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a b s t r a c t 

The sublingual mucosa is an appealing route for drug administration. However, in the context of increased 

use of therapeutic proteins, development of protein delivery systems that will protect the protein bioac- 

tivity is needed. As proteins are fragile and complex molecules, current sublingual formulations of pro- 

teins are in liquid dosage. Yet, protein dilution and short residence time at the sublingual mucosa are the 

main barriers for the control of the dose that is delivered. In this work, a simple delivery scaffold based 

on the assembly of two polysaccharides, chitosan and hyaluronic acid, is presented. The natural poly- 

mers were assembled by the Layer-by-Layer methodology to produce a mucoadhesive and oro-dispersible 

freestanding membrane, shown to be innocuous for epithelial human cells. The functionalization of the 

membrane with proteins led to the production of a bioactive patch with efficient loading and release of 

proteins, and suitable mechanical properties for manipulation. Sublingual administration of the patch in 

mouse evidenced the absence of inflammation and an extended time of contact between the model pro- 

tein ovalbumin and the mucosa compared to liquid formulation. The delivery of fluorescent ovalbumin in 

mouse sublingual mucosa demonstrated the penetration of the protein in the epithelium 10 min after the 

patch administration. Moreover, a migration assay with a chemokine incorporated into the patch showed 

no decrease in bioactivity of the loaded protein after enzymatic release. This study therefore provides a 

promising strategy to develop a sublingual protein delivery system. 

Statement of significance 

Although the oral route is largely used for drug delivery, it has limitations for the delivery of proteins 

that can be degraded by pH or gastric enzymes. The sublingual route therefore appears as an interesting 

approach for protein administration. In this work, a simple delivery scaffold is presented based on the as- 

sembly of two polysaccharides by the Layer-by-Layer methodology to produce a mucoadhesive patch. The 

produced patch allowed efficient loading and release of proteins, as well as protection of their bioactivity. 

An extended time of contact between the protein and the mucosa compared to liquid formulation was 

highlighted in mouse model. This study provides a promising strategy to develop a sublingual protein 

delivery system. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Oral administration of drugs is the most widely used route of 

elivery. However, the per oral drug adsorption is limited by the 

resystemic drug degradation in the gastro-intestinal tract (acidic 

H, degradation enzymes) and the hepatic first-pass metabolism. 

s a consequence, the delivery of fragile macromolecules with high 

olecular weight such as proteins would be compromised by this 

oute of administration as these molecules are highly susceptible 
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o denaturation or enzymatic degradation [1] . Considering the sub- 

tantial developments in genetic engineering, biological therapeu- 

ics such as proteins are gaining large interest [2] . Thus, the explo- 

ation of alternative routes for protein delivery is a biotechnologi- 

al as well as medical challenge [3] . In this context, other mucosal 

dministration routes of therapeutic proteins, and in particular the 

uccal route, has been recognized as a potential alternative for the 

elivery of proteins such as insulin for the treatment of diabetes 

4] or vaccine antigens [5] . Moreover, sublingual administration of 

llergens has been proven to be safe and efficient for the treat- 

ent of type I allergies but remains to be optimized by the design 

f platforms to improve allergen presentation to buccal dendritic 

ells (DCs) [6] and allow controlled protein delivery. 

Indeed, oral cavity mucosa is considered as a potent adminis- 

ration site for protein delivery as it allows bypass of the first-pass 

ffect, presents poor enzymatic activity, physiological range of pH 

nd is anatomically accessible. Moreover, as a well vascularized- 

issue, it offers short access to blood capillaries, and a buccal de- 

ivery system can thus provide either a local delivery (mucosal) or 

 systemic delivery (transmucosal) of the bioactive compound. 

The oral cavity mucosa presents several sites of administration 

cheeks, gingiva, lips, palate, tongue, floor of the mouth), the sub- 

ingual site being the most attractive due to its thin epithelium and 

igh vascularization. The sublingual mucosa is covered by mucus 

ainly composed of water and glycoproteins called mucins, and 

onsists in a stratified squamous epithelium composed by 6-8 ep- 

thelial layers in mouse and 8–12 cells (0.1– 0.2 mm) in human 

 7 , 8 ]. A basal membrane separates the epithelium from the under- 

ying lamina propria (connective tissue) and submucosa (muscle, 

lood capillaries…). Once a molecule has permeated through the 

pithelium by transcellular (through the cells) or paracellular (in 

etween the cells) transport, it can either enter the connective tis- 

ue containing capillaries to be delivered to the systemic circula- 

ion or being uptaken by the antigen-presenting cells (APCs) that 

ill either induce immune regulation (tolerance) or immune re- 

ponse against the antigen molecule [8] . 

Unlike humans, a keratinized epithelium is found in oral cav- 

ty mucosa of rodents that acts as an additional protection bar- 

ier against foreign bodies. The presence of this keratinized layer 

composed mainly of anucleated keratinocytes) could be consid- 

red as a bias when using mouse as an animal model for the de- 

elopment of a sublingual delivery system. However, all rodent and 

on-rodent oral cavity mucosa present limitations in permeability 

nd overcoming these issue in rodents such as mouse would allow 

asy translation to human use [8] . Besides, the keratinized layer of 

he mouse sublingual mucosa is the thinner of all oral cavity mu- 

osa, and already allowed interesting and promising developments 

n protein delivery and bioavailability along with the use of chem- 

cal penetration enhancers [9] , nanoparticles or mucoadhesive de- 

ivery systems [ 10 , 11 ]. 

The actual formulations for sublingual drug delivery are found 

n different dosage form such as liquid, tablets, gels, chewing gum, 

pray or patches [ 12 , 13 ]. Yet, the current formulation processes 

arely achieve incorporation of bioactive proteins that are sensi- 

ive to temperature, high pressure or solvents. Besides, since hu- 

an salivary glands secrete around 600 mL of saliva per day [14] , 

he dilution of bioactive compounds in saliva is a major issue in 

uccal delivery. Therefore, one of the main challenge in sublingual 

elivery is to increase the contact time between the formulation 

nd the mucosa to ensure optimal bioavailability of the delivered 

olecule. Mucoadhesive systems with prolonged retention of the 

ompound at the mucosa surface are thus required to optimize this 

elivery route [ 15 , 16 ]. For all these reasons, polymer-based sys- 

ems, and in particular chitosan (CHI)-based systems were devel- 

ped as sublingual protein delivery systems to improve bioavail- 

bility or targeting of their cargo [17–20] . In addition to its known 
223 
ucoadhesive properties, CHI is considered as a multifunctional 

olymer as it also contributes to inhibit peptidase activity, presents 

ntimicrobial activity [21] and acts as a permeation enhancer [22] . 

The use of a mucoadhesive system exhibiting permeation en- 

ancement abilities would contribute in significant reduction of 

he dose of the administered therapeutics as well as a better con- 

rol of its adsorption. In this view, we developed a mucoadhe- 

ive patch made of a combination of two polysaccharides: CHI and 

yaluronic acid (HyA) which is widely present in the human saliva. 

he two natural polymers were assembled by the Layer-by-Layer 

LbL) technology, that is a simple, inexpensive and tunable process 

23] . LbL allows to build a structure by consecutive deposition of 

olymers with opposite charges, repeated several times by an au- 

omated process to obtain a freestanding membrane [24] . The de- 

osition of 100 bilayers of polymers led to the production of a free- 

tanding membrane expected to dissolve in saliva due to the pres- 

nce of hyaluronidases and other enzymes able to degrade both 

olysaccharides. As they are polyelectrolytes with opposite charges, 

he electrostatic interactions between CHI and HyA can be eas- 

ly tuned by pH variation thus allowing incorporation of macro- 

olecules in its core. The protein incorporation/release abilities of 

he patch were assessed with a model protein, ovalbumin (OVA). 

s in vitro models often fail in predicting living tissue behavior, the 

nvestigation of mucoadhesion, inflammation and protein transport 

as evaluated in mouse model. Finally, the persistence of bioac- 

ivity of a model cytokine was measured by a chemotaxis assay to 

onfirm the protective effect of our protein carrier. 

. Material and methods 

.1. Material 

Medium molecular weight chitosan (CHI) was purchased from 

igma-Aldrich. Before its usage, CHI was purified by filtering 

teps and precipitation in water and ethanol, followed by freeze- 

rying having a final molecular weight of 770 kDa and a de- 

ree of deacetylation (DD) of 78%. At low pH ( < 6.5), CHI is a

ositively charged polyelectrolyte. For comparison, the polysaccha- 

ide Viscosan® (VIS) purchased from Flexichem (NAS-081, Viscos- 

ty 430 mPas, DD of 49%) was used, as it presented a distinc- 

ive distribution of the N-acetylated groups and lower DD than 

HI. Sodium Hyaluronate (HyA) either with 610 kDa (HyA 610 ) or 

020 kDa (HyA 1020 ) was purchased from HTL, France and were 

sed as received. The polystyrene substrates used for membranes 

roduction were purchased from Dutscher (Weighing cup shock- 

esistant #045105). All other reagents and solvents were used 

ithout purification. The hematoxylin Gill’s formula, Vectastain 

lite ABC kit, Vectashield with DAPI and AEC peroxidase substrate 

ere purchased from Vector. Peroxidase blocking reagent was pur- 

hased from Dako, and the biotin rat anti-mouse I-A/I-E antibod- 

es from BD Pharmingen. Ovalbumin alexa Fluor TM 647 was pur- 

hased from Life Technologies, France. Anti-CCR6 rabbit polyclonal 

ntibody alexa Fluor TM 488 was purchased from Bioss antibod- 

es. Protease inhibitor cocktail and BCA protein assay kit were pur- 

hased from ThermoFisher Scientific, USA. Interleukin 1 beta, IL-6 

nd Tumor Necrosis Factor alpha were simultaneously quantified 

ith a V-Plex Proinflammatory Panel 1 Mouse Kit (MSD, USA) and 

uantified by electroluminescence using Mesoscale Discovery sys- 

em (Meso QuickPlex SQ 120, MSD, USA). 

.2. Fluorescent chitosan 

20 mL of medium chitosan (CHI, 770 kDa, 10 mg/mL in acetic 

cid 0.1 M was let to react with 20 mL of fluoresceinisothiocyanate 

FITC, 1 mg/mL in dehydrated methanol) for 3 h at room temper- 

ture (RT), protected from light. pH was then raised to 10 to pre- 
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ipitate the CHI, followed by centrifugations at 110 0 0 g for 15 min

nd several washings with H 2 O until no fluorescence was detected 

n the supernatant. The CHI was then dissolved in 20 mL of acetic 

cid 0.1 M and the rest of unbound FITC was removed by dialy- 

is (Spectrum, USA) in distilled water for 3 days in the dark, wa- 

er being replaced every day. The quantity of CHI and FITC were 

etermined by spectrophotometry at 490 nm and 270 nm respec- 

ively. Fluorescein-labeled medium weight chitosan (CHI FITC ) was 

liquoted at 2 mg/mL in acetic acid 0.1 M and stored at −20 °C. 

.3. Fabrication of the CHI/HyA freestanding membranes 

(CHI/HyA) freestanding membranes were produced using the 

bL methodology using a dipping robot (DR-3, Riegler & Kirstein 

mbH). Membranes were made using polystyrene substrates 

leaned with sonication in ethanol and distilled water (5 min 

ach). For all experiments, polyelectrolyte solutions were freshly 

repared at 0.2% (w/v) in a sodium acetate buffer (CH 3 COONa 

.2 M, CH 3 COOH 0.2 M, pH = 5.5, RT). The substrates were im- 

ersed sequentially in either CHI or VIS, and HyA (either 610 kDa 

yA 610 or 1020 kDa HyA 1020 ) solutions with a washing step in 

odium acetate buffer between each deposition in polymers solu- 

ion. Deposition times of 3 or 6 min for polyelectrolytes and 2 or 

 min for each washing step were used and called short cycles (SC) 

r long cycles (LC) respectively. These immersions were repeated 

00 times (total production time: 17 h for SC and 34 h for LC) 

nd the process was finished by a CHI or VIS layer to ensure sym- 

etric mucoadhesion of the produced membranes. The nomencla- 

ure used for these 100 bilayers was the following: (CHI/HyA) 100 - 

HI or (VIS/HyA) 100 -VIS depending on the type of polycation used. 

hen the membranes were let to dry at RT. Finally, membranes 

ere easily detached from their respective underlying substrates 

y peeling off with a tweezer and can be easily manipulated 

 Fig. 1 A). 

Fluorescent membranes (CHI FITC /HyA) 100 -CHI FITC ) were pre- 

ared as described above, with 0.5% of CHI FITC in the CHI solution 

t 2 mg/mL in sodium acetate buffer pH 5.5, protected from light. 

.4. Thickness of freestanding membranes 

The thickness of the produced membranes was measured after 

rying and detachment from the substrate. Membrane thickness 

as determined using a micrometer (High-Accuracy Digimatic Mi- 

rometer, Mitutoyo). Membranes produced under the same condi- 

ions from at least 3 independent runs were analyzed and at least 

 measurements per membrane were performed. 

.5. Artificial saliva and enzymatic degradation studies 

Membranes of 1 cm ² were weighed prior to the experiment. 

rtificial saliva was prepared with α-amylase, hyaluronidase and 

ysozyme, dissolved in 0.15 M NaCl, 20 mM HEPES, pH 6.5. All 

nzymes had a final concentration of 100 μg/mL. Samples were 

oaked in artificial saliva and incubated at 37 °C under slow agi- 

ation for 30 min, 1 h, 3 h, 6 h and 24 h. After each incubation pe-

iod, membranes were dried at 37 °C and weighted. The percentage 

f weight loss (WL) of the membranes for the different conditions 

as determined following Eq. (1) , with Wi being the initial dry 

eight of the membrane and Wf being the weight of the dry mem- 

rane after each predetermined time point. Three independent ex- 

eriments were conducted for each condition in triplicates and the 

verage value was taken as the weight loss percentage. 

 L = (W i − W f ) /W i × 100 (1) 

For membrane observation by confocal laser scanning mi- 

roscopy (CLSM), fluorescent membranes were immobilized on 
224 
lass slides and let to incubate in artificial saliva at 37 °C under 

gitation during 30 min, 3 h, 6 h or 24 h. The degradation was 

topped by rinsing with acetate buffer until CLSM observation with 

SM710 Confocal Microscope (Carl Zeiss SAS, France). All images 

ere analyzed using Carl Zeiss Zen Softwares and Image J Soft- 

are. 

.6. Scanning electron microscopy (SEM) 

The morphological analysis of the samples (after and before 

egradation) was performed using Scanning Electron Microscope 

SEM, Merlin Compact VP, Zeiss) at an accelerated voltage of 5 kV. 

oth sides of the membranes were observed. Before observation, 

ll samples were copper coated (Balzers MED 010). 

.7. Cytotoxicity assays 

Immortalized Ho-1u-1 cells (human cell line from floor of 

outh squamous cell carcinoma, from GIMAP, St Etienne, France) 

ere cultured in Dulbecco’s Eagle’s medium (DMEM) with D- 

lucose (4.5 g/L), pyruvate (1 mM) and L-glutamine (2 mM), 

MEM/Ham’s F12 Nutrient Mixture (1:1) supplemented by 10% 

v/v) heat-inactivated fetal bovine serum (FBS) and 1% (v/v) peni- 

illin/streptomycin. HeLa cells (human epithelial cell line from 

denocarcinoma, ATCC® CCL-2) were cultured in DMEM with D- 

lucose (4.5 g/L), Pyruvate (1 mM) and L-Glutamine (2 mM) con- 

aining 10% (v/v) heat-inactivated FBS and 1% (v/v) Penicillin/ 

treptomycin. Cells were maintained at 37 °C and 5% CO 2 . 

Two days before cytotoxicity tests, cells were seeded in a 

6-well plate. In parallel, (CHI/HyA) 100 -CHI membranes were cut 

o size (3 cm 

2 per mL of medium), sterilized by UV light and 

thanol 70%, as ethanol ensures additional asepsis of cultured cells 

ithout affecting incorporation abilities of the membranes. Mem- 

ranes were then let to incubate overnight at 37 °C in culture 

edium containing salivary enzymes (lysozyme, α-amylase and 

yaluronidase) at 100 μg/mL. Culture medium was then removed 

rom the wells and replaced by the medium containing mem- 

rane degradation products. Cells were let to incubate at 37 °C 

or 24 h. Then, methylthiazolyldiphenyl-tetrazolium bromide (MTT, 

.5 mg/mL) was added to each well and was let to incubate 3 h 

t 37 °C. A solubilization solution containing 10% (v/v) of Triton X- 

00 and HCl (0.1 M) in anhydrous isopropanol was then added on 

ells overnight at RT, protected from light. Absorbance was mea- 

ured at 570 nm and 690 nm (i-control Infinite® M10 0 0 Pro, Tecan, 

witzerland). Positive controls were performed with SDS 0.1% (v/v) 

nd negative controls with cells alone. Data were determined as 

he mean of three replicates and for three independent experi- 

ents. 

.8. Mice model and animal ethics 

In vivo studies were conducted either on 6- to 8- week old fe- 

ale CB6F1 mice (Charles River Laboratories, France) at the ani- 

al facility PBES of Lyon or on male SHK-1 (Charles River Labo- 

atories, France) for tomography in the animal facility AniCan at 

he Cancer Research Center of Lyon (CRCL), Lyon, France. All ani- 

als were maintained in pathogen-free conditions. All of the ex- 

eriments were performed in accordance with animal welfare reg- 

lations for their use for scientific purposes governed by the Eu- 

opean Directive 2010/63/EU. Protocols were validated by the local 

nimal Ethics Evaluation Committee (CECCAPP: C2EA-15) and au- 

horized by the French Ministry of Education and Research. 

.9. Sublingual administration of membranes or solutions 

Membranes were cut to fit to the size of mouse tongue 

2 mm x 7 mm) and sterilized by UV light. Membranes or liq- 
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Fig. 1. Thickness and degradation profiles of freestanding (CHI/HyA)100 membranes. ( A ) Photography of a (CHI/HyA 660 ) 100 membrane after Layer-by-Layer production by 

using short cycle deposition. Scale bar: 2 cm ( B ) Membranes thickness by varying the number of bilayers (50, 100 or 200 bilayers). ( C ) Thickness of the membranes by 

varying the HyA molecular weight (660 or 1020 kDa) or the deposition time: short cycles or long cycles. ( D ) SEM pictures of (CHI/HyA 660 )-CHI short cycles immersed in 

artificial saliva during 30 min, 1 h or 3 h. Scale bars represent 9 μm, 45 μm and 450 μm for x250 0, x50 0 and x50 magnification, respectively. ( E ) Pictures of (CHI FITC /HyA 660 )- 

CHI FITC short cycles by confocal microscopy after 30 min, 3 h, 6 h or 24 h in artificial saliva. The control corresponds to the immersion of the membrane in acetate buffer for 

24 h. a, b, c, d, e: surface of the membrane; f, g, h, i, j: z-section images of the top picture. Horizontal scale bar: 50 μm, vertical scale bar: 30 μm. ( F ) In vitro degradation 

profile of membranes immersed in artificial saliva quantified as the percentage of weight loss as a function of the parameters for the membranes production. Statistical 

significance of differences was determined using nonparametric Kruskal-Wallis with Dunn’s post hoc test; ns: non-significant; ∗∗∗p < 0.001, ∗∗∗∗ p < 0.0001. Error bars 

are ± SD. 
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id formulations were then administered sublingually (ventral part 

f the tongue) to slightly anesthetized mice (isoflurane 4%). After 

dministration, a gentle pressure was exerted during 10 s (until 

ake up) on the dorsal part of the tongue to ensure contact of 

he membrane or the liquid solution with the mucosa. No further 

ontention was performed. Once the animal recovered from anes- 

hesia, they were let free to swallow or groom. Water and food was 

emoved for the next 30 min after administration. 
225 
.10. Histological analysis of mucosal swelling and MHC-II cell 

ecruitment 

Native membranes, HCl-treated membranes (incubation 1 h in 

 mM HCl, pH 3) and NaCl-treated membranes (incubation 1 h 

n NaCl 0.15 M, HEPES 0.02 M, pH 6.5) membranes were adminis- 

ered. A drop of 12.5 μl of 0.5% 1-fluoro-2.4-dinitrobenzene (DNFB) 

olution applied under the tongue of mice was used as positive 
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Scheme 1. Schematic representation of protein incorporation in LbL assembly by pH variation. After functionalization by protein entrapment through the variation of pH 

and structural changes on the assembly, the LbL membrane becomes a bioactive patch, ready to be administered. 
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ontrol of inflammation. The negative control group were not sub- 

ected to any manipulation. Each group was composed of 2 to 5 

ice. Right after administration of the sublingual formulations, the 

ice were alert and water was removed for the first 30 min. At 

ach time point (30 min, 60 min, 2 h or 6 h according to the

roups), the mice were euthanized by cervical dislocation. Then, 

ongues were carefully cut and embedded in OCT compound and 

tored at −80 °C until cryosection. For the cryosection, 6 μm thick 

ections were performed using a Cryostat (LEICA) and fixed on 

lass slides with acetone at −20 °C. 

For MHC-II staining, the tongue sections were first incubated 

ith peroxidase blocking reagent, then with biotin rat anti-mouse 

-A/I-E antibodies, revealed using the Vectastain Elite ABC kit 

nd the AEC peroxidase substrate, and finally counterstained with 

ematoxylin Gill’s formula. The images of tongue sections were 

aptured using an inverted microscope (Nikon Ti-E microscope). 

nalysis of mucosal swelling and MHC-II positive cell counting 

ere done on 2 mm ventral surface lengths starting from the base. 

pithelium and lamina propria were manually outlined on 2 mm 

ength using the polygon tool from the image J software. Then for 

ach region of interest, surface measurements were carried out and 

HC-II positive cells were manually counted. 

.11. Samples preparation for cytokines quantification 

Each group was composed of 3 mice. Two groups received na- 

ive membranes or HCl-treated membranes. Three other groups of 

ice received sublingually 10 μL of either CHI (770 kDa, 2 mg/mL 

n sodium acetate buffer pH 5.5), HyA (610 kDa, 2 mg/mL, in 

odium acetate buffer pH 5.5) or the combination of both poly- 

ers. Control groups of mice received sublingually 10 μL of PBS 

or negative controls and 12.5 μL DNFB, 0.5% (v/v) in chloroform as 

ositive control. 

Tongues were excised 6 h after membranes or solutions admin- 

stration, flash freezed in liquid nitrogen and kept at −80 °C. Tis- 

ues were prepared as previously described [25] . Briefly, tongues 

ere let to incubate on ice 2 h in RIPA buffer (Tris HCl (50 mM),

aCl (150 mM), Triton X-100 (1%), 0.5% Sodium Deoxycholate, SDS 

0.1%) EDTA (1 mM) and a protease inhibitor cocktail (1%) after 

omogenization using scissors. They were then disrupted using a 

ead beater (2 × 5 min, 30 Hz, 4 °C) (TissueLyser II, Qiagen, Ger- 
226 
any) and by sonication (2 min, 60 Hz), followed by centrifuga- 

ion at 10 0 0 0 rpm for 10 min at 4 °C. Total protein concentration

n supernatants was then determined using BCA protein assay kit. 

nterleukin 1 beta (IL-1 β), IL-6 and Tumor Necrosis Factor alpha 

TNF- α) were simultaneously quantified in each sample by electro- 

uminescence. Data were determined as the mean of two replicates 

nd three mice per condition. 

.12. Protein incorporation by pH swelling 

In order to assess the ability of membranes to incorporate pro- 

ein in their core at different pH, membranes were equilibrated 

ith either 1mM HCl (pH 3-3.5) or NaCl buffer (NaCl 0.15 M, 

EPES 0.02 M, pH 6.5) or phosphate-buffered saline (PBS 1X, pH 

.4) at RT during 1 h. Prior to the experiments, membranes of 

2 mm diameter were sterilized by UV light for 20 min. After 

quilibration, the excess of HCl or NaCl was removed and a drop 

f protein (100 μL) was added on the top of the membrane. The 

rotein used was either ovalbumin labeled with Alexa Fluor 647 

OVA 

AF647 ) at 5 μg/mL (500 ng loaded) or the cytokine CCL20 at 

.25 μg/mL (25 ng loaded) in 1mM HCl or NaCl buffer. The mem- 

ranes were left to incubate at 4 °C overnight. The functionalized 

embranes were then named bioactive patch ( Scheme 1 ). Except 

henever clearly stated, HCl was used for protein incorporation in 

ubsequent experiments. 

.13. Ovalbumin release study 

OVA 

AF647 was incorporated according to the pH swelling 

ethod described above. The release of the protein was followed 

t different pH using acetate buffer (pH 5.5), PBS (1X, pH 7.4) or 

rtificial saliva (pH 6.5) as release media. After incorporation and 

rying, 250 μL of release media was added on the 12 mm disks 

nd immediately collected and saved to assess the amount of un- 

ound protein. The release of OVA 

AF647 from the membrane was 

erformed for 2 h with collection times at 10, 20, 30, 40, 60, 

0 and 120 min. An additional sample at the time point 24 h of 

elease in artificial saliva (after HCl incorporation) was also col- 

ected. The analysis of the released OVA 

AF647 was performed by 

uorescence spectroscopy (Infinite M10 0 0, Tecan) with the excita- 

ion/emission wavelength of Alexa Fluor 647 set at 650/668 nm. A 
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alibration curve for the labeled protein in PBS, acetate buffer, HCl 

nd artificial saliva was performed at the previously mentioned 

avelengths. 

.14. Dynamic mechanical analysis (DMA) 

The mechanical/viscoelastic properties of the native mem- 

ranes, HCl-treated membranes and the OVA-loaded bioactive 

atches were evaluated using Dynamical Mechanical Analysis 

DMA). The DMA experiments were performed using an Artemis 

42E (Netzsch, Selb, Gerrmany), equipped with the tensile mode. 

he samples were cut with approximately 4 mm width. The ge- 

metry of the samples was measured accurately for each sample, 

here the thickness was determined in three different regions us- 

ng a micrometer (High-Accuracy Digimatic Micrometer, Mitutoyo). 

he measurements were carried out at 25 °C in the dry state, as it 

s intended to apply a dry patch in vivo . The samples were clamped

n the DMA apparatus with a gauge length of 6 mm. The DMA 

pectra were obtained during a multi-frequency scan of 1, 2, 5 and 

0 Hz. The experiments were performed under constant strain am- 

litude (10 μm). At least three specimens were tested for each con- 

ition with the same experimental settings. 

.15. Tomography analysis of patch mucoadhesion and protein 

esidence time 

For tomography analysis of protein residence time in the sub- 

ingual region of mice, groups of 2 mice were anesthetised in an 

soflurane chamber at 4% flow for 5 min. For solution adminis- 

ration, 10 μL of OVA 

AF647 solution was deposited at the base of 

he ventral side of mice tongues. For patch administration, patches 

ere placed on the ventral surface of the tongues. For each formu- 

ation, 5 μg of OVA 

AF647 was administered. The mice were placed in 

he tomography chamber (FMT 40 0 0, Perkin Elmer), under isoflu- 

ane, in supine position for image acquisition 2, 10 or 30 min after 

dministration. 

.16. Mucosal penetration by confocal microscopy 

OVA 

AF647 penetration in the sublingual mucosa was as- 

essed by administration of liquid formulation (10 μL) or patch 

CHI FITC /HyA) 100 . OVA 

AF647 was incorporated into the patch by HCl 

reatment, as described above. Groups of 2 mice received the dif- 

erent formulations and were euthanized by cervical dislocation 2, 

0 or 30 min after administration. Sublingual mucosa (tongue and 

oor of the mouth) were collected, embedded in OCT and stored at 

80 °C. Cryosections of 40 μm were performed, stained with the 

uclear stain DAPI and observed with a confocal microscope (LSM 

10, Zeiss, Germany) with a 40x objective. 

.17. Chemotactic assay 

Mouse dendritic cell line (DC 2.4, #SCC142 Milipore) was used 

o test in vitro chemotactic effect of the CCL20 chemokine deliv- 

red from the developed membranes. DCs were cultivated in RPMI 

edium Glutamax suplemented with 10% foetal bovine serum, 

0mM HEPES, 50μM β-mercaptoethanol and 1x non-essential 

mino acids (later referred as growth medium, GM) at 37 °C and 

% CO 2 . 

Prior to chemotactic assay, a staining of the CCL20 receptor, 

dentified as the chemokine receptor-6 (CCR6), was performed. For 

CR6 staining, DCs were cultured in GM containing CCL20 with a 

ensity of 2 × 10 5 cells on Labtek chamber slides (12 well cham- 

er, Ibidi®) for 24 h. The cells were then fixed with acetone, in- 

ubated with anti-CCR6 rabbit polyclonal antibody conjugated to 

lexa-fluor 488 and finally mounted using Vectashield wih DAPI. 
227 
mages were captured using an inverted microscope (Nikon Ti-E 

icroscope). 

The chemotactic assay was carried out in ThinCert TM Cell Cul- 

ure Inserts 12 Well (Greiner Bio-One 665 610) for 20 min. Prior 

o the assay, membranes, CCL20 and CCL20-loaded membranes 

50 ng) were incubated for 24 h in salivary enzymes (100 μg/mL 

f α-amylase, hyaluronidase and lysozyme dissolved in GM with- 

ut FBS) at 37 °C under slow agitation. Then, inserts of the 12- 

ranswell plate were seeded with a density of 2 × 10 5 cells/insert 

nd incubated for 10 min at 37 °C. Afterwards, the lower cham- 

ers of the 12-well plate were carefully filled with 1mL of chemo- 

actic or control solutions for 10 min at 37 °C. Negative con- 

rol corresponded to DCs incubated only with GM. Finally, inner 

ides of each inserts were wiped using cotton swabs. After fixa- 

ion (paraformaldehyde 4%) and staining with DAPI, 5 pictures of 

ach conditions were taken with an inverted microscope (Nikon 

i-E microscope). Nuclei were analyzed by ‘particle analysis’ using 

mage J software. Results are given as the average of triplicates of 

 independent experiments. 

.18. Statistical analysis 

All data were analyzed and plotted in GraphPad Prism version 

.0. Experimental values are expressed as means ± standard devi- 

tion (SD) of at least three replicates; except for release data rep- 

esented as mean ± standard error of the mean (SEM). Shapiro- 

ilk normality test was used to verify if values were normally 

istributed. If normal distribution, one-way ANOVA with Tukey’s 

ultiple comparisons test was used. Otherwise, nonparametric 

ruskal-Wallis with Dunn’s multiple comparisons test was used, or 

ann Whithney test for only two independent conditions. A value 

f p < 0.05 was considered statistically significant. 

. Results 

.1. Characterization and degradation of freestanding membranes in 

rtificial saliva 

Native (CHI/HyA) membranes were produced by varying 4 

arameters: number of bilayers, HyA molecular weight (610 or 

020 kDa), the deposition time in both polyelectrolytes and rins- 

ng solutions, and polycation (CHI vs VIS) properties. The influ- 

nce of such parameters was firstly investigated over the mem- 

rane thickness. The growth of native (CHI/HyA) membranes was 

hown to be linear with 50 bilayers (4,5 ± 1,39 μm), 100 bilayers 

10,30 ± 7.67 μm) and 200 bilayers (17,04 ± 7,96 μm) ( Fig. 1 B). 

t least 50 bilayers were required for easy manipulation without 

ny post proceeding treatments, but 100 bilayers were used for the 

est of the study to ensure robustness of the membranes and thick- 

ess homogeneity for protein incorporation. The use of VIS, which 

ossesses a different viscosity and degree of deacetylation (DD), 

id not affect the average thickness of the membranes, but exhibit 

igher thickness heterogeneity as expressed by error bars repre- 

enting the standard deviation (Figure S1A). Likewise, no signifi- 

ant differences were found on the membrane thickness by vary- 

ng the molecular weight of HyA (610 kDa or 1020 kDa) ( Fig. 1 C).

oncerning the deposition time, i.e. long cycles (6 min for the 

olyelectrolytes and 4 min for the rinsing buffer) and short cycles 

3 min for the polyelectrolytes and 2 min for the rinsing buffer), 

ignificant differences were found over the membrane thickness 

here an increase of around 30% was quantified when the mem- 

ranes were produced under long cycles, independently of HyA 

olecular weight ( Fig. 1 C). 

The influence of the conditions that were employed for the 

embranes build-up was also explored in terms of degradation. 

oreover, as the intent is to use the membranes for sublingual 
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Fig. 2. Membranes degradation products show no toxicity on human epithelial cells. Cell activity after incubation of ( A ) HeLa and ( B ) Ho-1u-1 cells with degradation 

products during 24 h. Mb: (CHI/HyA) 100 membranes; Mb.HCl: HCl-treated (CHI/HyA) 100 membranes; Mb.NaCl: NaCl-treated (CHI/HyA) 100 membranes. Each value provided 

is the average of triplicates of three independent experiments (N = 3). Statistical significance compared to the control group was determined using one-way ANOVA with 

Tukey’s post hoc test; ns: non-significant. Error bars are ± SD. 
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pplications, an artificial saliva was produced. The artificial saliva 

as composed of a physiological solution containing α-amylase, 

ysozyme and hyaluronidase, three enzymes found in human saliva 

 26 , 27 ]. 

In order to have morphological information about their degra- 

ation, (CHI/HyA) 100 membranes were observed by SEM and confo- 

al microscopy. By observing the images from the two techniques, 

n initial surface erosion was observed at 30 min, followed by the 

ormation of superficial holes at 1 h and finally deeper holes at 

 h ( Fig. 1 D and Fig. 1 E). The enzymatic degradation of the surface

f the membrane was also observed in hydrated conditions where 

he membrane swelled to around 30 μm ( Fig. 1 E). No degradation 

as observed after 24 h in acetate buffer ( Fig. 1 E, control). 

The degradation of membranes was followed over a period of 

4 h and quantified as the percentage of weight loss. The mem- 

ranes built with VIS were degraded faster than CHI-based mem- 

ranes (Figure S1B), as expected by the fast biodegradability of VIS. 

lthough the general profile of degradation of CHI-based mem- 

ranes was not drastically affected by the molecular weight of 

yA, nor the deposition times ( Fig. 1 F), in the early phase of the

egradation process (from 0 to 1 h) a delay was observed with the 

embranes built under long cycles (inset in Fig. 1 F). At the end of

4 h all the membranes reached a weight loss from 75% to 95%. 

As these membranes were designed for mucosal administration, 

e selected membranes made of CHI instead of VIS to ensure pro- 

onged delivery of the cargo protein at the early stages of degra- 

ation in contact to the mucosa. Membranes that were produced 

nder short cycles were also selected to decrease the time of pro- 

uction, and the 610 kDa HyA was randomly selected as no dif- 

erence in thickness nor degradation was observed as compared to 

020 kDa HyA. To ensure optimal mucoadhesion, all membranes 

sed for animal experiments had CHI as first and last layer. Thus, 

or subsequent studies, (CHI/HyA 660 ) 100 -CHI membranes were just 

eferred as (CHI/HyA) 100 . 

.2. Cytotoxicity on human epithelial cells 

The cytotoxicity of the degradation products of the membranes 

as tested on two human epithelial cell lines (HeLa and Ho-1u- 

) over an incubation period of 24 h. No toxicity was observed on 

he two cell lines as the viability remained around 100% ( Fig. 2 A

nd B). This result is explained by the known biocompatibility 

f the two polysaccharides used to produce the membranes that 
228 
ere not chemically modified. The combination of the polymers 

id not affect their biological innocuousness. Therefore, the mem- 

ranes could be applied in vivo on the sublingual mucosa, without 

ny cytotoxic effect for the epithelial cells of the tissue. 

.3. Inflammatory pattern of mouse sublingual mucosa 

The in vivo inflammatory pattern of the patch was assessed 

n mice through the evaluation of different hallmarks of the in- 

ammatory status. As a positive control for inflammation, 0.5% of 

he hapten 1-fluoro-2.4-dinitrobenzene (DNFB) was used as it was 

hown to induce a transient local inflammatory (enlarged blood 

essels and oedema of the lamina propria with immune cell in- 

ltrates) when administered on the oral cavity mucosa [28] . First, 

he swelling surface of epithelium and lamina propria of mouse 

ublingual mucosa in different conditions was investigated by his- 

ology. A swelling of more than 30% of the mucosa was observed 

0 min after DNFB administration compared to the control mouse 

hat is mainly due to the swelling of the lamina propria ( Fig. 3 A).

oteworthy, this swelling is resorbed 2 h after DNFB administra- 

ion (Figure S2A). In order to quantify the swelling induced by the 

CHI/HyA) 100 membrane, native as well as HCl-treated and NaCl- 

reated membranes (both treatments used for protein incorpora- 

ion) were applied to the sublingual mucosa during 30 min. No sig- 

ificant swelling was observed 30 min ( Fig. 3 A) nor 60 min (Figure

2A) after patch administration. 

In order to correlate tissue swelling with immune cell infiltra- 

ion, an immunohistochemistry staining of major histocompatibil- 

ty complex class II (MHC-II) was performed. MHC-II is a major 

arker of APCs, in particular Langerhans cells (LCs), DCs, B lym- 

hocytes and macrophages. The MHC-II + cell infiltrate in the mu- 

osa was significantly decreased (around 35%) 30 min after DNFB 

dministration ( Fig. 3 B and 3 C). However, the native or treated 

embranes did not cause MHC-II + cell infiltration 30 min or 

0 min after their administration and show similar pattern as the 

ontrol ( Fig. 3 B and S2B). 

To identify the global inflammation profile induced by the sub- 

ingual formulations, the expression profiles of inflammatory cy- 

okines were quantified 6 h after administration of polysaccharides 

n solution, native, HCl- or NaCl-treated membranes. In all the con- 

itions tested, the levels of IL-1 β , IL-6 and TNF- α were similar to 

he control levels (PBS administration) ( Fig. 3 D, 3 E and 3 F). 
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Fig. 3. Evaluation of the inflammation of the sublingual mucosa after sublingual administration of HCl- and NaCl-treated membranes. The mucosa swelling ( A ) and MHC- 

II + cell recruitment ( B ) were evaluated in the whole mucosa (epithelium and lamina propria) after DNFB (1-fluoro-2,4-dinitrobenzene) or membrane application. Native 

membranes (Mb) were administered for 30 min and HCl- treated (Mb.HCl) or NaCl-treated (Mb.NaCl) membranes were applied for 30 min. Each value provided is the 

average of at least 3 measurements and three independent individuals. ( C ) Representative pictures of MCH-II + cell recruitment in the mucosa by histological staining. (a) 

control, (b) DNFB, (c) Mb, (d) Mb.HCl, (e) Mb.NaCl. M: muscle, LP: lamina propria, E: epithelium, ∗: basal lamina. Scale bar: 170 μm. ( D / E / F ) Levels of inflammatory cytokines 

in tongue and sublingual tissues 6 h after membranes administration to mice: IL-1 β ( D ), IL-6 ( E ) and TNF- α ( F ). CHI: chitosan, HyA: hyaluronic acid. Statistical significance 

compared to the control group was determined using one-way ANOVA with Tukey’s post hoc test; ns: non-significant, ∗p < 0.05, ∗∗∗∗ p < 0.0 0 01. Error bars are ± SD. 
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Table 1 

Summary table of incorporation rates of OVA AF647 in (CHI/HyA) 100 

membranes. The incorporation rates correspond to the initial adsorbed 

amount (%) of OVA on the (CHI/HyA) 100 membranes and are provided 

for the 3 solutions used for protein incorporation at different pH (HCl 

pH 3, PBS pH 7.4 and NaCl pH 6.5) and for 3 release media (acetate 

buffer pH5.5, PBS pH7.4 and artificial saliva pH6.5). The final adsorbed 

amount (%) of OVA incorporated on the (CHI/HyA) 100 membranes af- 

ter 24 h of release by using artificial saliva as release media is also 

presented. The (CHI/HyA) 100 membranes were loaded with an initial 

concentration of OVA of 5 μg/mL. 

Incorporation Buffer Release media Incorporation (%) 

HCl Acetate buffer 98 ± 5.0 

HCl PBS 94 ± 7.0 

HCl Artificial saliva 99 ± 1.0 

HCl Artificial saliva (24h) 10 ± 4.0 

PBS Acetate buffer 56 ± 15 

NaCl Acetate buffer 94 ± 6.0 

NaCl PBS 85 ± 8.0 

NaCl Artificial saliva 70 ± 7.0 

a

m

i

(

r

e

a

c

i

b

.4. Incorporation/release of a model protein, ovalbumin 

To evaluate the (CHI/HyA) 100 membranes as protein delivery 

ystems, they were functionalized with a model protein, ovalbu- 

in labeled with the fluorescent dye AlexaFluor 647 (OVA 

AF647 ). 

VA 

AF647 was incorporated in the membranes after equilibration 

f the membranes in HCl 1 mM, pH 3. To evaluate protein incor- 

oration, a first “rinsing” was performed with various release me- 

ia ( i.e. acetate buffer pH 5.5 (rinsing buffer used for membrane 

uild-up), PBS pH 7.4 or artificial saliva pH 6.5) by deposing a 

rop of solution and immediately removing it to assess the amount 

f unbound protein. This rinsing of the membranes with acetate 

uffer allowed the incorporation of 98% of OVA 

AF647 whereas rins- 

ng with PBS led to a slight decrease in the incorporation rate 

94%) ( Table 1 ). The release kinetics over 2 h confirmed these dis- 

repancies as, in acetate buffer less than 7% of OVA 

AF647 was re- 

eased from the patch compared to 31% in PBS ( Fig. 4 A). When im-

ersed in artificial saliva, 35% of OVA 

AF647 was released from the 

atch over 2 h ( Fig. 4 A), and around 90% after 24 h of immersion

 Table 1 ). 

The profile of OVA 

AF647 incorporation at pH 3 followed by rins- 

ng by acetate buffer as release media showed that around 80% 

f the protein was incorporated within the first 10 μm below the 

urface, corresponding to one third of the full hydrated thickness 

 Fig. 4 B and 4 C). The functionalized membranes became thus an 

symmetric patch with the surface presenting the protein being 

he one in contact with the mucosa. 

As some proteins may be sensitive to acidic pH (denaturation, 

oss of activity…), incorporation of OVA 

AF647 was also performed 

t physiological pH 7.4 in PBS instead of HCl pH 3. However, it 

as not possible to visualize the patch by confocal microscopy 
229 
fter protein incorporation due to the significant swelling of the 

embrane. Furthermore, the instability of the structure led to an 

ncorporation rate lower than 60% ( Table 1 ). Instead, NaCl buffer 

NaCl 0.15 M, HEPES 0.02 M, pH 6.5) was used for protein incorpo- 

ation. For membrane rinsing, the same solutions were tested (ac- 

tate buffer, PBS and artificial saliva). As observed for the loading 

t acidic pH, rinsing with acetate buffer led to 94% of protein in- 

orporation whereas rinsing with PBS led to only 85% of OVA 

AF647 

ncorporation ( Table 1 ). The release profiles confirmed that acetate 

uffer ensures protein retention inside the membrane as less than 
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Fig. 4. Incorporation in HCl and release profiles of OVA AF647 from the membrane. (A) Profiles of OVA AF647 incorporated in HCl and released from the patch during 2 h of 

rinsing with different solutions. Data are the mean of triplicates and three independent experiments (N = 3). Error bars are ± SEM. (B, top) Confocal image of the surface of 

the patch containing OVA AF647 , scale bar: 50 μm. (B, bottom) Optical section of the patch along Z axis. The dotted lines represent the borders of the patch. (C) Fluorescence 

intensity of OVA AF647 and the patch (CHI FITC ) along the arrow represented in (B, bottom). 
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pproximately 10% of OVA 

AF647 was released from the membrane 

ver 2 h, whereas PBS led to a release of 36% and the release

n artificial saliva reached 69% (Figure S3A). Moreover, the protein 

istribution within the patch was found to be more homogeneous 

han HCl incorporation and did not present any gradient of pene- 

ration along Z axis (Figure S3B and S3C). In all subsequent exper- 

ments, HCl was used for protein incorporation since it ensured an 

symmetric incorporation with a maximum quantity of protein on 

ne side. This specificity allows a unilateral release on the side ad- 

ered to the mucosa and limits release in the saliva on the other 

ide, without needing to use a less degradable protective layer on 

his side. 

.5. Dynamic mechanical analysis 

DMA experiments were performed to evaluate the effects of the 

ncorporation of OVA on the mechanical/viscoelastic properties of 

he membranes. These experiments were conducted with the sam- 

les in the dry state to mimic the conditions of the final applica- 

ion as a dry patch on the sublingual mucosa. The storage (elastic) 

odulus E’ and the loss factor (tan δ) were determined ( Fig. 5 ).

verall, for all the samples studied, E’ increased slightly with fre- 

uency as previously shown on similar assemblies [24] . No signif- 

cant differences were found between native and the HCl-treated 

embranes. However, the bioactive patches, i.e. for the membranes 

ontaining OVA, an increase of stiffness by a factor 2 was observed, 

rom around 2 GPa to 4 GPa ( Fig. 5 A). 

Tan δ provided information about the damping properties of 

he membranes. It was determined that tan δ remain stable for all 
230 
 samples at all frequencies ( Fig. 5 B). However, the native and the 

Cl-treated membranes presented slightly higher dissipative prop- 

rties than the OVA-loaded patch, which can be related to their 

ower stiffness. 

.6. Mucoadhesion and residence time of the protein cargo 

The mucoadhesion of the patches was assessed in vivo by visu- 

lization of the membrane lying on the sublingual mucosa 20 min 

fter administration ( Fig. 6 A). The tracking of OVA 

AF647 by fluores- 

ence molecular tomography highlighted the rapidity of dispersion 

f the protein after administration as liquid formulation ( Fig. 6 B). 

uring the first minutes of image acquisition, OVA 

AF647 was al- 

eady distributed along the digestive tract and no signal was de- 

ectable in the mouth after 10 min. When co-administered with 

he patch, OVA 

AF647 was detected as a concentrated signal in the 

outh during at least 30 min. 

.7. Mucosal presentation and penetration of the cargo protein 

The mucosal penetration of OVA 

AF647 was tracked by confocal 

icroscopy. Even though the signal intensity 2 min after admin- 

stration of OVA 

AF647 in liquid form was visible at the mucosal sur- 

ace at high magnification (40x objective, zoom 2, data not shown), 

o signal was detectable in the selected conditions of image ac- 

uisition (40x objective) ( Fig. 7 ). Therefore, no control of liquid 

VA 

AF647 application was performed at the longer time points. On 

he contrary, a clear staining of OVA 

AF647 was observed at the 
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Fig. 5. Mechanical/viscoelastic properties of the patch before and after OVA load- 

ing using the tensile mode. (A) values obtained for E’ and (B) tan δ displayed 

along a multi-frequency scan of 1, 2, 5 and 10 Hz at 25 °C in the dry state. 

Patch: (CHI/HyA) 100 membranes; Patch.HCl: HCl-treated (CHI/HyA) 100 membranes; 

Patch.HCl.OVA: OVA-loaded (CHI/HyA) 100 membranes using HCl treatment. Error 

bars are ± SD. 

Fig. 7. Tissue penetration of OVA AF647 after patch administration. OVA F647 was ad- 

ministrated in liquid form or incorporated into a patch containing fluorescent CHI 

(CHI FITC ). Confocal microscopy pictures of mice tongue sections were taken after 

staining of cell nuclei with DAPI, 2 min after administration of OVA AF647 in solution 

or 2 min, 10 min and 30 min after administration of OVA AF647 incorporated into the 

patch (CHI FITC /HyA) 100 . Dotted lines correspond to the boundaries of the epithelium 

(E): grey lines (left) represent the basal lamina and white lines (right) the mucosa 

border. Arrows correspond to spots of OVA AF647 . Scale bar: 20 μm. 

m

t

w

F

b

a

Fig. 6. Residence time of the patch on the sublingual mucosa. ( A ) Hematoxylin stainin

administration. Scale bar: 100 μm. ( B ) Fluorescence molecular tomography of OVA AF647

detected 2, 10 or 30 min after administration. 

231 
ucosal surface after administration by the patch. OVA 

AF647 en- 

ered the keratinized layer 10 min after patch administration and 

as observed in the epithelium among nucleated cells (red arrows, 

ig. 7 ). The patch was not detectable 30 min after administration 

ut OVA 

AF647 was slightly detectable deeply in the mucosa (white 

rrows, Fig. 7 ). 
g of the sublingual mucosa in contact with the patch (CHI/HyA) 100 , 20 min after 
 in solution or incorporated into the patch (CHI/HyA) 100 . Fluorescent signal was 
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Fig. 8. Preservation of chemoattraction abilities of CCL20 cytokine incorporated into the patch. ( A ) Pictures of CCR6 labeling (green) in DC 2.4 cells stained with DAPI (blue) 

after 24h of CCL20 treatment. Scale bar: 20 μm. ( B ) In vitro chemotaxis ability of CCL20 released from the patch compared to CCL20 in the presence of salivary enzymes. 

A concentration of 25 ng/mL was used to evaluate migration of DC 2.4 cells. Growth medium, salivary enzymes alone and native membranes (CHI/HyA) 100 were used as 

negative controls. Each value provided is the average of triplicates of three independent experiments (N = 3). Statistical significance of differences between groups was 

determined using one-way ANOVA with Tukey’s post hoc test; ns: non-significant, ∗p < 0.05, ∗∗ p < 0.01. Error bars are ± SD. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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.8. Bioactivity of the incorporated protein 

To assess the functionality and bioactivity of a protein incorpo- 

ated in the (CHI/HyA) 100 membrane, a chemoattractant cytokine 

CCL20) was loaded into the assembly and collected after mem- 

rane degradation in artificial saliva. All conditions tested in this 

xperiment were performed in the presence of artificial saliva to 

ssess the bioactivity of the recombinant CCL20 in the present of 

alivary enzymes. The CCL20 cytokine was used as chemoattrac- 

ant for murine DCs that possess the corresponding CCR6 receptor 

 Fig. 8 A). The chemoattractant abilities of the cytokine were pre- 

erved inside the patch as a similar pattern of migration was found 

or CCL20 in solution and CCL20 collected after patch dissolution 

 Fig. 8 B). 

. Discussion 

Sublingual delivery of proteins is a promising alternative to 

er oral administration since it leads to an enhanced pharmacoki- 

etic profile. This type of delivery also presents engaging results 

n allergy treatments as it can allow both local and systemic re- 

ease of the antigens. Here a simple vectorization scaffold is pre- 

ented based on the assembly of two polysaccharides: CHI and 

yA. Both polyelectrolytes are combined by the LbL process. LbL 

ssemblies may have two different growth behavior: linear or ex- 

onential growth; depending on several parameters such as molec- 

lar weight of polyelectrolytes or ionic strength [ 29 , 30 ]. Our results

howed that thickness increased linearly with the number of layers 

 Fig. 1 B), probably due to the high molecular weight of the poly- 

ers limiting their diffusion into the assembly. 

Deposition of a hundred of bilayers of CHI and HyA with short 

eposition time permits to obtain a freestanding membrane with a 

hickness of around 12 μm ( Fig. 1 B and 1 C). CHI was chosen as first

nd last layer for its mucoadhesive properties due to its positive 

harges interacting with negatively charged proteins of the mucus. 

The choice of polysaccharides was motivated by the presence in 

he saliva of enzymes able to decompose these biomolecules by the 

egradation of glucosidic bonds (mainly α-amylase, hyaluronidase 

nd lysozyme). Surprisingly, by shortening the time of the buildup 

rocess (short cycles: 3 min in polymer solution and 2 min of rins- 

ng solution or long cycle: 6 min in polymer and 4 min in washing

uffer) higher homogeneity in the thickness of the membranes was 
232 
btained ( Fig. 1 C). Those “short-cycles membranes” also present a 

aster degradation by artificial saliva during the first hour of con- 

act with enzymes ( Fig. 1 F, insert). Interestingly, variation of the 

olecular weight of HyA (610 kDa or 1020 kDa) did not affect 

rastically the thickness of the membranes nor their kinetic of 

egradation ( Fig. 1 C and 1 F). Being both large molecules, the dif- 

erence in molecular weight did not affect the process of assembly 

f the membranes. Different types of polycations can be used in 

he membranes: CHI and VIS, a chitin-derived polysaccharide that 

resents a distinctive distribution of the N-acetylated groups. As 

t allows a slower degradation of the membrane (Figure S1B), CHI 

as purposefully chosen upon VIS in order to enhance the time of 

ontact with the mucosa and lead to a slower release of the in- 

orporated proteins. Additionally, the degradation time of the free- 

tanding membranes could probably be increased by an additional 

rosslinking step [31] . 

Even though polymers, or the combination of polymers, can be 

onsidered as safe in terms of cell activity ( Fig. 2 ), the systemic re-

ponse of a tissue to a biomaterial can be visualized by an inflam- 

atory response. Inflammation results in mucosa swelling due to 

iquid and immune cell infiltration. Mucosa thickness was there- 

ore investigated as well as MHC-II + immune cells recruitment af- 

er membrane administration. As positive control, DNFB, an aller- 

en known to promote inflammatory response in the oral cavity 

ucosa [ 28 , 32 , 33 ], was administered under the tongue of mice.

emarkably, the DNFB-induced mucosa swelling was concomitant 

ith a decrease in the number of MHC-II + immune cells in the 

issue 30 min after DNFB administration. This decrease could be 

ue to the presence of an oedema ( Fig. 3 C) and the migration

f antigen-presenting cells to lymphoid organs. The recruitment 

f circulating immune cells in the tissue can be observed by the 

ncreased number of MHC-II + cells 2h after DNFB administration 

Figure S2B) as described after DNFB administration onto the inner 

aces of mice cheeks [33] . 

In the case of patch administration, neither the overall thick- 

ess of the mucosa nor the number of MHC-II + cells were af- 

ected ( Fig. 3 A, 3 B and 3 C). MHC-II + cells (DCs, B lymphocytes

nd macrophages) are sensor cells mostly residing within the mu- 

osa. Together with epithelial cells, they are able to secrete pro- 

nflammatory cytokines to recruit resident or circulating immune 

ells locally. Six hours after patch administration, no persistence 
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b

e

f the inflammatory response was detected, as the profile of pro- 

nflammatory cytokines IL-1 β , IL-6 and TNF- α was found to be 

imilar as compared with PBS administration ( Fig. 3 D, 3 E and 3 F).

hese results highlighted the absence of inflammatory response 

ue to the presence of the freestanding membrane whereas the 

NFB show a persistence of pro-inflammatory cytokines. 

The modulation or collapse of electrostatic interactions between 

he polyelectrolytes according to the pH also permitted the func- 

ionalization of the membranes by proteins. The native membranes 

oaded with protein were then called bioactive patches ( Scheme 1 ). 

The fluorescent model protein OVA 

AF647 was integrated in the 

embrane at pH 3 with an incorporation efficiency of around 98% 

hat was maintained around 94% after 2h of rinsing with acetate 

uffer (pH 5.5) ( Table 1 and Fig. 4 A). Being the buffer used for

embrane production, this solution would be an adapted candi- 

ate for the storage of the membranes in hydrated conditions. On 

he contrary, rinsing with PBS (pH 7.4) led to an incorporation of 

round 94%, and decreased to 69% after a 2 h-rinsing ( Table 1 and

ig. 4 A). The PBS-induced decrease in the entrapment efficiency is 

robably due to the high pH variation and ionic strength leading 

o the swelling of the membrane and subsequent disruption. This 

welling could have avoided a full recovery of the initial physico- 

hemical properties and subsequently led to protein leakage. The 

n vitro release of the protein when membrane is degraded by 

alivary enzymes after incorporation in HCl was 35% within 2 h 

 Fig. 4 A) and more than 90% after 24 h ( Table 1 ) highlighting the

elivery efficiency of the system. As demonstrated in Fig. 4 B and 

 C, by adding a drop on the top of the membrane, the protein

n HCl pH 3 was diffusing along the thickness of the assembly, 

orming a gradient with the highest concentration at the surface. 

y this effect, the patch became asymmetrical: with most of the 

rotein at the surface, the directionality of the protein delivery to- 

ards the mucosa was controlled. Notably, the protein gradient al- 

owed to avoid the addition of a backing layer protecting from pro- 

ein leakage from the opposite side. In contrast, no gradient was 

bserved by protein incorporation in NaCl (symmetric patch) (Fig- 

re S3B and S3C). The high incorporation rates of OVA 

AF647 in the 

atch either by incubation in HCl or NaCl open the possibility to 

ncorporate a wide range of proteins that could be pH-sensitive 

nd face denaturation at low pH. 

Altogether, the release results provided a representation of the 

elivery profile mainly due to enzymatic degradation and pH vari- 

tion. However, we can assume that, in vivo , some other mech- 

nisms (for instance the mechanic forces due to mastication or 

wallowing) will intervene in the degradation process and there- 

ore the release might be accelerated [34] . 

Protein incorporation modified the mechanical properties of the 

atch and led to an increase in stiffness (elastic modulus, E’ ) from 

 GPa to 4 GPa ( Fig. 5 A) that did not modify the handling proper-

ies of the patch. Previous work suggested that higher stiffness can 

esult in a rapid burst release of the molecules loaded in films [35] .

n addition, the values of around 0.1 for tan δ ( Fig. 5 B) reflected a

iscoelastic performance, which is important for biomedical appli- 

ations, since the living tissues and their biological constituents are 

lso viscoelastic [36] . 

Once administered sublingually to mice, the membrane adapted 

ts shape to the sublingual tissue ( Fig. 6 A) and was not visible

y naked eye. The mucoadhesive properties of CHI were shown 

o be principally due to the electrostatic interaction between the 

ositively charged amines on the polymer chains and the nega- 

ive sialic acid residues on the mucin glycoprotein [ 37 , 38 ]. Besides,

s the freestanding membrane was applied dry, suction forces in- 

uced by water uptake probably play a crucial role in mucoadhe- 

ion [16] . 

As illustrated in Fig. 6 B, OVA 

AF647 delivered by the patch was 

etected as a concentrated signal in the mouth during at least 
233 
0 min, with mice let free to swallow and groom between the 

ime points in order to closely mimic natural behavior. On the op- 

osite, the liquid formulation was quickly washed-out in the saliva 

nd disseminated through the digestive tract (signal already faint 

0 min after administration of the liquid). These results highlighted 

he poor control of the administered liquid formulation and the re- 

uirement of animal contention to avoid swallowing. Indeed, the 

ommon procedure used for sublingual liquid administration in- 

ludes a time of contention of the mice with heads maintained in 

nteflexion for 20 to 30 min to avoid swallowing [39–41] . Thus, 

y limiting animal manipulation, the use of a mucoadhesive patch 

mproves animal wellbeing, simplifies the procedure of administra- 

ion and would facilitate clinical translation. 

As observed by confocal microscopy 2 min after administra- 

ion, OVA 

AF647 signal at the mucosal surface is higher when de- 

ivered by the patch as compared to solution ( Fig. 7 ), probably due 

o a local accumulation of the protein within the tissue and re- 

uced wash-out of the protein in the saliva. The absence of sig- 

al of OVA 

AF647 delivered in liquid dosage may be explained by 

he administration protocol that did not include animal contention 

o avoid swallowing. Notably, 10 min after protein administration 

ith a patch, OVA 

AF647 already penetrated into the sublingual ep- 

thelium that contains nucleated cells (red arrows, Fig. 7 ). The 

apid penetration of OVA 

AF647 into the tissue can be explained by 

he permeation properties of CHI upon administration on the mu- 

osa, as already described [ 9 , 22 ]. CHI could have permeabilized the 

issue and facilitate passive protein penetration. These properties 

f the patch could thus avoid the use of chemical penetration en- 

ancers such as sodium deoxycholate in the development of sub- 

ingual delivery platforms [11] . Therefore, it can be hypothesized 

hat the co-delivery of the protein with patch fragments and es- 

ecially CHI could improve protein penetration within the tissue, 

llowing a better delivery of the biomolecule. Moreover, this effect 

ould be intensified with the enhanced retention time induced by 

he mucoadhesion of the membrane ( Fig. 6 ). Indeed, even though 

he membrane does not appear on the images 30 min after admin- 

stration (probably due to its degradation), the protein is present 

nd is distributed deeply within the tissue (white arrows, Fig. 7 ). 

he decrease of protein fluorescence signal 30 min after adminis- 

ration could be explained by the clearance of the protein within 

he tissue and its uptake by immune cells such as APCs. 

Besides efficient release, a protein delivery carrier has to 

resent protective effect towards the cargo protein by maintain- 

ng its bioactivity. The use of a chemotactic cytokine (CCL20) in- 

orporated into a (CHI/HyA) 100 membrane showed a preservation 

f the chemoattractant properties of the cytokine after release in 

he in vitro setting of enzymatic degradation ( Fig. 8 B). As a mat-

er of fact, the use of polysaccharides that are components of the 

xtra-cellular matrix would provide the biomaterial with the same 

roperties, such as natural affinity of polysaccharides, and espe- 

ially glycoaminoglycans, towards proteins [42] . Studies by circular 

ichroism measurements showed that the secondary structure of 

VA in dry CHI film was partially preserved and that OVA was re- 

eased under its native conformational form [43] . Additionally, the 

rotective effect of polysaccharide based-LbL assemblies was also 

ighlighted by Gilde et al. [44] where the preservation of the con- 

ormation of the growth factor BMP-2 was described by FTIR spec- 

roscopy. Protective effect of protein bioactivity by LbL assemblies 

as attributed to the ‘protein-friendly’ environment provided by 

he high water content and porosity [45] . 

. Conclusion 

The development of a mucoadhesive patch made by LbL assem- 

ly of polysaccharides would open great promise as protein deliv- 

ry carrier at mucosal sites. Here, we described that the loading of 
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CHI/HyA) 100 freestanding membrane with the model protein OVA 

llowed an extended time of contact between the protein and the 

ucosa. As compared to a liquid formulation, the patch improved 

he amount of protein delivered through the mucosa. Besides, the 

dministration of the patch being a simple procedure avoiding an- 

mal contention, its use could improve and facilitate the current 

rotocols of sublingual administration. 
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