublished results) 

1.4 Sublingual Tablet Design 

About two decades ago, the FDA set up new guidelines for the pharmaceutical 

industry to follow in terms of drug shapes, sizes and other physical attributes due to 

dysphagia, which refers to challenges with swallowing. This condition affects over 10 

million people in the United States of America alone, [44] and is further exacerbated by 

the growing geriatric and pediatric populations in both developed and developing 

countries. In direct response, the new FDA guidelines prompted the concept of sublingual 

tablets. Sublingual delivery of tablets has for the past few years been explored in the form 

of fast-dissolving tablets, with a particular focus on immunotherapies for allergies. [45, 

46] However, the same concept has now been borrowed for application in vaccines and is 

rapidly attracting more attention in tandem with the growing popularity of the sublingual 

route of vaccine delivery. Despite these trends, the use of supramolecular biomaterial-

based tablets has not been explored for sublingual vaccines.  Key hurdles to overcome 

include questions over whether self-assembled peptide nanofibers can be prepared in a 

tablet form that retains their non-covalent assembly state and their immunogenicity. 

However, different groups of researchers have suggested designs for tablet function; [47, 
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48] Wilkhu J. S, et al, designed a tablet from liposomes using the freeze-drying process. 

The highlight of this strategy was the addition of excipients; dextran, mannitol and a 

cryoprotectant, trehalose. Dextran and mannitol were used for the structural properties 

for bulking and porosity of the tablet, and trehalose was used to alleviate the effects of the 

freeze-drying process on the samples. 

This previous strategy provided a premise for our proposed solution: a sublingual 

vaccine based on supramolecular peptides stabilized by excipients and lyophilized to 

form a stable tablet. A thermally stable vaccine pill developed from the self-assembling 

nanofiber peptide platform for sublingual delivery is intended to eliminate both 

challenges with the vaccine cold chain as well as those from the use of injections for 

vaccine delivery. 

 

Figure 1: Tablet manufacturing process. Peptide was dissolved in water and PBS 

to fibrillized, the excipients dextran and mannitol and the cryoprotectant trehalose were 

added to the peptide fibers. After addition of the adjuvant, the peptide solution is pipetted 

into a custom tray, frozen and lyophilized to produce the tablets.   
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2. Materials and Methods 

2.1 Peptide Synthesis and Purification 

All peptides were synthesized using standard Fmoc solid-phase synthesis, 

including OVAQ11 (H2N-ISQAVHAAHAEINEAGRSGSGQQKFQFQFEQQ-Am). For 

OVAQ11-PEG was done using a TentaGel PAP resin (90um), which leaves a C-terminal 

3000 MW PEG block after cleavage. Peptides were cleaved for 2 hours at room 

temperature in a 95/2.5/2.5 TFA/triisopropylsilane/water cocktail, and then washed with 

cold diethyl ether. Peptide was purified by reverse-phase HPLC using a C4 column 

(OVAQ11-PEG) and lyophilized. Peptide identity was confirmed using matrix-assisted 

laser desorption/ionization mass spectrometry on a Bruker Autoflex Speed LRF MALDI-

TOF spectrometer using α-cyano-4-hydroxycinnamic acid as the matrix. TAMRA-labeled 

peptides were synthesized by reacting 5(6)-TAMRA (Anaspec Inc.) in 3-fold molar excess 

with amine-terminated peptides on resin in the presence of N,N'-

Diisopropylcarbodiimide (DIC) and 6-Chloro-1-Hydroxy-1H-Benzotriazole (HOBt-Cl) in 

DMF overnight.  

2.2 PDMS Plate Production 

Sylgard 184 Silicone Elastomer (PDMS) and curing agent (cross-linker) were 

mixed in a volume ratio of 10:1 and stirred thoroughly at room temperature. The mixture 

was then set in a desiccator under house vacuum to de-gas and remove bubbles for 30 

minutes.  
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The de-gassed mixture was then poured into custom-made negative 3D printed 

molds and allowed to cure at room temperature for 2 days. Subsequently, the flexible and 

transparent well plate was taken out of the negative mold and readied for lyophilization 

of the tablets. 

2.3 Tablet Production 

Stock sugar solutions of dextran (Alfa Aesar, Cat# J61216), mannitol (Sigma 

Aldrich, M4125-100G), and trehalose (ChemCruz, Cat# 394303) were prepared in 10X PBS 

(Corning, 46-013-CM; 2.0 g/L KCl, 2.4 g/L KH2PO4, 80 g/L NaCl, 14.4 g/L Na2HPO4 

(anhydrous)) and sonicated for 25 minutes to facilitate dissolution. Peptide was dissolved 

in water at 8 mM and incubated overnight at 4 oC. The peptide was subsequently diluted 

to 2 mM in 1X PBS using water and 2X PBS and incubated at room temperature for 3 hours 

to induce fibrillization. The previously described stock sugar solutions were then added 

to the peptide solutions and vortexed to produce the final concentrations. In these 

solutions, peptide concentrations ranged from 0.26 – 3.0 mM and the dextran and 

mannitol concentrations ranged from 1.56 – 15.6 wt%; the final concentration of trehalose 

was 7.5 wt% in all solutions. These mixtures were pipetted into the PDMS well tray in 

volumes of 30μL per well. The tray containing the samples was frozen at -80 oC and then 

lyophilized for 4.5 hours to produce the tablets.  
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2.4 Immunizations 

Tablets were prepared as described above, with the exception that adjuvant was 

added prior to freezing and lyophilization for adjuvanted formulations. In these cases, 14 

μg cholera toxin B subunit (CTB, List Biological Laboratories, Cat# 103B) was added to the 

formulations at the concentrations described in figure legends for relevant experiments. 

All animal experiments were approved by Duke University Institutional Animal 

Care and Use Committee. Female C57BL6 mice were purchased from Envigo and 

immunized at 8 – 12 weeks. Prior to the immunization, mice were deeply anesthetized by 

a 100 μL intraperitoneal injection of a cocktail delivering 100 mg/kg ketamine and 10 

mg/kg xylazine. The tablet was placed under the mouse’s tongue using silicon-tip 

tweezers, and the mice’s heads were placed in anteflexion for 20 minutes following 

administration to prevent swallowing of the material.  The mice were boosted three times. 

2.5 Transmission Electron Microscopy (TEM) Preparation  

The tablets were dissolved by adding 39 μL of 1X PBS, calculated to produce a 

peptide concentration of 1 mM. These samples were further diluted with 1X PBS to a final 

peptide concentration of 0.2mM, then 5 μL of peptide solution was deposited onto 

Formvar/carbon-coated 400 mesh copper grids. The sample was allowed to incubate for 1 

min, washed with ultrapure water, and negatively stained for 1 min with 1 % w/v uranyl 

acetate in water prior to wicking away with filter paper. Samples were imaged on a FEI 

Tecnai G² Twin electron microscope. 
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2.6 Thioflavin-T (ThT) Assay of Fibrillization 

A ThT stock solution was prepared at 2.5 mM in 1X PBS and then filtered through 

a 0.2 µm syringe filter. The stock solution was then diluted to 0.05 mM in 1X PBS to form 

the working solution for the analysis. Black plates were used for fluorescence 

measurements (Costar 3915). After diluting samples in ThT solution, the final 

concentrations in each experimental well (200 μL/well) were as follows: 0.045 mM ThT, 

0.1 mM peptide, 0.6 wt% dextran, 0.6 wt% mannitol and 0.58 wt%. Fluorescence intensity 

was measured using SpectraMax M2 fluorescence machine through excitation at 440 nm 

(slit width 5 nm) and emission 482 nm (slit width 10 nm), averaging over 60 seconds.  

2.7 Mechanical Testing Preparation 

The tablets were subjected to compressive testing at room temperature using the 

Parallel Plate Tool TA instruments RSAIII Microstrain Analyzer. The 15 mm size plates 

corresponding to -81.8 gm ± 1.0 gm force were used. The diameter and height of each tablet 

was measured, and a compressive force was applied on each tablet for 360 seconds at an 

extension rate of -0.003 mm/sec. 3 tablets were tested from every group. The experimental 

groups were made by changing only the concentrations of dextran and mannitol. The 

concentration of trehalose remained constant throughout the groups. 
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Table 1: Tablet groups of different sugar and peptide concentrations for 

mechanical testing. LS (1.56 wt%) MS (7.8 wt%), HS (15.6 wt%), LP (0.26 mM), MP (1.3 

mM), HP (3.0 mM). 

   
Sugar Concentrations (wt%) 

   
LS 

 
MS 

 
HS 

 
 
 
 

 
LP 

 

 
LSLP 

 
MSLP 

 
HSLP 

 
MP 

 

 
LSMP 

 
MSMP 

 
HSMP 

 
HP 

 

 
LSHP 

 
MSHP 

 
HSHP 

 

2.8 Dendritic Cell Uptake  

Tablets were prepared as described, using fluorescently labelled peptides 

(TAMRA-OVAQ11-PEG). DC 2.4 mouse dendritic cells were seeded overnight in a 12 well 

plate at 1 M/mL (1 mL per well) in complete RPMI media. The next day, 500 μL of media 

was aspirated and 500 μL of TAMRA-pOVA or TAMRA-OVAQ11-PEG peptide solutions 

were added to each well. For the tablet groups, 500 μL of media was added to each well 

and the TAMRA-OVAQ11-PEG-containing tablets were gently dropped atop to the wells 

to dissolve. All groups contained 20 nmol of total peptide per well. After incubation for 2 

or 6 hours, the cells were prepared for flow cytometry. Cells were treated with Fc blocking 

antibody 2.4G2 for 30 min and stained with CD11c:PE-Cy7 (clone: HL3) for 30 min. Flow 
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cytometry was performed on a FACS Canto cytometer and data was analyzed using 

FlowJo software. 

2.9 T-cell Assay (ELISPOT) Preparation 

To analyze T cell activation by ELISPOT, mice were sacrificed 5 days after the final 

booster immunization, and their cervical lymph nodes, submandibular lymph nodes, and 

spleens were harvested. Briefly, 0.25 million cells in 200 μL of complete RPMI media were 

plated in each well of a 96-well ELISPOT plate (Millipore, MSIPS4510). The cells were 

stimulated with 5 μM of OVA peptide, left untreated as negative controls, or stimulated 

with Concanavalin A (ConA) as a positive control. To detect antibody secreting cell spots, 

a biotinylated anti-mouse IFNγ (551881) or IL-4 (51818) detection antibody pair from BD 

Bioscience, streptavidin-alkaline phosphatase (3310-0) from Mabtech, and Sigmafast 

BCIP/NBT (Sigma, B5655) from Sigma Aldrich were used. Plates were imaged and 

counted by Zellnet Consulting using a Zeiss KS ELISPOT reader.  

2.10 Statistical Analysis 

Statistical analysis was performed as indicated in figure legends using GraphPad 

Prism and JMP Pro software. Means ± standard error of the mean (SEM) are presented. 
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3. Results 

3.1 PDMS Plate Production 

The cured PDMS was incubated in the reverse mold for 2 days at room 

temperature to solidify before it was taken out and cleaned. The final flexible PDMS plate 

is shown at the center of Figure 2. 

  

Figure 2: Photograph of the reverse mold, the PDMS plate and the lid. 

 

3.2 Physical Appearance of Tablets 

After lyophilization using the formulations described in the methods section, 

tablets were formed that matched the dimensions of the molds. On close examination, the 

tablets were circular in shape as dictated by the shape of the wells in the PDMS mold, 

white in color, with diameters of 5 mm, heights of 2 mm, and weights of 5 mg (Figure 3). 
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When placed directly into phosphate-buffered saline (PBS), the tablet had a disintegration 

time of less than 20 seconds.  

 

Figure 3: Physical appearance of tablets. (a) Tablets in a petri dish. (b) Size 

comparison of the tablet with coins. 

 

3.3 Tabletization maintained nanofibers after lyophilization 

3.3.1 Transmission Electron Microscopy 

We used transmission electron microscopy (TEM) to determine the extent to which 

lyophilization could disrupt the self-assembled nanofiber structure. These experiments 

aimed to assess the presence of the fibers after processing and to determine any effects of 

the freeze-drying process on the OVAQ11-PEG nanofibers as well as the function of the 

cryoprotectant trehalose in protecting the fibers during lyophilization. First, nanofibers 

formed from the fibrillization of OVAQ11-PEG within phosphate buffer were visualized 

and compared with those formed by Q11, independently of the freezing/lyophilization 

A B 



 

16 

 

steps of the tabletization process (Figure 4a-b).  Next, formed tablets containing peptide 

were dissolved in PBS and prepared for TEM imaging as described in the methods section. 

We found that fibers were indeed recovered after tablet formation and dissolution, and 

the overall thickness of the nanofibers was similar before and after the freeze-drying 

tabletization process (Figure 4).  This result indicated that the nanofibers could be 

processed into tablets and recovered upon tablet dissolution without loss of structure.  

         

Figure 4: Comparison of peptide nanofibers before and after tabletization. (a) 

Nanofibers formed from the fibrillization of Q11. (b) Nanofibers formed from the 

fibrillization of OVAQ11-PEG before tabletization. (c) OVAQ11-PEG peptide fibers were 

maintained after tabletization and dissolution. A tablet of 1.3 mM total peptide was 

diluted to 0.2 mM in 1X PBS for spotting onto TEM grids. (scale bar: 500 nm) 

 

3.3.2 Thioflavin-T Assay 

Thioflavin T (ThT) is a dye whose fluorescence increases upon binding to β-sheet 

amyloid structures. It is assumed that if there is no fibrillar structure, there should be 

minimal background of ThT binding. We used this assay to estimate the β-sheet content 

within peptide samples before and after tabletization, in order to determine if the 

tabletization process disrupted the internal β-sheet structure of the nanofibers.  We found 

A B C 
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that there was significant yet decreased β-sheet content after the process of making the 

tablet (Figure 5), illustrating that a considerable amount of fibrillar structure was retained, 

yet some diminishment was observed. To further examine the role of the sugar, trehalose, 

which we hypothesized would protect the fibers from the effects of the freeze-drying 

process, we made tablets without trehalose but retaining other sugars and we noted that 

the ThT binding was significantly lower, indicating that the trehalose did play a role in 

preserving the nanofibers during the freeze-drying process. 

   

Figure 5: ThT fluorescence of nanofibers after tabletization. Peptide samples 

were dissolved in water and PBS to fibrillized. Tablet samples were dissolved in PBS 

immediately prior to evaluation. The full tablet contained excipients dextran and mannitol 

plus the cryoprotectant trehalose. An additional set of tablets was tested lacking trehalose.  

*p<0.05, ***p<0.001 by ordinary one-way ANOVA with Tukey’s multiple comparison test.   
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3.4 The effects of composition on tablet mechanical properties.   

Although the mechanical demands for a sublingual tablet are modest, the tablet 

still needs to withstand the forces imposed on it during the process of removing it from 

its packaging and applying it under the tongue. Therefore, we used a microstrain analyzer 

to assess how the concentrations of the tablets’ components (peptides, dextran, mannitol, 

and trehalose) influenced their mechanical properties.  We found that for a given 

concentration of sugars, peptide concentration had only a small influence over the tablets’ 

elastic modulus (Figure 6B), with a slight decrease in stiffness occurring at higher peptide 

concentrations, at least within the concentration range tested (0.26 – 3.0 mM). Conversely, 

there was a significant change in the elastic modulus as sugar concentration was increased 

(Figure 6A).  Tablets lacking the three sugars did not form tablets at all and were thus not 

capable of being tested mechanically, and as the sugars were increased, the elastic 

modulus increased dramatically, to over 10,000 Pa in the stiffest samples. Figure 6C shows 

a contour plot indicating the combined effect of these two parameters and showing that 

the stiffest tablets had the lowest peptide concentrations (0.26 mM) and the highest 

amounts of each sugar (15 wt%). 
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Figure 6: Effect of sugar and peptide concentration on tablet stiffness. (a) 

Increasing sugar concentrations significantly increased the elastic modulus (E) of the 

tablets. Shown are plots for three different peptide concentrations, 0.26 mM, 1.3 mM, and 

3.0 mM. (b) Increasing peptide concentrations had a relatively small effect on the elastic 

modulus of the tablet for given concentrations of sugar. Shown are plots for three different 

sugar concentrations, 1.56 wt%, 7.7 wt%, and 15.6 wt%. (c) Contour plot combining the 

effects of changing both sugar and peptide concentrations, indicating that the highest 

modulus tablets had the highest amount of sugar and lowest amounts of peptide.  
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3.5 Dendritic cells rapidly acquire nanofibers delivered by tablets 

An early step in an immune response to sublingually delivered tablets is 

acquisition of the materials by antigen presenting cells in the sublingual mucosa. Thus, 

we conducted dendritic cell uptake experiments in vitro to determine the extent to which 

tabletization of the nanofibers may diminish or enhance this process. To monitor peptide 

nanofiber uptake, we synthesized fluorescent TAMRA-labeled peptides, as previously 

described [49]. Tablets containing fluorescent TAMRA-Q11 were cultured with DC 2.4 

mouse dendritic cells, and uptake of the fluorescent nanofibers was measured using flow 

cytometry. We found that tablet-delivered nanofibers were avidly taken up by dendritic 

cells after 2 hours, at a level considerably higher than that of soluble pOVA peptide and 

non-tabletized OVAQ11-PEG (Figure 7A). By 6 hours, tablet-delivered OVAQ11-PEG was 

acquired by percentages of cells similar to soluble pOVA peptide, though the MFI values 

of cells taking up pOVA were slightly higher than those acquiring tablet-delivered 

nanofibers.  
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Figure 7: Tabletized peptide nanofibers were rapidly acquired by dendritic cells 

in vitro. (a) Over 75% of the tablet fibers were rapidly taken up by within 2 hours, 

considerably more than soluble peptide. (b) Mean fluorescence intensity of cells that took 

up the fibers from the different formulations. *p<0.05, **p<0.01, ***p<0.001 by (a) two-way 

ANOVA with Tukey’s multiple comparison test or (b) one-way ANOVA with Tukey’s 

multiple comparison test. 

 

3.6 Tablet-delivered peptide nanofibers raised strong and durable 
antibody responses  

After finding that tablet-delivered nanofibers could indeed be internalized by 

APCs in vitro, we assessed their ability to raise sublingual immune responses in vivo. Our 

previous studies with sublingual peptide immunization have shown that adjuvant is 

required for consistent responses, so we incorporated 14 μg of the mucosal adjuvant CTB 

(cholera toxin B subunit) into each tablet. Each tablet contained 20 nmol of OVAQ11-PEG 

peptide. We performed the immunizations by placing the tablet below the tongue of 

anesthetized mice allowing the tablet to dissolve unaided in the oral space.  The mice were 

boosted with the same formulation at weeks 1, 5 and 17 (Figure 8). Similar to our findings 
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with droplet-based sublingual peptide immunization, antigen-specific IgG titers against 

the OVA epitope increased significantly after second boost and remained high for the 

duration of the experiment, 18 weeks.  This indicated that a strong and durable antibody 

response had been raised by the tablet-delivered nanoparticles.  

 

Figure 8: Tablet-delivered nanofibers raised strong and durable antibody 

responses in mice. Mice were immunized sublingually with tablets containing 1.3 mM 

OVAQ11-PEG. This amounts to a dose of 20 nmol of OVAQ11-PEG peptide per tablet. 

Mice were boosted thrice at week 1, week 5 and week 17 with the same formulations. 

Serum total IgG titers were measured by ELISA.   

 

3.7 Tablets Elicit a positive T-cell Response 

For peptide-based vaccines, following the internalization and presentation of 

antigen by antigen presenting cells is the recognition of the antigen by T cells. Thus, we 
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conducted ELISPOT assays to measure antigen-specific T-cell responses in vaccinated 

mice. The mice under investigation were boosted one final time at week 17 and sacrificed 

a week later. Their cervical and submandibular lymph nodes and spleens were harvested. 

The cervical and submandibular lymph nodes are the draining lymph nodes for 

sublingual immunizations, and we expected to see T cell responses in the spleen because 

sublingual immunization raises a systemic immune response. We found that IFNγ and 

IL-4 producing cells were generated in the cervical lymph nodes, submandibular lymph 

nodes, and the spleen in immunized mice (Figure 9a-b). We also compared the total 

number of IFNγ and IL-4 spot forming cells in the lymph nodes versus the spleen and 

noted a considerably more IFNγ than IL4 spot forming cells in the lymph nodes (Figure 

9c), potentially indicating a Th1-biased response.  
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Figure 9: ELISPOT analysis of T Cell responses. Previously immunized mice 

were sacrificed after a final boost at week 17. Their cervical and submandibular lymph 

nodes (a, c) and spleens (b, d) were harvested. OVA-specific IFNγ (a, b) and IL-4 (c, d) T 

cell responses were measured by ELISPOT. (e) Comparison of IFNγ and IL-4 responses in 

immunized mice. n.s.= non-significant by (a, b, c, d) unpaired two-tail t-test, (e) paired 

two-tail t-test.  
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4. Discussion  

Vaccines have been revolutionary in eradicating disease over the past decades.  

However, efficacy of distribution has been impeded by inefficiencies in the vaccine supply 

chain, especially in low-resource areas.  We sought to address this issue by creating a 

vaccine tablet from a supramolecular peptide platform for sublingual delivery (Figure 1). 

Q11-based vaccines have previously been shown to be thermally stable when stored in 

powder form, but these still require formulation by dissolution and delivery by needle, 

both of which may be compromised in low-resource settings. [27] Here we aimed to solve 

these issues by designing a pre-formed tablet that could be placed under the tongue, thus 

fully capitalizing on the immunogenicity of the supramolecular assemblies yet providing 

a simple method for administration. In this study, we designed the tablets, assessed the 

impact of compositional changes on their mechanical stability, determined the effect of 

tabletization on the nanofibers’ structure and the capacity for interacting with innate 

immune cells, and finally assessed immunogenicity sublingually. 

We found that the tablets could be quickly and reproducibly fabricated within 2 

days. The tablets were circular in shape, weighing 5mg, and were quick-dissolving (less 

than 20s in PBS) which is consistent with the FDA guidelines in regards to sublingual 

tablets [44] (Figure 3).  The Transmission Electron Microscopy indicated that the 

lyophilization process minimally disrupted peptide nanofiber formation, but nanofibers 

were somewhat difficult to re-dissolve to view using this method of microscopy (Figure 

4).  To confirm that nanofibers were present, we conducted a Thioflavin-T assay which 
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showed that indeed, beta sheet formation was maintained in the tablets, meaning there 

were fibers present (Figure 5).  Additionally, tablets formed with mannitol and dextran 

but without trehalose had a reduced β-sheet formation, indicating that trehalose was a 

vital component of the tablets as a cryoprotectant. [47, 50, 51] 

Since the tablets are made of two separately modulated components, we sought to 

investigate the effect of each on tablet structure.  To determine the influence of peptide 

and sugar concentrations on the mechanical properties of the tablets, compression testing 

was conducted on tablets with varying peptide and sugar concentrations.  Peptide 

concentration had a relatively small effect on tablet elastic modulus, with lower peptide 

concentration trending toward higher modulus (Figure 6a).  However, this was not 

statistically significant.  Inversely, sugar concentration had a large effect on tablet 

modulus, with increasing sugar concentration correlating with higher modulus (Figure 

6b).  This indicated that the mannitol and dextran sugars were important for the 

mechanical stability the tablets.  When plotted on a 2D contour plot, the mechanical testing 

results revealed that the highest modulus tablets had lower peptide concentration and 

higher sugar concentration (Figure 6c).  These tablets were selected for subsequent testing. 

An uptake assay using dendritic cells was conducted to study the efficiency of 

peptide uptake in tablet form compared with liquid form.  Fibers delivered by dissolution 

of tablets in culture media were rapidly taken up by the dendritic cells, with 

approximately 80% of them being positive for peptide uptake within 2 hours, compared 

to approximately 70% in the positive control pOVA which is considered a rapidly up-
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taken peptide (Figure 7).  By 6 hours after exposing the cells to the peptide/tablet, both 

groups exhibited approximately 90% positive cells.  OVAQ11-PEG delivered as 

suspended nanofibers in liquid form had lower uptake at both timepoints.  These results 

indicated that the peptide could be efficiently delivered to cells in tablet form, with similar 

or better efficacy as the pOVA positive control. A potential reason for the rapid uptake of 

the fibers in tablet form could be the reduced β-sheet character in the ThT assay (Figure 

5), as this could suggest that shorter fibers could be taken up more rapidly compared to 

undisturbed OVAQ11-PEG nanofibers delivered in solution. This may represent an 

interesting aspect for future study.  

Following tablet characterization, in vivo testing was conducted in a mouse model.  

The mice were immunized by directly placing the tablets under the tongue. Boosting was 

done in weeks 1 and 5.  IgG titer increased by to titer 1.5 within 2 weeks, followed by a 

plateau around titer 4 from 8-18 weeks, confirming that the tablets raised an immunogenic 

response in mice after sublingual immunization (Figure 8).  These responses were durable, 

lasting the duration of the study (18 weeks). After 18 weeks, the mice were sacrificed, and 

cervical and submandibular lymph nodes and spleens were harvested for ELISPOT 

analysis.  IFN and IL-4 levels were significantly elevated in the lymph nodes and spleens 

of immunized mice compared with naïve/unimmunized mice, indicating a positive T-cell 

response (Figure 9a-b).  Furthermore, IFN levels were higher than IL-4 levels in the 

lymph nodes while the two cytokine levels were similar in the spleen, indicative of a Th1 

response (Figure 9c).  Since most vaccines clinically rely on T-cell responses in order to be 
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effective, the ability of these tablets to elicit not only antibody responses but also T-cell 

responses, is a strong positive indicator for their potential use as vaccines for infectious 

disease.  

Collectively, these data support the conclusion that OVAQ11-PEG vaccine tablets 

can raise IgG titers and T-cell responses in immunized mice through sublingual delivery.  

This represents a positive step in the advancement of vaccine therapy toward ease of 

delivery and administration suiting low resource areas, while maintaining or improving 

efficacy.  It was interesting to note that each tablet only contained 20 nmol of peptide 

compared with the standard 200 nmol used for subcutaneous vaccination while eliciting 

similar immune response.  This is an important potential cost-saving mechanism as the 

tablets are dose-sparing, requiring only 10% of the peptide material for manufacture. 

OVAQ11-PEG was previously shown by the Collier lab to be heat stable when 

stored in powder form. [27] In the future, we plan to study the heat stability of OVAQ11-

PEG tablets to confirm that they also maintain this heat stability.  This will be important 

in filling the need for maintained vaccine potency in the wake of fluctuating temperatures, 

especially in low resource areas that rely on the vaccine supply chain.  We hope that this 

platform will serve as an important advancement in vaccine therapy in a global health 

setting. 

There are various technologies that are also being explored for similar applications 

to alleviate the effects of temperature fluctuations on drugs. A recent example is the Pratt 

pouch. [52] This has been described as a single-serve ketchup-packet-like vessel that 
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protects and extends the useful life of liquid formulations of antiretroviral drugs like NVP 

and AZT by up to a year. This pouch was developed by the Duke Pratt School of 

Engineering and is made of polyethylene foil and is packed by local pharmacists with 

suitable pediatric prescription under sanitary settings and dispensed during hospital 

visits for antenatal care. This promises to be critical in preventing mother-to child 

transmission of HIV during birth. However, from the pilot studies conducted in the 

developing countries, most mothers struggled to open the pouch. The Pratt pouch has not 

been used for vaccine applications and has been restricted to pediatric doses. It is likely 

that the pouch is unable to maintain optimum temperatures for heat-sensitive vaccines, 

but it is in principle possible to use together with heat-stable Q11 solutions. However, this 

is likely more difficult to administer sublingually compared to the tablet.  

The other technologies include modular virus-like particles (VLPs) used to explore 

the sublingual route of vaccination and liposomes designed for sublingual and oral 

delivery. VLPs are particularly ordered assemblies of virus-related capsid proteins that 

have been explored as vaccines for various infectious diseases. [53-55] The liposomes are 

sphere-shaped vesicles that mimic cell membranes. Different research groups have 

investigated the use of liposomes as drug and vaccine delivery systems including a design 

to encapsulate the H3N2 sub-unit protein antigens for oral delivery with addition of 

excipients dextran and mannitol, [47] as well as liquid formulations for sublingual co-

delivery of influenza antigens with toll-like receptor agonist, CRX-601. [56, 57] Some of 

the VLP and liposome systems were created via the freeze-drying process. The challenge 
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with these is they have to be reconstituted from solid or powder form into liquid forms 

which would not be a straight forward process for immunization in low resource areas. 

In comparison to the above-mentioned technologies, the tablet based on the Q11 

peptide nanofibers offers a ‘ready to go’ vaccine solution with a specific dosage which can 

be tailored for both pediatrics and adults. It completely eliminates the use of needles for 

delivery and provides for better patient compliance requiring very little guidance in 

direction for use. Additionally, the Q11 platform is highly more modular than VLPs, 

allowing the ability to adjust and target different diseases. Furthermore, sublingually 

delivered liposomes have not been demonstrated to be viable for peptides antigens as has 

been shown with Q11. 

4.1 Rationale for methods 

The methods used in this study were selected to balance the restrictions of the 

types of samples under study, the information required, the time constraints and the cost 

of analysis. 3D-printing of the trays was done to give us control of the size and shape of 

the tablet formulations and the PDMS plates were made to solve issues with the sticking 

of the tablets to the plastic 3D-printed plates. The sugars dextran and mannitol were used 

to stabilize the peptide nanofibers into a tablet structure because they are widely used in 

pharmaceutical applications. Dextran is a polymer of carbohydrates with a gel forming 

ability which imparts the property of a hydrophilic matrix for tablet formulations and 

mannitol which has a negative heat of solution making it easily dried and thus suitable as 

a diluent in rapidly dispersing formulations. [58, 59] Simple tensile tests are unfeasible for 
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tablets because there is no specialized equipment for compacted powders, thus we 

conducted compression strength tests. This was to investigate the effect of sugar and 

peptide variation on the strength of the tablet. We aimed to ensure a balance between 

mechanical strength and concentration of peptide nanofibers. [60] Transmission Electron 

Microscopy (TEM) was used to determine the extent of disruption of the self-assembled 

nanofiber structure because it is the most commonly used morphological characterization 

technique for fiber forming structures [24, 61] Additionally, the Collier lab has shown that 

fibrillization, as evidenced by TEM, is required for immune responses to self-assembling 

peptides. [24] The Thioflavin T (ThT) assay was used to estimate the change in β-sheet 

amyloid content before and after tabletization of the nanofibers because it is the gold 

standard to detect the presence and monitor the growth amyloid structures which are 

characteristic of fibrillized peptide nanofibers [62] Flow cytometry, which offers a rapid 

process to quantify cell characteristics, was used for the dendritic cell uptake assays to 

assess the degree to which the process of tabletization affected the rate of acquisition of 

the antigen by antigen presenting cells. Since antigen presenting cells (mainly dendritic 

cells) play a role in the initiation of protective immunity. Uptake of the peptide nanofibers 

by antigen presenting cells has been shown to be required for immune response to Q11. 

[49] The ELISA assay was used to quantify antigen-specific IgG antibody titers in the 

serum of the sublingually immunized mice and the ELISpot assay was used to measure 

antigen-specific T-cell responses because these are the most commonly employed 

techniques for these specific applications.   
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5. Conclusion  

This project is a proof-of-concept that a sublingual vaccine tablet can be made from 

self-assembling peptide nanofibers with the ability to optimize physical characteristics 

such as size and shape, mechanical properties, and even dosage.  This presents a stepping 

stone for vaccine therapy strategies targeted toward solving the global health challenges 

presented by the vaccine supply chain, including the loss of vaccine potency due to 

temperature fluctuations, inappropriate use of needles in subcutaneous and 

intramuscular delivery of vaccines, waste generated from use of syringes, and the lack of 

appropriately trained personnel to administer vaccine therapies in low resource centers. 
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