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A B S T R A C T   

The objective of this study is to develop a simple biopolymer platform of mucoadhesive wafers that enables 
effective sublingual delivery and preservation of protein vaccines. The wafers were composed of a series of bi-
nary polymer blends of carboxymethylcellulose (CMC) and alginate (ALG). Varying the ratio between CMC and 
ALG resulted in wafers with different microstructure, mechanical properties, disintegration time, and release 
kinetics of model compounds. Wafers with high CMC content were highly mucoadhesive to sublingual mucosal 
tissue and could withstand extensive washing, leading to improved protein permeation into the tissue. On the 
other hand, wafers with high ALG content were not only mechanically robust, but also able to protect a model 
enzyme (β-galactosidase) against lyophilization and heat challenge. HIV gp140 protein loaded in wafers of the 
optimal composition could be stored and transported without cold chain, while maintaining antigen-specific 
immunogenicity after sublingual vaccination in mice. These findings established that the CMC/ALG binary 
blend polymer wafers have the potential to improve the sublingual delivery and storage stability of protein-based 
vaccines.   

1. Introduction 

The sublingual mucosa is a highly attractive site of vaccination for 
multiple reasons. Accessibility of the oral cavity allows for self- 
administration of needle-free vaccine dosage forms. The oral mucosal 
environment is rather benign. Unlike enteric oral vaccines, sublingual 
vaccines are not subject to the hostile environment of the gastrointes-
tinal tract and can avoid first-pass clearance by the liver [1,2]. The 
presence of a large population of antigen presenting cells (APCs) makes 
the sublingual mucosa an important site for antigen acquisition and 
presentation [1], since many viral and bacterial pathogens invade 
mucosal tissues [3]. While most intramuscular and subcutaneous vac-
cines confer systemic immunity, they often induce insufficient mucosal 
immunity [4]. Sublingual vaccines have been shown to confer mucosal 
immune responses and protective immunity against numerous patho-
gens, including influenza, SARS, RSV, HIV-1, and HPV [5]. Various 
sublingual vaccines have been shown to be safe and highly effective in 

several animal models [1]. However, despite the success in preclinical 
studies, sublingual vaccines are rarely used in humans. While sublingual 
immunotherapy (SLIT) has been used clinically to treat allergy and 
hypersensitivity, very few sublingual vaccines for infectious diseases 
have reached clinical stage [1,6]. 

One factor limiting the success of sublingual vaccines is that their 
formulations are less than optimal. Sublingual vaccines are often 
delivered as liquid formulations [1]. While these formulations enable 
convenient and exact dosing, they do not provide sufficient adhesion to 
and absorption through the sublingual epithelium. As a result, the liquid 
vaccines can be physically removed from the sublingual site (e.g. due to 
swallowing, talking, eating, drinking, or saliva wash-out) [7], resulting 
in poor immunogenicity. This is particularly problematic for protein 
vaccines. Despite the commercial success of sublingual delivery of small 
molecule drugs [8], macromolecules have been much harder to deliver 
by this route, presumably due to the sublingual epithelium acting as a 
low-permeability barrier [1,2]. Mucoadhesive delivery systems can be 
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used to hold macromolecules in place at the delivery site, providing 
sufficient time for permeation into the sublingual mucosa [9]. 
Mucoadhesive dosage forms containing a variety of synthetic and bio-
logical polymers have been shown to improve the oral mucosal delivery 
of peptides [10] (such as insulin [11]), proteins [12–17] and DNA [18]. 

Vaccine formulations generally contain highly sensitive and fragile 
biological molecules that are susceptible to denaturation and degrada-
tion due to exposure to elevated or fluctuating temperatures [19]. A cold 
chain is necessary to maintain vaccines under refrigerated condition 
throughout storage and distribution [20]. Considerable amount of work 
has been done on developing lyophilized vaccine formulations. These 
formulations generally contain various stabilizing excipients that can 
protect vaccines and prolong their shelf-life [21,22]; however, the ma-
jority of FDA approved freeze-dried vaccines still require storage at 
2–8 ◦C and must be reconstituted in an appropriate buffer before use, 
which can lead to further loss of activity [20]. Recent reports on 
mucoadhesive sublingual delivery systems based on nanoparticles [23], 
patches [24], bilayer tablets [25] and films [18] have shown success in 
delivering peptides and proteins such as insulin [23], lysozyme [24], 
ovalbumin [25], and β-galactosidase [18], but storage stability of the 
cargos was not adequately addressed and these vaccine formulations 
still required cold chain. 

While a large number of mucoadhesive polymers are available [26], 
the adoption of particular ingredients to create sublingual formulations 
seems to be based on trial and error and thus lacking rational design. The 
compositions of sublingual drug products are often unnecessarily com-
plex. More importantly, very few have investigated stabilization of 
sublingual protein vaccines and none have demonstrated sufficient 
protection of the active protein components from environmental dam-
age due to excess heat and lyophilization. On the other hand, although 
there is a large body of literature dedicated to protein stabilization and 
preservation without needing the cold chain, such systems have not 
been integrated with mucoadhesive materials and hence are not yet 
conducive to sublingual administration [21,27,28]. 

The objective of the present study is to develop a simple biopolymer 
platform of mucoadhesive wafers that enables effective sublingual de-
livery and preservation of lyophilized protein vaccines. The wafers were 
composed of a series of binary polymer blends of carboxymethylcellu-
lose (CMC) and alginate (ALG) (Fig. 1). The influence of polymer 
composition on the microstructure, mechanical properties, disintegra-
tion time, release kinetics of model compounds, and mucoadhesive 
strength of the wafers was investigated. Ex vivo experiments were con-
ducted to assess quantitatively the depth of permeation of a model 
protein (bovine serum albumin) into the sublingual submucosa and 

resistance to wash-out. β-galactosidase was used as a model for assessing 
the ability of the wafers to protect against inactivation during lyophi-
lization and heat challenge. Finally, wafers with the optimal composi-
tion were loaded with HIV gp140 protein and used to vaccinate mice 
sublingually in combination with an adjuvant (αGalSer). The induction 
of antigen-specific mucosal and systemic immune responses was eval-
uated and compared with freshly prepared aqueous protein antigen. 

2. Materials and methods 

2.1. Chemicals and reagents 

ALG (sodium alginate from brown algae, viscosity of 1% aqueous 
solution at 20 ◦C: 100–200 cP), CMC (sodium salt, MW ~ 90 kDa, degree 
of substitution: 0.65–0.90, viscosity of 4% aqueous solution at 25 ◦C: 
50–200 cP), bovine serum albumin (BSA), fluorescein (sodium salt), 
rhodamine B isothiocyanate (RBITC), 2-mercaptoethanol (2-ME), 2- 
nitrophenyl β-D-galactopyranoside (ONPG), and β-galactosidase 
(β-Gal) from E. coli (grade VII, lyophilized powder, ≥ 500 units/mg 
protein) were from Sigma Aldrich (St. Louis, MO). Rhodamine B-labeled 
BSA (Rh-BSA) was prepared by reacting RBITC (50 μg in 50 μL DMSO) 
with BSA (1 mg in 1 mL PBS) for 2 h at room temperature followed by 
dialysis against phosphate buffered saline (PBS, 20 mM, pH 7) for 3 
days. Dried Rh-BSA was obtained by lyophilization. Bovine submaxillary 
mucin (MW: 4– 40 × 105 Da) was from Worthington Biochemical 
(Lakewood, NJ). Simulated saliva was freshly prepared before use and 
contained KH2PO4 (0.19 mg/mL), Na2HPO4 (2.38 mg/mL), NaCl (8 mg/ 
mL), mucin (1 mg/mL), with pH adjusted to 6.8 [29]. The HIV/Clade C 
gp140 protein was obtained from AIDS Research and Reference Reagent 
Program (Germantown, MD). α-Galactosylceramide (αGalCer) was 
purchased from Diagnocine LLC (Hackensack, NJ). 

2.2. Preparation of blank and cargo-loaded polymer wafers 

Five aqueous stock solutions were prepared comprising the following 
CMC:ALG ratios (wt:wt): 0:1, 1:2, 1:1, 2:1, and 1:0 by dissolving 
appropriate amounts of the polymers as well as NaCl in deionized water 
at a final combined polymer concentration of 2.25% (w/v) and salt 
concentration of 150 mM. After brief heating at 70 ◦C to facilitate 
complete dissolution of the polymers, 1 N NaOH was used to adjust the 
pH of the polymer solutions to 7. To prepare blank wafers, aliquots of 
100 μL of the polymer solutions were dispensed in 96-well flat-bottom 
plates, frozen at − 80 ◦C overnight and lyophilized under 0.020 mBar 
for 72 h in a FreeZone ® Freeze Dry System (Labconco, Kansas City, MO) 

Fig. 1. Rationale for the design of mucoadhesive wafers consisting of binary polymer blends for sublingual delivery and stabilization of protein vaccines.  
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equipped with a Maxima™ C Plus Vacuum Pump (Model M8c, Fisher 
Scientific). After drying, the wafers were carefully removed from the 
wells and compressed to ~0.5 mm thick by applying a constant force of 
30 pounds for 5 s. Hundreds of wafers were prepared using this method. 
The wafers were weighed and the diameter and thickness were 
measured using a digital caliper. The same protocol was used to prepare 
polymer wafers containing various cargos, including fluorescein (0.3 
mg/wafer, for measuring in vitro release rate), Rh-BSA (0.3 mg/wafer, 
for measuring in vitro release rate and tissue penetration), β-Gal (0.3 
Units/wafer, for evaluating stabilization against lyophilization and 
heat), HIV gp140 (5 μg/wafer, for testing immunogenicity in mice). The 
cargos were added to and mixed with the polymer solutions before 
lyophilization. All the wafers were stored under ambient condition 
without desiccation. 

2.3. Scanning electron microscopy (SEM) 

To examine the surface morphology of the polymer wafers, SEM was 
performed using a Hitachi S-4700 Cold Field Emission Gun Scanning 
Electron Microscope (FEG-SEM) operated at an accelerating voltage of 
1.5 kV and an emission current of 10 μA. Prior to imaging, polymer 
wafers were adhered to SEM specimen stubs by double-sided carbon 
tape. 

2.4. Mechanical testing 

To perform tensile tests, each wafer was secured by a custom-made 
clamp, mounted on a Q Series Mechanical Test Machine (TestRe-
sources Inc., Shakopee, MN) and pulled at a constant speed of 1 mm/min 
until fracture. Data collection and analysis were performed using the XY 
Software package provided with the instrument. Tensile strength, 
Young’s modulus, and elongation at break were obtained from the 
recorded stress-displacement curves. 

2.5. Disintegration time and in vitro release kinetics 

Polymer wafers were submerged in 1 mL of fresh simulated saliva in 
24-well plates at 25 ◦C. The disintegration time was determined as the 
time at which the wafers disintegrated and no residual material was 
visible to the naked eye. When wafers containing fluorescein or Rh-BSA 
underwent disintegration, 100 μL of the supernatant was sampled and 
replaced with fresh simulated saliva at particular time points. The 
amount of fluorescein or Rh-BSA in the supernatant was quantified by 
measuring fluorescence emission intensity at 528 nm (fluorescein, 
excitation at 485 nm) and 590 nm (Rh-BSA, excitation at 530 nm) using 
a Synergy HT plate reader (BioTek Instruments, Winooski, VT). Release 
profiles were expressed as the cumulative percentage released over time. 

2.6. Ex vivo characterization of wafer adhesion to porcine sublingual 
mucosa 

Fresh sublingual mucosal tissue was harvested from Mongrel swine 
(average body weight: 30–40 kg), donated by the Iaizzo Visible Heart® 
Laboratory (Department of Physiology, University of Minnesota). The 
entire tongue of the pig with intact sublingual tissue on the ventral side 
was removed, cut into cubes (2.5 × 2.5 × 1.0 cm) and mounted onto a Q 
Series Mechanical Test Machine (TestResources Inc., Shakopee, MN) 
with a custom clamp. Prior to each measurement, 100 μL of freshly 
prepared simulated saliva was applied evenly to the mucosal tissue. 
Each polymer wafer was mounted onto a probe and slowly brought into 
contact with the mucosal tissue. A contact force of 50 mN was applied 
and held for 1 min to initiate adhesion between the wafer and the 
mucosal tissue. The probe was then pulled at a constant speed of 1 mm/ 
min until the wafer was detached from the mucosal surface. Data 
collection and analysis were performed using the XY Software package 
provided with the instrument. The resulting stress-displacement plot 

was used to determine (1) maximum detachment stress (σmax), defined 
as the peak stress, and (2) work of adhesion per unit area (Wad), 
calculated as the area under the curve. 

2.7. Ex vivo permeation of Rh-BSA through porcine sublingual mucosa 

Fresh porcine tongue was cut into cubes (1.5 × 1.5 × 0.5 cm) and 50 
μL of simulated saliva was applied evenly to the surface of the sublingual 
mucosal tissue. Wafers containing Rh-BSA were pressed to the wet 
sublingual tissue. For comparison, an equivalent amount of free Rh-BSA 
in 10 μL of buffer was applied to a different piece of tissue. After two 
minutes, both mucosal surfaces were rinsed with 10 mL of deionized 
water for 20 s to mimic saliva washout. Two hours later the tissues were 
examined for residual Rh-BSA on the mucosal surfaces, photographed, 
and embedded in Tissue-Tek® O.C.T (Sakura Finnetek USA, Torrance, 
CA), flash-frozen with liquid nitrogen and stored at − 80 ◦C overnight. 
Any residual wafer material was carefully removed from tissue surface 
before embedding in O.C.T. The frozen tissues were sectioned with a 
Leica CM1990 Cryostat (North Central Instruments, Plymouth, MN) to 
the thickness of 15 μm. Fluorescent and bright-field images of the tissue 
sections were acquired with an Olympus IX70 inverted fluorescence 
microscope equipped with an Olympus DP72 camera and X-Cite 120 
Wide-Field Fluorescence Microscope Excitation Light Source (Excelitas 
Technologies). Rh-BSA was visualized using an excitation wavelength of 
535 ± 50 nm and emission wavelength of 610 ± 75 nm. An exposure 
time of 20 ms was selected for image capture to minimize tissue auto-
fluorescence. The fluorescence intensity of the Rh-BSA was quantified 
up to a permeation depth of 250 μm using a custom MATLAB script and 
averaging six different images for each sample. Total amount of Rh-BSA 
in the sublingual tissue was quantified by calculating the area under the 
fluorescence intensity-permeation depth curves using GraphPad Prism 
version 8.2.1 (Graphpad software Inc., San Diego, California, USA). 

2.8. Assessment of β-Gal activity after lyophilization and heat challenge 

Polymer wafers containing β-Gal were reconstituted in phosphate 
buffer (93 mM Na phosphate, 1 mM MgCl2 and 112 mM 2-ME, pH 7.3). 
The substrate ONPG was added to a final concentration of 2.3 mM and 
incubated at 37 ◦C for 6 min. The absorbance at 410 nm corrected for 
blank buffer background was recorded using a Synergy HT plate reader 
(BioTek Instruments, Winooski, VT). β-Gal activity was reported as 
Unit/mg enzyme, where one Unit of β-Gal will hydrolyze 1.0 μmol of 
ONPG per minute at pH 7.3 at 37 ◦C [30]. Using this method β-Gal ac-
tivity of the following samples was determined: (1) aqueous solutions of 
free β-Gal and polymers; (2) lyophilized free β-Gal and β-Gal-containing 
polymer wafers; (3) lyophilized free β-Gal and β-Gal-containing polymer 
wafers after heating at 75 ◦C for 30 min in a Dry Bath Incubator (Fisher 
Scientific). 

2.9. Animals 

Female CB6F1 (C57BL/6 X BALB/c) mice aged 6–10 weeks were 
purchased from the National Cancer Institute (Frederick, MD) and 
maintained in specific pathogen-free environment at the institutional 
animal facility at the University of Texas MD Anderson Cancer Center 
(Houston, TX). The animal facility is fully accredited by the Association 
for Assessment and Accreditation of Laboratory Animals Care Interna-
tional and all animal procedures were conducted in compliance with 
institutional approval (IACUC protocol number: 00000858-RN00). 

2.10. Sublingual immunization 

All wafers containing HIV gp140 were prepared at the University of 
Minnesota (Minneapolis, MN) and stored at room temperature without 
desiccation. They were packaged in zip-lock bags, shipped to MD 
Anderson Cancer Center (Houston, Texas) with no refrigeration or 
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desiccation, and stored on the bench under ambient condition for five 
days before in vivo testing. Mice in groups of five were first anaesthetized 
by intraperitoneal injection of cocktail containing ketamine and xyla-
zine hydrochloride (100 mg/kg and 10 mg/kg, respectively). For 
administration of vaccine as liquid solution, 5 μg (in 10 μL of PBS) of 
freshly thawed gp140 protein with 2 μg (in 2 μL of DMSO) of αGalCer, a 
natural killer T (NKT) cell agonist and adjuvant, was deposited under the 
tongue of each animal using a previously described procedure [31]. For 
administration of the vaccine formulated in polymer wafers, mice were 
placed in dorsal recumbency and a single wafer containing 5 μg of gp140 
was folded using a pair of forceps and then positioned under the tongue 
of each anaesthetized mouse. αGalCer (2 μg) was co-administered by 
depositing it sublingually on the wafer. To avoid swallowing, the ani-
mals were maintained with their heads in ante-flexion until they 
regained consciousness. All animals received two immunizations at 7- 
day intervals and both cell-mediated and antibody-mediated adaptive 
immune responses in different tissues were determined on day 14 after 
the first immunization. 

2.11. Interferon-γ ELISpot assay 

IFN-γ ELISpot assay was used to determine the antigen-specific re-
sponses of T lymphocytes isolated from cervical lymph nodes (CLNs) and 
the lungs of the immunized animals at day 14 after the first immuni-
zation according to a previously described protocol [32,33]. The T cells 
were stimulated by incubating with either medium alone or gp140 
protein (1 μM) or Concanavalin A (5 μg/mL) for 48 h before secondary 
antibody treatment and color development of IFN-γ spot forming cells 
(SFC) using the commercial reagent kit (BD Biosciences, San Jose, CA). 
Enumeration of spots representing individual cells producing IFN-γ was 
performed by Zellnet Consulting Inc., (Fort Lee, NJ) using KS-ELISPOT 
automatic system (Carl Zeiss Inc., Thornwood, NY). Responses were 
considered positive only when they were above 10 SFC/2 × 105 input 
cells and at least twice the number obtained in cells cultured with me-
dium alone. 

2.12. Antigen-specific antibody responses 

Anti-gp140 antibody responses were evaluated in the blood, saliva 
and vaginal washes of immunized animals. Retro-orbital sinuses were 
used to collect blood samples. For collection of saliva, animals were first 
anaesthetized with ketamine and xylazine cocktail followed by induc-
tion of secretion of saliva by i.p. administration of pilocarpine (200 mg/ 
kg). Saliva was collected using a micropipette. Vaginal washes were 
collected by repeated flushing with PBS. Serum (diluted 1:100) and 
mucosal secretions (diluted 1:5) were assayed for gp140 specific anti-
body levels by ELISA using standard protocols [34]. Horseradish 
Peroxidase (HRP)-conjugated goat antibodies to mouse IgG or IgA (KPL 
Inc., Gaithersburg, MD) were used for detection. The gp140 specific 
antibody concentration in the sample was determined by subtracting the 
optical absorbance at 450 nm of the pre-immunization samples from 
post-immunization sample for individual animals. For each group of five 
immunized mice, results were expressed as average absorbance ±SD. 

2.13. Statistical analysis 

ANOVA with Tukey’s multiple comparisons test was used to deter-
mine the significance between different wafer compositions. Holm- 
Sidak t-test for multiple comparisons with α = 0.05 was used to test 
Rh-BSA fluorescence intensity at each permeation depth. One-way 
ANOVA and Tukey HSD test for multiple comparisons were used to 
analyze the total amount of Rh-BSA present in the sublingual tissue. 
Paired two-tailed Student’s t-test was used to determine the significance 
of difference between different immunization groups. All analyses were 
performed using GraphPad Prism, version 8.2.1 (GraphPad Software 
Inc., San Diego, California, USA). 

3. Results 

3.1. Appearance, microstructure, and mechanical properties of wafers 

The average diameter, thickness, and weight of 80 to 100 wafers of 
various polymer compositions were measured and results summarized 
in Table 1. All the CMC:ALG ratios formed wafers with highly consistent 
average weight (3.3–3.4 mg) and average dimensions (diameter: 
6.51–6.53 mm; thickness: 0.54–0.56 mm) with the exception of the pure 
CMC wafers, which were smaller (average diameter: 5.37 mm) and 
thinner (average thickness: 0.50 mm). Visual inspection of the wafers 
clearly showed such differences (Fig. 2A). The pure CMC wafers had 
significant shrinkage with irregular shape and large heterogeneous 
pores. In contrast, wafers containing various amounts of ALG were 
round with minimal shrinkage after lyophilization and were macro-
scopically homogeneous. 

In accordance with visual inspection, closer examination of the wa-
fers by SEM revealed that different CMC:ALG ratio produced different 
microstructures. Pure CMC wafers had large pores and thick granular 
strands in the meshwork, whereas pure ALG wafers had much smaller 
pores and rather smooth polymer strands. Wafers with intermediate 
CMC:ALG ratios (such as 1:1) had intermediate pore sizes and 
morphology (Figs. 2B and S1). 

Mechanical properties of the wafers were characterized by tensile 
test. The pure CMC wafers were rather stiff and brittle with the highest 
tensile strength and Young’s modulus and the lowest elongation at break 
among all compositions (Table 2). Wafers containing ALG were more 
elastic and much easier to handle. With increasing ALG content, the 
wafers showed a general trend of reduced strength and increased 
elasticity. 

3.2. Disintegration time and release kinetics 

The polymer wafers were submerged in simulated saliva to deter-
mine how wafer composition would affect disintegration time. The pure 
CMC wafers disintegrated completely in 45 min, significantly faster than 
all other compositions, which disintegrated in 70–80 min (Fig. 3A). 
Fluorescein (MW 376.28 g/mol) was released from the wafers with 
approximately first-order kinetics (Fig. 3B). All compositions reached 
100% release after approximately 40 min, prior to the complete disin-
tegration of the wafers. On the other hand, BSA (MW 66 kDa) was 
released more slowly than fluorescein, following approximately zero- 
order kinetics for 1 h before slightly leveling off (Fig. 3C). BSA was 
released completely after approximately 75–90 min, coinciding with 
wafer disintegration. 

The results of fluorescein and BSA release kinetics from pure CMC, 
1:1, and pure ALG wafers were fit using four models for drug release – 
first order, Higuchi, Hixson-Crowell, and Korsmeyer-Peppas [35]. 
Fluorescein release data were best fit by the first order model (Fig. S2, 
Table S1), whereas BSA release kinetics data were best fit by the Hixson- 
Crowell model (Fig. S3, Table S2). 

3.3. Strength and energetics of mucoadhesion 

Fresh porcine sublingual mucosal tissue was used to evaluate the 

Table 1 
Average size and weight of mucoadhesive wafers prepared via a simple and 
robust process. Data shown are mean ± SD (n = 81–105).  

Wafer composition (CMC: 
ALG) 

Diameter 
(mm) 

Thickness 
(mm) 

Dry weight 
(mg) 

CMC 5.37 ± 0.75 0.50 ± 0.08 3.4 ± 0.2 
2:1 6.51 ± 0.18 0.54 ± 0.11 3.3 ± 0.2 
1:1 6.53 ± 0.18 0.56 ± 0.08 3.3 ± 0.2 
1:2 6.52 ± 0.16 0.54 ± 0.08 3.4 ± 0.2 
ALG 6.51 ± 0.16 0.56 ± 0.07 3.3 ± 0.2  
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mucoadhesive strength of polymer wafers with various compositions. A 
typical stress-displacement curve (Fig. 4A) shows an initial increase in 
stress due to elastic stretching of the mucosal tissue to which the wafer 
remained attached. As the wafer started to be peeled off the mucosal 
surface, stress decreased eventually to zero when the wafer detached 
completely from the mucosal surface. Wafers of higher CMC content 
showed higher σmax (Fig. 4B), whereas mixed CMC/ALG content tend to 
have higher Wad (Fig. 4C). The brittle pure CMC wafers fractured prior 
to separation from the mucosal tissue; however, the other wafer com-
positions elongated elastically before peeling away from the tissue and 
did not fracture. 

3.4. Permeation into sublingual mucosa 

Porcine sublingual mucosa tissue was used to assess the permeation 
of fluorescently labeled BSA (Rh-BSA, 0.3 mg per wafer) delivered either 
via mucoadhesive wafers or as aqueous buffered solution (0.3 mg per 
dose). First, the free protein solution created a localized, somewhat 
diffusive stain on the mucosal surface, but later it was completely 
washed away by water (Fig. 5A). In contrast, the wafer adhered strongly 
to the mucosal surface and maintained high local protein concentration 
despite water wash. Next, the Rh-BSA was allowed to permeate into the 
sublingual mucosa for 2 h, at which time the tissue was sectioned and 
imaged. Representative fluorescent micrographs revealed that the 1:1 
wafers yielded much greater depth of Rh-BSA permeation into the 
sublingual mucosa in comparison with free protein solution (Fig. 5B). As 
expected, wafers with higher ALG concentration (1:2 and pure ALG) 
could not remain adhered to the mucosal tissue during washing. 
Quantification of the fluorescence intensity (Fig. 5C-E) reveals that 
wafer-delivered Rh-BSA permeated to depths greater than 200 μm, 
beyond the 100–200 μm thick epithelium, even under the condition 
mimicking wash-out [36]. 

3.5. Preservation of protein activity 

To assess the protein stabilization capabilities, β-galactosidase 
(β-gal) was loaded into the polymer wafers and the enzyme activity was 

Fig. 2. Macroscopic appearance (A) and microstructure (B) of the mucoadhesive wafers revealed by SEM.  

Table 2 
Mechanical properties of the mucoadhesive wafers. Data shown are mean ± SD 
(n = 5).  

Wafer composition 
(CMC:ALG) 

Tensile 
strength (kPa) 

Young’s 
modulus (kPa) 

Elongation at 
break (%) 

CMC 314.8 ± 151.5 589.2 ± 152.2 65.5 ± 22.6 
2:1 66.6 ± 10.5 304.2 ± 69.5 91.7 ± 33.2 
1:1 78.6 ± 14.9 240.8 ± 91.5 111.2 ± 49.9 
1:2 70.6 ± 9.8 248.8 ± 99.2 113.4 ± 23.0 
ALG 80.7 ± 12.6 132.7 ± 97.6 151.6 ± 77.8  

Fig. 3. Disintegration time of mucoadhesive wafers and release kinetics of model compounds. (A) Average time of wafer disintegration in simulated saliva. (B) 
Release kinetics of fluorescein and (C) BSA in simulated saliva at 25 ◦C. Data are shown as mean ± SD. (A) ANOVA and Tukey HSD test, n = 14–18, ns: no significant 
difference among wafers containing ALG. (B) n = 16, data fit with a first-order kinetic model. (C) n = 8, data fit with the Hixson-Crowell model [35]. 
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quantified and compared with that of the free β-gal dissolved in buffer. 
Fresh fully active β-gal had an activity of 484 units/mg solid (Fig. 6A). 
One unit will hydrolyze 1.0 μmol of the substrate ONPG per minute at 
pH 7.3 and 37 ◦C. First, fresh β-gal was dissolved in various polymer 
aqueous solutions and the enzyme activity was measured. There was 
minimal but statistically significant effect on β-gal activity by CMC and 
ALG in aqueous solutions (Fig. 6A). Next, β-gal activity was determined 
after lyophilization of the enzyme in the presence or absence of various 
polymer blends. As expected, lyophilization of free β-gal resulted in a 
22.5% reduction in activity (Fig. 6B). Surprisingly, β-gal in pure CMC 
wafers had a ~ 80% reduction in activity. In contrast, β-gal in wafers 
containing various amounts of ALG (especially 1:1 and 1:2 CMC:ALG 
ratios) appeared to remain fully active (Fig. 6B). Finally, the various 
wafer formulations and free protein solids were treated at 75 ◦C for 30 
min. As expected, free unprotected β-gal lost 60% of the initial activity 
due to heat challenge (Fig. 6C). Again, the pure CMC wafers caused β-gal 
to lose nearly 95% of its initial activity. In contrast, the 1:1 and pure ALG 
wafers preserved nearly 70% of the initial β-gal activity. 

3.6. Vaccine efficacy in vivo 

Mice were immunized by the sublingual route with HIV gp140 pro-
tein, which was formulated as freshly thawed aqueous solution or in 
polymer wafers of 1:1 CMC:ALG ratio. In the lungs, polymer wafer de-
livery of gp140 appeared to generate greater T cell response (136 SFU/2 
× 105 cells) to the fresh gp140 liquid solution (57 SFU/2 × 105 cells), 
although the difference was not statistically significant (Fig. 7A). In the 
CLNs, polymer wafers generated greater T cell response (29 SFU/2 × 105 

cells) than the fresh liquid solution (20 SFU/2 × 105 cells). Antibody 
responses were evaluated by measuring anti-gp140 IgG and IgA in the 
blood, saliva, and vaginal washes of immunized animals. Polymer wa-
fers and fresh liquid solution were equally potent in inducing systemic 
antibody responses, as IgG antibody levels in serum, saliva, and vaginal 
washes were comparable for both formulations (Fig. 7B). Similar results 
were seen in the mucosal antibody response, as IgA antibody levels in 
serum, saliva, and vaginal washes were comparable between groups 
immunized by polymer wafers and fresh liquid solution (Fig. 7C). 

4. Discussion 

The sublingual mucosa is an attractive site of vaccination for the 
development of robust mucosal immunity against many pathogens 
[37–39]. Mucoadhesive formulations have been used widely to deliver 
small molecules across the oral mucosa, including in some commercial 

products [40,41]. In contrast, the oral mucosal delivery of macromole-
cules (including protein and nucleic acid-based antigens and adjuvants) 
has been much less successful. A wide variety of mucoadhesive poly-
mers, such as chitosan, cellulose derivatives, poly(acrylic acid), guar or 
other gums, polyvinyl alcohol, and polyvinylpyrrolidone, are available 
for use in sublingual drug formulations [26]. However, the compositions 
of sublingual drug products are often complex. The selection of appro-
priate mucoadhesive polymers is largely based on trial and error and 
thus lacking of rational design. Furthermore, most mucoadhesive for-
mulations of proteins do not address the important issue of preserving 
protein stability against excess heat and lyophilization. 

The motivation of this study is to address the unmet need for a simple 
sublingual vaccine delivery system capable of both enhancing vaccine 
delivery efficiency through mucoadhesion and protecting bioactive 
protein antigens from environmental damage without the cold chain. 
We focused on binary blends of CMC and ALG, two biopolymers with 
excellent record of safety in human use. Our rationale is that each 
polymer would have a primary function, providing either strong 
mucoadhesion or protein stabilization, and that adjusting the ratio of the 
two would allow optimization of the overall performance of the delivery 
system (Fig. 1). 

CMC is an anionic derivative of cellulose and highly soluble in water 
[42]. Similar to cellulose, CMC is primarily a crystalline polymer 
(crystallinity index ~80%) [43]. At low degrees of substitution (DS <
1.0), molecular association between the unsubstituted regions of the 
CMC chains form crystalline regions with a similar structure to cellulose 
[44]. CMC is a widely used excipient for oral drug formulation and has 
been shown to exhibit good mucoadhesive properties [45,46] resulting 
from extensive physical entanglement and hydrogen bonding between 
the CMC chains and mucin [47], a main component of the mucosal 
surfaces [48]. ALG is another natural anionic polysaccharide and has 
been used in a range of drug delivery applications. A linear copolymer, 
ALG consists of homopolymeric regions of 1,4′-linked β-D-mannuronic 
and α-L-guluronic acid blocks [49]. Unlike CMC, ALG is a semi- 
crystalline with a typical crystallinity index of 30% [50]. While ALG 
was reported to be somewhat mucoadhesive [26], its primary purpose 
here is to stabilize proteins through a number of mechanisms [21] and to 
form mechanically robust films [51]. 

We developed a simple yet robust process of lyophilizing binary 
blends of CMC and ALG with a range of mass ratios to form porous 
wafers. Hundreds of wafers were prepared using this method to achieve 
high consistency with regard to wafer diameter, thickness and weight 
(Table 1). The only outliers were wafers made of pure CMC; they were 
smaller in diameter and appeared shrunken with large pores (Fig. 2A). 

Fig. 4. Mucoadhesive properties of the wafers. The wafers were attached to the surface of porcine sublingual mucosa wet by simulated saliva and tensile tests were 
performed at room temperature. (A) Representative stress-displacement of wafer detaching from mucosal surface. (B) Maximum detachment stress (σmax). (C) Work 
of adhesion per unit area (Wad), calculated as area under the stress-displacement curve. Data are shown as mean ± SD (n = 15). ANOVA with Tukey HSD test, ns: 
not significant. 
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Microstructural analysis shows that pure CMC wafers had large pores 
with thick strands, whereas increasing ALG content made the pores 
smaller and strands smoother (Fig. 2B). Formation of these micro-
structures is likely due to the different degrees of crystallinity between 
CMC and ALG. During freezing the highly crystalline CMC may have 
phase-separated from water, allowing large ice crystals to form [52]. 
The subsequent sublimation of the ice crystals would leave behind the 
large pores seen in the CMC wafers. In contrast, the amorphous ALG 

chains are more flexible and mobile, allowing them to entangle and form 
more extensive networks [53]. These networks may have prevented ice 
crystal growth, resulting in much smaller pores after lyophilization. The 
network-forming capacity and low crystallinity of ALG can also explain 
the observation that wafers with increasing ALG content were less strong 
but more elastic (Table 2) and that the pure CMC wafers were brittle and 
difficult to handle. 

Interestingly, the pure CMC wafers did not display the optimal 

Fig. 6. Mucoadhesive wafers protect β-Galactosidase (β-gal) from deactivation due to lyophilization and heat challenge. Enzyme activity was measured (A) prior to 
lyophilization, (B) after lyophilization (reconstitution in 100 mM PBS, pH 7.3), and (C) after lyophilization and heat challenge (75 ◦C for 30 min). Data are shown as 
mean ± SD (n = 6–18). ANOVA with Tukey HSD test, ns: not significant. Grey shaded area indicates the range of activity of free enzyme in buffer without 
lyophilization or heat challenge. 

Fig. 7. Mucoadhesive wafers achieve equal or better immune responses to an HIV gp140 vaccine after sublingual delivery in mice. (A) IFN-γ (by ELISPOT). (B) IgG 
and (C) IgA (by ELISA, serum samples diluted 1:100; mucosal secretions diluted 1:5). Mice were vaccinated sublingually with 5 μg of gp140 protein either as fresh 
solution in buffer or as wafer after storage at room temperature for one week. All mice were also given 2 μg of αGalCer sublingually as adjuvant. Two immunizations 
were given on days 0 and 7. Mice were sacrificed on day 14. Data shown are mean ± SD (n = 5). Two-tailed t-test, ns: not significant. 

Fig. 5. Mucoadhesive wafers prevent saliva wash-out and enhance permeation of model protein into porcine sublingual mucosa. (A) Surface of sublingual mucosa 
after washing with 10 mL of deionized water for 20 s. (B) Representative fluorescence microscopy images of Rh-BSA permeation into sublingual mucosa. (C, D) 
Fluorescence intensity of Rh-BSA at various depths beneath the tissue surface. (E) Total amount of Rh-BSA present in the sublingual mucosa. Data are shown as mean 
± SD (n = 5–6 tissue slices). (C-D) Holm-Sidak t-test, α = 0.05, (E) One-way ANOVA and Tukey HSD test, ns: not significant. 
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mucoadhesive behavior, although it was chosen primarily for its 
mucoadhesive properties. While pure CMC wafers adhered most 
strongly, as shown by the highest σmax (Fig. 4B), wafers with moderate 
ALG content (2:1 and 1:1) had the largest Wad (Fig. 4C). The elasticity of 
the ALG-containing wafers enabled them to deform and peel away from 
the porcine mucosal tissue under tension (Fig. 4A), contributing to the 
greater Wad, whereas the pure CMC wafers fractured prior to detach-
ment. While 1:1 wafers remained adhered to the sublingual mucosal 
tissue during extensive washing, wafers with higher ALG content (1:2 
and pure ALG) could not withstand the wash and detached from the 
tissue. This is likely due to the lower work of adhesion (Wad) of wafers 
with high ALG content (Fig. 4C). These results clearly demonstrate that a 
proper balance of mucoadhesive strength and mechanical cohesiveness, 
exemplified in wafers of intermediate CMC:ALG ratios (such as 1:1), is 
necessary for achieving the optimal performance in sublingual admin-
istration and the resistance to saliva wash-out. 

Microstructural differences between CMC and ALG also affected the 
disintegration time of the wafers and the release kinetics of model 
compounds. The larger pores found in the CMC wafers may allow water 
to more quickly hydrate the polymer matrix, resulting in significantly 
faster disintegration of the wafers (Fig. 3A). The release mechanisms of 
fluorescein and BSA are notably different. A first-order model best fit the 
fluorescein release kinetics (Fig. S1, Table S1). This suggests that fluo-
rescein release was primarily diffusion dependent. The observation that 
fluorescein was 100% released from all wafer compositions prior to 
complete disintegration of the wafers can be explained by the fact that 
fluorescein, a highly soluble small molecule, may diffuse quickly upon 
hydration in the simulated saliva. On the other hand, the release kinetics 
of BSA was best fit by the Hixson-Crowell cube root law (Fig. S2, 
Table S2), suggesting that BSA release is more dependent on wafer 
disintegration and less on diffusion. This mechanism is also consistent 
with the observation that complete release of BSA was achieved only 
after the wafers had completely disintegrated. The reliance on wafer 
disintegration may also explain the greater differences in BSA release 
kinetics among various wafer compositions (Fig. 3C) as compared to the 
less significant differences in fluorescein release kinetics (Fig. 3B). 

The effective pore radius of the sublingual mucosal membrane has 
been estimated at 30–53 Å [54]. Therefore, many proteins, such as BSA 
(Rg ~ 30 Å) [55] and HIV gp140 (Rg ~ 42 Å) [56], can likely diffuse 
through the sublingual epithelium, albeit very slowly. Mucoadhesive 
formulations may improve sublingual delivery of proteins by providing 
sufficient time for these large molecules to diffuse into the tissue [2,9], 
as we have demonstrated here (Fig. 5). Even during extensive washing 
with a large volume of water, the wafers of 1:1 CMC:ALG ratio remained 
adhered to the mucosal tissue. Over the course of 2 h, BSA delivered via 
the wafers was found inside the tissue at depths greater than 200 μm, 
within and beyond the 100–200 μm thick epithelium, whereas BSA 
delivered as aqueous solution never reached beyond 100 μm (Fig. 5C,D). 
Therefore, with the help of these wafers, it is expected that protein an-
tigens of similar size would reach the APCs within the epithelium and 
the underlying submucosa, eliciting antigen-specific immune responses. 

To preserve vaccine potency during lyophilization and storage, 
numerous excipients have been investigated to stabilize proteins against 
heating, freezing and dehydration [57]. Here we have shown that 
although both CMC and ALG are highly hydrophilic and have similar 
chemical features capable of hydrogen bonding, ALG was much effective 
than CMC in maintaining β-gal activity after lyophilization and heat 
challenge (Fig. 6). Due to its high crystallinity, the CMC chains may be 
too sterically hindered to form sufficient hydrogen bonds with β-gal to 
maintain its native structure. In contrast, the amorphous ALG chains are 
more flexible and thus able to hydrogen bond with β-gal. Surprisingly, 
pure CMC wafers compromised β-gal activity beyond that of the un-
protected free protein after lyophilization. Perhaps phase separation of 
the highly crystalline CMC domains during freezing may have caused 
β-gal to aggregate and lose activity. 

We selected the 1:1 CMC:ALG blend as the optimal wafer 

composition after a balanced consideration of wafer mechanical 
robustness, mucoadhesive properties, and the effectiveness of protein 
stabilization. This wafer composition was used to formulate a protein 
antigen, HIV gp140 protein. Wafer preparation was conducted at the 
University of Minnesota (Minneapolis, Minnesota) and shipped by air to 
MD Anderson Cancer Center (Houston, Texas) without refrigeration or 
desiccation. The wafers were then stored under ambient conditions for 5 
days prior to sublingual immunization of mice. When compared to a 
freshly thawed liquid gp140 solution, the wafer vaccine generated 
comparable cell-mediated and antibody-mediated responses (Fig. 7). T- 
cell response in the lungs were equally generated by the wafers and fresh 
liquid solutions. In the CLNs, greater T-cell response was seen when 
gp140 was given via the mucoadhesive wafers. Equally potent antibody 
responses were seen in mice immunized by wafers or liquid solution, as 
anti-gp140 IgG and IgA levels in the blood, saliva, and vaginal washes of 
both groups were comparable. Taken together, these results demon-
strate that the mucoadhesive wafers of 1:1 binary composition is an 
effective sublingual protein vaccine formulation, capable of eliminating 
the need for cold chain during storage and transportation and eliciting 
antigen-specific immune responses equal to or better than liquid protein 
formulation. Future studies on these binary polymer wafers will involve 
sublingual testing in larger animal models without anesthesia, in which 
case the anticipated advantage of mucoadhesive wafers over liquid 
formulation is expected to be more prominent considering saliva wash- 
out and swallowing. Another future opportunity is the co-encapsulation 
and controlled release of both antigen and immunostimulatory adjuvant 
using the same wafer formulation. 

5. Conclusions 

We have prepared and characterized porous wafers consisting of 
blends of two biocompatible polymers – CMC and ALG – through a 
simple and robust process. Wafers with high CMC content was highly 
mucoadhesive to sublingual mucosal tissue and could withstand exten-
sive washing, leading to improved protein permeation into the tissue. 
Wafers with high ALG content were not only mechanically robust, but 
also able to preserve the activity of a model enzyme from potential 
damage due to lyophilization and excessive heat. HIV gp140 protein 
encapsulated in wafers of the optimal composition (CMC:ALG ratio =
1:1) could be stored and transported without cold chain and maintained 
antigen-specific immunogenicity after sublingual vaccination in mice. 
These findings established that the CMC:ALG binary blend polymer 
wafers have the potential to improve the delivery and storage stability of 
sublingual protein-based vaccines. 
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