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Highlights  

 Stability of chitosan/PEO nanofibers in water depends on the DDA of chitosan. 

 Chitosan interacts strongly with mucin from bovine submaxillary glands.  

 Chitosan with the highest DDA (96%) interacts most strongly with mucin.  

 Swelling of chitosan/PEO nanofibers induces adhesion to sublingual mucosa. 

 

Abstract  

Mucoadhesive chitosan-based electrospun nanofibers are promising candidates for overcoming challenges 

associated with sublingual drug delivery, yet studies focusing on evaluating the mucoadhesive properties of 

nanofibers for sublingual administration are limited. The aim was to elucidate the mucoadhesive properties 

of chitosan/polyethylene oxide (PEO) nanofibers focusing on how the degree of deacetylation (DDA, 53-

96%) of chitosan influenced their morphological and mucoadhesive properties. The mechanism of 

mucoadhesion was explained by the intermolecular interactions of chitosan with mucin from bovine 

submaxillary glands using quartz-crystal microbalance with dissipation monitoring and by adhesion of the 

nanofibers to ex vivo porcine sublingual mucosa. An increase in chitosan DDA improved the morphological 

stability of the nanofibers in water, but did not contribute to altered mucoadhesive properties. This study 

demonstrates excellent mucoadhesive properties of chitosan/PEO nanofibers and shows that the strong 

mucoadhesiveness of the nanofibers is attributed to their swelling ability.  

 

Keywords: Mucoadhesion, electrospun nanofibers, chitosan, sublingual drug delivery 
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1. Introduction 

The mucosa in the oral cavity is an attractive site for drug delivery of highly gastro-intestinal or 

hepatic first passage metabolized compounds as it is easily accessible, can be applied by non-invasive 

means and the tissue underlying the epithelium is highly vascularized with blood supply 

circumventing the liver. The epithelium on the ventral side of the tongue is only 8-12 cell layers in 

thickness and non-keratinized, which makes the sublingual tissue significantly more permeable than 

e.g. the buccal or gingival mucosa (Kraan et al., 2014; Squier & Kremer, 2001; Teubl et al., 2013) 

and thus a relevant site for absorption of poorly permeable drug molecules. However, the sublingual 

epithelium is still a significant barrier for drug absorption (Rathbone, Drummond, & Tucker, 1994). 

In addition, sublingual drug delivery is challenged by a continuous flow of saliva, which leads to loss 

of drug by washout and swallowing (Rathbone et al., 1994). 

Drug permeation is highly dependent on the residence time and the concentration gradient of drug 

across the epithelium (Khutoryanskiy, 2011). Mucoadhesive drug delivery systems that facilitate 

release of drug for a prolonged period of time at the site of application, and thereby maintain a high 

drug concentration gradient across the tissue, will improve the total drug permeation through the 

mucosa. Encapsulation of drugs in innovative drug delivery systems may also further protect the drug 

from degradation and washout by saliva, as well as control the drug release kinetics. With the right 

design, improvement of systemic bioavailability of the drug and, importantly, patient convenience 

can be achieved by sublingual administration compared to injection of e.g. peptide drugs. 

Furthermore, for local therapy in the oral cavity, mucoadhesion can increase retention at the 

application site, potentially result in a lower required total dose for site-specific delivery, and reduce 

side effects caused by drug exposure to off-target sites such as the gastro-intestinal tract upon 

swallowing. 
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Electrospun nanofibers have a high surface-area-to-volume ratio, tunable surface structures, facilitate 

controlled drug release and provide great prospects for industrial scale up (Chronakis, 2010). 

Nanofibers thus provide an opportunity for overcoming the challenges associated with sublingual 

drug delivery and can potentially improve the delivery of not only small molecules, but also 

biopharmaceuticals such as peptides via the sublingual route. Nanofibers have been explored for 

oromucosal drug delivery of amongst others small molecule drugs for local anesthesia (Clitherow et 

al., 2019), nanoparticles for vaccination (Mašek et al., 2017), as well as insulin for transbuccal 

delivery (Lancina, Shankar, & Yang, 2017). However, research has rarely focused on evaluating and 

improving the mucoadhesive properties of electrospun nanofibers for sublingual drug delivery. 

Chitosan is a biopolymer derived from deacetylation of chitin and consists of N-acetyl-D-glucosamine 

and D-glucosamine. The degree of deacetylation (DDA) is highly important for the physicochemical 

properties of chitosan and affects the biological performance of the polymer. Amongst a plethora of 

favorable biomedical properties, chitosan is well known to be hygroscopic with good swelling 

abilities, and the polymer is therefore extensively explored for its excellent mucoadhesive properties. 

Furthermore, the amino groups of chitosan are protonated under acidic conditions and interacts 

strongly with the negatively charged mucins expressed on epithelial mucosal surfaces and in saliva 

(Ways, Lau, & Khutoryanskiy, 2018). The number of amino groups of chitosan and thus the cationic 

charge density of chitosan is dependent on the DDA of the polymer. Various mucoadhesive drug 

delivery systems based on chitosan have been reported such as nanoparticles, hydrogels and also 

nanofibers intended for mucosal drug delivery (Bernkop-Schnürch & Dünnhaupt, 2012; Lancina et 

al., 2017). Electrospinning of neat chitosan has previously only been achieved in highly acidic 

dispersion such as 90% acetic acid (Geng, Kwon, & Jang, 2005), in trifluoroacetic acid (TFA) and in 

combination with volatile organic solvents such as dichloromethane (Ohkawa, Cha, Kim, Nishida, & 

Yamamoto, 2004). As recently demonstrated and as a more patient-friendly alternative, chitosan-
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based nanofibers can be electrospun under safe conditions applying only biocompatible excipients 

‘generally recognized as safe’ by the US Food and Drug Administration (FDA) by including a water-

soluble co-spinning polymer such as polyethylene oxide (PEO) and dilute aqueous acidic acid as a 

solvent (Duan, Dong, Yuan, & Yao, 2004; Stie et al., 2019). 

In this study, chitosan/PEO nanofibers containing chitosan of various DDA (53-96%) were produced 

by electrospinning, their morphology characterized by scanning electron microscopy (SEM) and the 

composition confirmed by Fourier-transform infrared spectroscopy with attenuated total reflection 

(FTIR ATR). The objective of this study was to explore the mucoadhesive properties of electrospun 

chitosan/PEO nanofibers specifically for sublingual administration. We hypothesized that the 

properties of the electrospun chitosan-based nanofibers, e.g. the morphological stability in water, 

depend on the DDA of chitosan. Also, it was hypothesized that the DDA of chitosan affects the 

interaction of the polymer with mucin derived from bovine submaxillary glands due to a higher 

cationic charge density of chitosan. A systematic and comparative study was conducted to investigate 

the biophysical interaction of chitosan with an immobilized mucin layer by quartz crystal 

microbalance with dissipation monitoring (QCM-D). We demonstrate that chitosan/PEO nanofibers 

possess strong adhesion to porcine sublingual mucosa ex vivo by measuring the work of adhesion and 

that the mucoadhesive properties mainly relates to extraordinary swelling properties of the 

chitosan/PEO nanofibers.  
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2. Materials and methods 

2.1 Materials 

Chitoceuticals chitosan 70/100 (DDA 71%, Mw 100-250 kDa, chitosan-71), chitosan 80/100 (DDA 

82%, Mw 100-250 kDa, chitosan-82), and chitosan 95/100 (DDA 96%, Mw 100-250 kDa, chitosan-

96) was purchased from Heppe Medical Chitosan (Halle, Germany); According to the manufacturer, 

all chitosans were produced from raw materials of pharmaceutical quality grade. Chitosan was 

acetylated from chitosan 95/100 to obtain chitosan-53 (DDA 53%, Mw-100-250 kDa, chitosan-53, 

purity >97%) (Supporting Information). PEO (Mw ~900 kDa, contained ≤1% alkalies and other 

metals), mucin from bovine submaxillary glands type I-S, acetic acid anhydride (Ph.Eur. ≥99%), 

pyridine (≥99%), Hank’s balanced salt solution (HBSS), Dulbecco’s phosphate buffered saline 

(PBS), Dulbecco’s modified Eagle’s medium (DMEM), glutamine, penicillin, streptomycin, 

phenazine methosulfate (PMS), glycerol (≥99.5%), tributyl O-acetylcitrate (98%), ethyl cellulose 

(48-49.5% (w/w) ethoxyl basis), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC), N-hydroxysuccinimide (NHS), ethanolamine hydrochloride (ETA-HCl) and 11-

mercaptoundecanoicacid (MUA) were obtained from Sigma Aldrich (St. Louis, MO, USA). Fetal 

bovine serum (FBS) was purchased from PAA laboratories (Brøndby, Denmark). N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) was from PanReac AppliChem 

(Damstadt, Germany). 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) (MTS) was obtained from Promega (Madison, WI, USA). Acetic acid 

(glacial, 100%), acetone (HPLC grade, ≥99.9%) and ethanol (96%) were purchased from VWR 

Chemicals BDH (Søborg, Denmark). The human TR146 cell line was obtained from European 

Collection of Authenticated Cell Cultures (ECACC) (Public Health England, Porton, UK).   
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2.2 Production and characterization of electrospun chitosan/PEO nanofibers 

The nanofibers were produced according to Stie et al., (2019) with small modifications. In short, 

dispersions of chitosan with various DDA and PEO were prepared in ultrapure water (18.2 MΩ × cm, 

purified by a PURELAB flex 4, ELGA, High Wycombe, UK) at concentrations of 2% (w/w) and 4% 

(w/w), respectively. The chitosans were dispersed in ultrapure water with 0.7% (w/w) acetic acid. 

Both dispersions were stirred for two days at room temperature (RT) to ensure complete hydration of 

the polymers prior to electrospinning. Chitosan and PEO dispersions were mixed for 30 min to obtain 

a 1:1 (w/w) ratio of the polymers before electrospinning. Nanofibers were produced by 

electrospinning on an ES50P-10W high voltage source applying 20 kV at 21-25 oC and at low 

humidity (<25% relative humidity) from a 1 mL syringe with a 20 G blunt needle (Photo-Advantage, 

Ancaster, ON, Canada). The nanofibers were electrospun for 3 hrs and collected on aluminum foil on 

a stainless steel collector plate placed 15 cm from the needle tip.  

Visualization of the morphology of the nanofibers by SEM and composition analysis conducted by 

FTIR of the nanofibers was carried out as previously described by Stie et al., (2019). The nanofibers 

were visualized under a Phenome Pro X scanning electron microscope (Phenomworld, Eindhoven, 

The Netherlands). The diameters of the nanofibers were measured by ImageJ version 1.51j8 software 

(National Institute of Health, Bethesda, MD, USA). FTIR was performed on a Bomem MB-Series 

spectrophotometer (Bomem, Québec, QC, Canada) with an Arid-Zone™ light source spectrometer 

based on a universal FTIR sensor equipped with DuraScope diamond ATR (SensIR Technologies, 

Danbury, CT, USA).   Jo
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2.3 Preparation of hydrophobic film as non-mucoadhesive control 

A hydrophobic film, a non-mucoadhesive control sample, was produced by dispersing 141 mg acetyl 

tributyl citrate, 47 mg glycerol, and 750 mg ethyl cellulose in 15 mL acetone. After stirring for at 

least 3 hrs at RT, 10 mL was left to dry at RT in a Petri dish.  

2.4 Weight loss of nanofibers after exposure to water 

The weight loss was determined for 2 mg (± 10%) nanofibers and for discs of 10 mm in diameter of 

the hydrophobic film (minitial) placed in metal baskets submerged in 3 mL warm (37 oC) ultrapure 

water and incubated for 3 hrs at 37 oC with mild shaking (50 rpm) on a shaking table (Thermo MaxQ 

2000, Thermo Fisher Scientific, West Palm Beach, FL, USA) with a custom-built chamber connected 

to a water bath for temperature control. The baskets were drawn from the water and gently blotted on 

filter paper to remove water, and the fibers were left to dry until constant weight (mfinal) at RT in a 

fume hood. The weight loss was determined (Eq. 1).  

Weight loss (%) =
mintial−mfinal

minitial
∙ 100%  Eq. 1 

where minital is the initial dry weight of the sample and mfinal is the final weight of the sample after 3 

hrs in water and subsequent drying. 

2.5 Evaluation of intermolecular interactions of chitosan of varying DDA with mucin from 

bovine submaxillary glands by QCM-D 

Mucin from bovine submaxillary glands was suspended at a concentration of 0.5 mg/mL in 10 mM 

acetate buffer pH 4.0 at RT, and stored overnight at 4 oC. Chitosans (0.2 mg/mL) of various DDA 

were dispersed in 0.5% (v/v) acetic pH 5.0 overnight at RT by gentle stirring. The QCM-D 

measurements were performed on a E4 Q-sense (Bioline Scientific, Gothenburg, Sweden) according 

to Wan et al. (2018) with a few modifications. In short, the quartz crystals were immobilized with 

mucin from bovine submaxillary glands by chemical conjugation by the amine-coupling method 
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(Mazzarino, Coche-Guérente, Lemos-Senna, & Borsali, 2014). The flow rate was 50 µL/min at all 

times and the temperature was kept at 37 oC. Firstly, the gold-coated quartz crystals were 

functionalized with carboxylic acid (SAM-COOH) by incubation with 1 mM MUA in ethanol for 12 

hrs at RT followed by rinsing in ethanol and drying. In the QCM-D chambers, the conjugation of 

mucin from bovine submaxillary glands to the sensors was achieved by exposing the sensors to 200 

mM EDC and 50 mM NHS followed by rinsing in ultrapure water. After rinsing the sensors with 10 

mM acetate buffer pH 4.0, they were exposed to 0.5 mg/mL mucin from bovine submaxillary glands 

in 10 mM acetate buffer pH 4.0 for 30 min. The sensors were again rinsed with 10 mM acetate buffer 

pH 4.0 followed by deactivation of unreacted NH-ester by 1 M ETA-HCl in 10 mM Tris buffer pH 

8.5 for 30 min. Finally, prior to the interaction study, the mucin-covered sensors were rinsed firstly 

in 10 mM acetate buffer pH 4.0 for 15 min followed by rinsing in 87.9 mM acetate buffer pH 5.0 for 

15 min and then exposed to 0.2 mg/mL of chitosans in 87.9 mM acetate buffer pH 5.0 of various 

DDAs for 15 min. The sensors were subsequently rinsed in 87.9 mM acetate buffer pH 5.0 for at least 

15 min. 

2.6 Compatibility of electrospun chitosan/PEO nanofibers to human buccal TR146 cell 

monolayers  

The viability of TR146 cells after exposure to nanofibers was evaluated by the MTS/PMS 

colorimetric assay as previously described (Stie et al., 2019). Briefly, TR146 cells were cultured in 

Corning Costar® polystyrene culture flasks (175 cm2, Sigma Aldrich, St. Louis, MO, USA) in 

DMEM supplemented with FBS (10% (v/v)), L-glutamine (2 mM), penicillin (100 U/mL) and 

streptomycin (100 µg/mL) in a humidified environment at 37 °C with 5% CO2. A total of 100,000 

TR146 cells/well were seeded in flat-bottom, transparent 12-well Nunclon™ delta cell culture-treated 

plates (Thermo Scientific, Roskilde, Denmark) and cultured for 72 hrs at the aforementioned 

conditions attaining a confluency of 70-90 %. The cells were washed twice in 2 mL 37 °C hHBSS 
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(HBSS with 10 mM HEPES adjusted to pH 6.8). The cells were exposed to nanofiber discs of 1.5 mg 

(± 10%) submerged in 1.5 mL hHBSS and incubated for 3 hrs at 37 °C. After exposure, the nanofibers 

were removed and the cells were washed twice with 2 mL warm (37 °C) hHBSS. The cells were then 

incubated at 37 °C for up to 120 min with 1 mL reagent solution containing 240 µg/mL MTS and 2.4 

mg/mL PMS in hHBSS buffer. Subsequently, 100 µL samples in quadruplicate of the metabolized 

solution were transferred from each well to a transparent 96-well plate and the absorbance at 492 nm 

was measured in a plate reader (POLARstar OPTIMA, BMG LABTECH, Ortenberg, Germany). The 

absorbance of the unreacted MTS/PMS solution was defined as the blank (Absblank), while the control 

was defined as cells incubated with hHBSS (Abscontrol, 100% cell viability). The relative cell viability 

was determined (Eq. 2):  

Relative cell viability (%) =
Abssample−Absblank

Abscontrol−Absblank
· 100 %  Eq. 2 

2.7 Assessment of the adhesion of chitosan/PEO nanofibers to ex vivo porcine sublingual mucosa 

Tongues and ears originating from healthy experimental pigs (approximately 30-60 kg, Danish 

Landrace/Yorkshire/Duroc) was collected immediately after euthanization and kept in PBS on ice 

until use on the same day as harvesting of the tissue. The tongues were trimmed to remove underlying 

tissue and the skin from the back of the ears was gently shaved. The ventral side of the tongues and 

the skin from the back of the ears were cut to a thickness of 0.25-0.50 mm with an Electric Dermatome 

(Zimmer Biomet, Albertslund, Denmark) and immediately mounted on microscopy glass slides using 

Loctite Power Flex gel (Henkel, Ballerup, Denmark) and kept submerged in PBS on ice until 

measurements. Adhesion testing was conducted on a TA.XT plus texture analyzer (Stable Micro 

Systems, Godalming, UK) employed with a 50 N load cell at RT. Discs of a size of 10 mm consisting 

of either nanofibers or hydrophobic film were cut with a biopsy puncher and mounted on the probe 

using double-sided tape. For tests on ‘dry tissue’, excess buffer on the tissue was removed gently with 
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filter paper prior to the analysis. The samples were placed in contact with the tissue for 10 s by 

applying a force of 500 g, and then withdrawn with a speed of 10 mm/s. The work of adhesion was 

determined as the area under the recorded force versus distance curve using the Exponent software 

(Stable Micro Systems, Godalming, UK).  

2.8 Swelling of chitosan/PEO nanofibers 

The swelling was determined for a disc of 10 mm in diameter of either nanofibers or the hydrophobic 

film retained in metal baskets submerged in 3 mL ultrapure water for 15 min at RT. The baskets were 

drawn from the water and gently blotted on filter paper to remove excess water and the adsorption of 

water was determined immediately by Eq. 3: 

Swelling (%) =
mfinal−mintial

minitial
∙ 100%  Eq. 3 

where minital is the initial dry weight of the sample and mfinal is the final weight of the sample after 15 

min in water. 

2.9 Wettability of tissue by contact angle measurements 

Thin sections of porcine sublingual mucosa or skin were cut and mounted on glass slides as described 

above. Excess PBS on the surface of the tissue was gently removed using filter paper. Contact angle 

measurements were performed at RT on a Krüss G2 angle meter (Krüss, Hamburg, Germany) by 

applying a standing drop of PBS from a 13 G needle on the tissue and measuring the contact angle 

for the sessile drop with manual baseline fitting using the Drop Shape Analysis software (version 

1.90.0.22, Krüss).  Jo
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3. Results and discussion 

3.1 The DDA of chitosan does not affect the morphology of electrospun chitosan/PEO 

nanofibers in their dry state  

The effect that the DDA of chitosan on the morphology of chitosan/PEO nanofibers prepared by 

electrospinning was evaluated by comparing chitosan/PEO nanofibers with chitosan of DDA of 53%, 

71%, 82% or 96%, respectively. The chitosan to PEO ratio (w/w) of the nanofibers were 1:1. In all 

cases, smooth and uniform nanofibers were obtained after electrospinning (Figure 1A). The DDA of 

chitosan did not affect the size of chitosan/PEO nanofibers electrospun under the selected conditions 

(Figure 1B). In contrast, Mendes et al., (2018) reported that a small decrease in chitosan DDA from 

12% to 6% induced a doubling of the diameter of electrospun chitosan/phospholipid fibers. The 

authors attributed the effect of chitosan DDA on fiber morphology to an increased flexibility of 

chitosan with increasing DDA (Mendes et al., 2018). The flexibility and charged state of the polymer, 

which is dependent on the number of repulsive positive charges, can affect its degree of entanglement; 

a very important property for the electrospinning process.(Shenoy, Bates, Frisch, & Wnek, 2005) The 

nanofibers presented by Mendes et al., (2018) consisted of chitosan and phospholipid (asolectin), and 

the solvent for electrospining was TFA:dichloromethane (30:70) (Mendes et al., 2018). In contrast, 

to avoid such strong acids and toxic organic compounds, the present chitosan-based nanofibers 

(Figure 1) were electrospun with PEO as a co-spinning polymer in an aqueous dispersion with dilute 

aqueous acetic acid (0.7% w/w) as a solvent. Thus, it is evident that solution properties (e.g. viscosity 

and conductivity) in addition to process and ambient conditions have strong impact on the 

electrospinning process and hence on the resulting nanofiber morphology (Chronakis, 2010).  Jo
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A    

Chitosan-53/PEO Chitosan-71/PEO Chitosan-82/PEO Chitosan-96/PEO 

    

 
B 

   

    
Figure 1. Morphology of chitosan/PEO nanofibers with chitosan of various DDA. A) Representative SEM images of electrospun 

chitosan/PEO nanofibers with chitosan of various DDA (53%, 71%, 82% or 96%). 10,000x magnification. B) Size distribution of 

electrospun chitosan/PEO nanofibers with chitosan of various DDA. Mean diameters ± standard deviations (SD) are given. N=3, n=100, 

where N represents the number of individual fiber mats and n is the numbers of individual fibers measured per fiber mat. 

FTIR analysis with ATR confirmed the presence of chitosan and PEO in the nanofibers prepared by 

electrospinning of chitosan with various DDA and PEO in accordance with Stie et al., (2019). 

Chitosan is amongst others characterized by C-N stretching at 1000 cm-1 (Figure 2A). A clear doublet 

at 1650 cm-1 (amide I) and 1550 cm-1 (amide II) is present in the spectra of chitosan-53 and for 

nanofibers consisting hereof (chitosan-53/PEO, Figure 2B). The absorption from the amide bond in 

these regions of the spectrum weakens as the DDA of chitosan increases. In addition, a single peak 

at 1590 cm-1 appears in the FTIR spectrum as the DDA of chitosan increases (chitosan-96, Figure 

2B), which is characteristic for the N-H bending of the amine (Feng, Liu, Zhao, & Hu, 2012). PEO 

is clearly identified by the C-O-C stretching at 1100 cm-1 in the FTIR absorbance spectrum.   Jo
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A 

 

B 

 

Figure 2. Composition analysis by FTIR with ATR of electrospun chitosan/PEO nanofibers prepared with chitosan of various 

DDA. A) Representative FTIR spectra of acetic acid, PEO, chitosan-53, chitosan-96 and electrospun chitosan/PEO nanofibers 

consisting of chitosan with various DDA (53%, 71%, 82% or 96%). B) Representative FTIR with ATR spectra in the region of 1700-

1500 cm-1 of chitosan-53, chitosan-96 and chitosan/PEO nanofibers electrospun with chitosan of various DDA. N=2, n=2, where N 

represents the number of individual samples, and n is the numbers of measurements per sample. 

3.2 Morphological stability of wetted chitosan/PEO nanofibers is dependent on the DDA of 

chitosan 

PEO is a water-dispersible polymer, and neat PEO nanofibers disintegrate completely within minutes 

when exposed to water (Stie et al., 2019). Nanofibers consisting of chitosan with a DDA of 53%, 

71%, 82% or 96% all displayed an average weight loss of 49-53%, which corresponds to the content 

of PEO in the nanofibers (Figure 3A); chitosan-53/PEO showed lowest reproducibility (i.e. larger 

SD) in weight loss after exposure to water compared to the other chitosan nanofibers tested. 

Supporting this, we have previously demonstrated that after exposure to water, PEO is completely 

removed from chitosan/PEO nanofibers made with 30% (w/w) chitosan-96 resulting in neat chitosan 

nanofibers (Stie et al., 2019). Interestingly, some of the chitosan/PEO nanofibers lost their fibrous 

structure completely (chitosan-53/PEO and chitosan-71/PEO) or partially (chitosan-82/PEO), when 

exposed to water for 3 hrs. In contrast, chitosan-96/PEO nanofibers containing chitosan with the 

highest DDA used in this study retained their structure after a 3 hrs exposure to water (Figure 3B). 
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To explain the loss of fibrous structure with decreasing DDA of chitosan after exposure of the 

nanofibers to water, it is important to realize that chitosan with a high DDA is dispersible only in 

slightly acidic medium (pH<6) and not at neutral pH, whereas chitosan with a DDA of around 50% 

is dispersible at neutral pH (Sogias, Khutoryanskiy, & Williams, 2010). The solid state of chitosan is 

closely related to the ability of the polymer to be dispersed in water (Sogias et al., 2010). Chitosan 

with a high DDA has a high degree of crystallinity and is therefore less soluble at neutral pH in 

comparison to half-acetylated chitosan, which, by use of X-ray diffraction, was shown to be the least 

crystalline compared to chitosans of higher DDAs, and half-acetylated chitosan therefore had the best 

dispersability at neutral pH (Sogias et al., 2010).  

 Chitosan-53/PEO Chitosan-71/PEO Chitosan-82/PEO Chitosan-96/PEO 

 

    
Weight 

loss 
53±11% 50±1% 50±2% 49±3% 

     
Figure 3. Aqueous stability of chitosan/PEO nanofibers electrospun with chitosan of various DDA. Representative SEM images 

(dry) and weight loss of chitosan/PEO nanofibers electrospun with chitosan of various DDA (53%, 71%, 82% or 96%) after exposure 

to water for 3 hrs. 10,000x magnification. Weight loss is given as mean ± SD, N=3, where N is the number of individually prepared 

nanofiber mats tested. 

For a number of proposed medical applications of electrospun nanofibers, tuning of the 

morphological stability upon wetting with aqueous medium is crucial. For example, electrospun 

nanofibers have gained much interest in the field of regenerative medicine due their three-dimensional 

structure and porosity allowing for exchange of nutrients and waste. The fibrous network resembles 

the extracellular matrix and has therefore been proposed as scaffolds to facilitate cell penetration, 

proliferation and differentiation (Qasim et al., 2018). In addition, chitosan-based nanofibers have 

been proposed as wound dressings as the airy, semi-permeable and porous network of nanofibers 
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allow exchange of gas and water between the wound and the surrounding tissue. As an example, 

chitosan/PEO nanofibers with chitosan of DDA of 85% were shown to stimulate skin regeneration in 

patients suffering from IIIa and IIIb degree burns (Kossovich, Salkovskiy, & Kirillova, 2010). 

Nanofibers electrospun from chitosan with a high DDA may therefore be superior to chitosan with 

low DDA to maintain their fibrous network when exposed to a moist environment. For sustained and 

controlled release of an encapsulate drug, drug delivery systems with improved water stability is 

preferred to allow a longer duration of drug release, as for example demonstrated by Laha et al., 

(2017), who achieved zero-order drug release from water-stable multilayered gelatin nanofibers 

during 48 hrs (Laha et al., 2017). Films and tablets that disintegrate fast when exposed to water are 

beneficial for treatments that require a fast onset of action and can be taken with very little or no water 

as for example fastmelt tablets with analgesics or antiphychotics (e.g. Zyprexa®). Differences in the 

morphological stability of the nanofibers in aqueous medium may have significant effects on the drug 

release kinetics. This property could provide a possibility for tuning chitosan/PEO nanofibers to an 

optimal release profile by varying the DDA of chitosan, and thereby changing the properties of the 

nanofibers.  

3.3 Chitosan/PEO nanofibers are biocompatible to in vitro TR146 cell monolayers 

The use of biocompatible excipients is significant for future clinical translation of chitosan/PEO 

nanofibers. It is worth noting that the chitosan/PEO nanofibers were produced from biocompatible 

and biodegradable polymers at mild acidic conditions using dilute aqueous acetic acid as a solvent. 

To confirm the biocompatibility of chitosan/PEO nanofibers regardless of the DDA of chitosan, 

monolayers of the human non-keratinized epithelial TR146 cells of buccal origin were exposed for 3 

hrs to nanofibers prepared with various DDA (53%, 71%, 82% or 96%, respectively). The effect on 

the relative cell viability was compared to that of cells exposed to the buffer as a control. No effect 
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on cell viability was observed for any of the investigated electrospun chitosan/PEO nanofibers 

relative to the control (Figure 4). 

 

Figure 4. Evaluation of the in vitro compatibility of chitosan/PEO nanofibers with chitosan of various DDA to TR146 cell 

monolayers relative to control (isotonic buffer, pH 6.8). Relative viability is given as mean ± SD, N=3, n=3, where N represents the 

number of cell passages, and n is the number of samples tested per passage. 

3.4 Increasing DDA of chitosan induces stronger binding to mucin from bovine submaxillary 

glands 

Intermolecular interactions can be monitored in real time by the QCM-D technique. In short, changes 

in frequency (ΔF) is proportional to adsorbed mass on the QCM-D sensor, whereas changes in 

dissipation (ΔD) and spreading of the overtones are associated with a change in the mechanical 

properties of the material on the sensor. To evaluate the effect of the DDA of chitosan on its 

intermolecular interaction with mucin, bovine submaxillary mucin was chemically immobilized on 

gold quartz sensors by NHS-functionalization (Mazzarino et al., 2014; Wan et al., 2018), and the 

adsorption of chitosans of DDA between 53% and 96% was evaluated (Figure 5). A significant 

decrease in ΔF and an increase ΔD were observed after exposure of the functionalized sensor to 

mucin, which suggests that a viscoelastic layer of mucin was bound to the surface of the sensor 

(Figure 5A). Changes in frequency are not only related to the adsorption of mucin to the QCM-D 

sensor, but also to the mass of associated water. Interestingly, chemically immobilized mucin formed 

a rigid layer at pH 4 after deactivation, but the mucin layer was in general more viscoelastic (increase 
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in ΔD) and more hydrated (decrease in ΔF) at higher pH values. This indicates that mucin from bovine 

submaxillary glands may undergo conformational changes dependent on the pH. Chitosan, especially 

with a high DDA, does not form a clear dispersion at neutral pH. The QCM-D experiments were 

therefore conducted at mild acidic conditions (pH 5) to avoid precipitation of chitosan during the 

analysis. 

A significant decrease in ΔF and an increase ΔD were observed after exposure of the established 

mucin layer to each of the chitosans, which is evident of an interaction between mucin and the 

chitosans (Figure 5B). No significant changes in neither ΔF nor ΔD were observed after rinsing the 

mucin-chitosan layers with buffer (Figure 5B). This suggests that chitosan, independent of the DDA, 

binds strongly and irreversibly to the mucin layer under the presented conditions. The slope of a 

ΔD/ΔF plot (Figure 5C) provides information on the stiffness of the established mucin-chitosan 

layers, which is an indicator for the strength of the interaction between the glycoproteins and the 

polymers (Feiler, Sahlholm, Sandberg, & Caldwell, 2007). The most stiff layer and thus the strongest 

interaction with mucin was found for chitosan-96 in comparison to chitosans with a lower DDA as 

shown by less steep slopes in the ΔD/ΔF plot (Figure 5C-D).  

In general, mucin has a net negative charge at pH values above pH 2 and chitosan has a net positive 

charge at acidic pH. The experiments were conducted at pH 5, which thus facilitates electrostatic 

interactions between the cationic chitosan and the anionic mucin. It was therefore not surprising that 

chitosan-96 with the highest DDA and thus with the highest number of positive charges of the tested 

chitosans interacted most strongly with the mucin layer. However, chitosan-53 despite its lower DDA 

also interacts strongly with mucin from bovine submaxillary glands. The interaction of chitosan with 

mucin may also be driven by hydrophobic interactions and hydrogen bonding as has been suggested 

for the interaction of chitosan with gastric mucin (Sogias, Williams, & Khutoryanskiy, 2008). 
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Although chitosan is well-known for being mucoadhesive, a greater understanding of the underlying 

mechanisms of the interaction of chitosan and especially of chitosan-based drug delivery systems 

with mucin is still missing. A significant number of the reported studies on the mucoadhesive 

properties of chitosan focus on the interaction of chitosan with highly purified mucin derived from 

porcine gastric mucus. It is important to note that the expressed mucin glycosylation pattern varies 

depending on the site of origin i.e., the gastric mucosa is rich in MUC5AC and MUC6 (Nordman et 

al., 2002), whereas MUC5b and MUC7 are the most abundant mucins present in saliva (Hannig, 

Hannig, Kensche, & Carpenter, 2017). Furthermore, the methods used for mucin extraction and 

purification may induce variabilities in the degree of mucin purity. Also, inter-species variations may 

be considered. For studies on oromucosal drug delivery, it is therefore relevant to use a source of 

mucin derived from the oral cavity as differences in molecular structure, glycosylation pattern and 

purity of the mucin may influence the interactions.   
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A 

 

B 
Chitosan-53 

 

 
Chitosan-71 

 
Chitosan-82 

 

Chitosan-96 

 

C 

 

D 

 
Figure 5. Interaction of mucin from bovine submaxillary glands with chitosan of increasing DDA evaluated by the QCM-D 

technique. A) Representative QCM-D measurement of changes in frequency (ΔF) and dissipation (ΔD) during the adsorption of mucin 

from bovine submaxillary glands onto the QCM-D sensor achieved by NHS functionalization. The fifth (circles), seventh (squares) 

and ninth (triangle) overtone are shown. B) Representative QCM-D measurements after exposing the established mucin layer to 

chitosans of various DDA (53-96%). Arrows indicate the introduction of chitosan and subsequent rinsing. C) Representative ΔD/ΔF 

plot (fifth overtone) of the adsorption of chitosans (DDA of 53-96%) to the mucin layer. The interpretation of color is given in D), 

which shows the slope of the linear region of the ΔF/ΔD plot represented in Figure 5C. Results are presented as mean ± SD. N=2, n=2, 

where N represent the number of individual samples and n is the number of repeats per sample. 
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3.5 Chitosan/PEO nanofibers adhere strongly to ex vivo porcine sublingual mucosa 

The mucoadhesive properties of chitosan/PEO nanofibers were evaluated by measuring the work of 

adhesion of nanofibers containing chitosan with various DDA to ex vivo sublingual mucosa. The 

sublingual region of rodents is keratinized and are therefore not an optimal model for the sublingual 

non-keratinized mucosa in humans (Thirion-Delalande et al., 2017). Larger animals such as pigs have 

a non-keratinized sublingual mucosa with larger rete pegs comparable to that of humans and thus, the 

tissue constitute an appropriate model for the human sublingual tissue (Thirion-Delalande et al., 

2017). Tissue sections of ex vivo porcine sublingual mucosa were obtained by the use of an electric 

dermatome (Figure 6A), and they were mounted on a glass support, and hydrated in isotonic buffer 

prior to analysis (Figure 6B). Chitosan/PEO nanofibers showed strong adhesion to the sublingual 

tissue compared to the hydrophobic ethyl cellulose film (non-mucoadhesive control) (Figure 6C). 

No differences were found in the adhesiveness of the different electrospun chitosan/PEO nanofibers 

irrespective of the DDA of the chitosan used.  

A 

 

 C 
 

 

B 

 

Figure 6. Adhesion of electrospun chitosan/PEO nanofibers to ex vivo porcine sublingual mucosa. A) Tissue sections of ex vivo 

porcine sublingual mucosa were obtained using an electric dermatome. The images display a thin section of ex vivo porcine sublingual 

mucosa (left) and the ventral side of a porcine tongue after removal of the epithelium (right). B) Experimental setup. The work of 

adhesion of chitosan/PEO nanofibers from ex vivo porcine sublingual mucosa mounted on a glass support was recorded by a texture 

analyzer. C) Work of adhesion of electrospun chitosan/PEO nanofibers with chitosan of various DDA (53%, 71%, 82% or 96%). The 

empty probe, mounting tape and a hydrophobic film were included as controls. Results are presented as mean ± SD. N=4-5, n=1-4, 

where N represents the number of biological repeats, and n is the number of measurements per individual tissue. 
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To the best of our knowledge, this is the first report of a quantitative evaluation of the work of 

adhesion of chitosan/PEO nanofibers to fresh sublingual mucosa. In general, only few studies have 

investigated the mucoadhesive properties of electrospun nanofibers for oromucosal application. For 

example, Samprasit et al., (2015) evaluated the mucoadhesion of chitosan/PVA nanofibers to ex vivo 

porcine buccal mucosa and found that nanofibers with thiolated chitosan were significantly more 

mucoadhesive, as they required two times the force of detachement from the tissue. Mašek et al., 

(2017) reported that an adhesive film with chitosan/PEO nanofibers as a reservoir of vaccine 

nanoparticles adhered to porcine sublingual mucosa for at least two hours in vivo. Close adhesion of 

the drug delivery system to the site of application is expected to lead to improved drug absorption as 

a result of longer residence time, and hereby an overall increase in drug bioavailability. Furthermore, 

close adhesion of the drug delivery system to the tongue or other affected areas of the oral mucosa 

could enable better local treatment of lesions and ulcerations in the oral cavity. Also, coverage of the 

lesion with a mucoadhesive electrospun patch may protect the sensitive area and enhance wound 

healing.  

3.6 The mucoadhesive properties of chitosan/PEO nanofibers is related to their swelling 

capability 

The work of adhesion of chitosan-96/PEO nanofibers from ex vivo porcine sublingual mucosa was 

compared to the work of adhesion of nanofibers to a non-mucosal tissue, i.e. ex vivo porcine skin. As 

the work of adhesion of electrospun chitosan/PEO nanofibers to ex vivo porcine sublingual mucosa 

was not dependent on the DDA of chitosan, only nanofibers with the highest DDA of chitosan, 

chitosan-96/PEO, were included in the following experiment. Thus, the work of adhesion of chitosan-

96/PEO nanofibers was tested on tissue wetted in isotonic buffer as in Figure 6 or on dry tissue (tissue 

gently wiped to remove excess buffer) (Figure 7A). As expected, chitosan-96/PEO nanofibers 

adhered significantly stronger to ex vivo porcine sublingual mucosa compared to ex vivo porcine skin, 
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even when the skin was wetted. Interestingly, the work of adhesion of chitosan-96/PEO nanofibers 

to the sublingual mucosa was not significantly (p>0.25) affected by wetting of the tissue. In contrast, 

the adhesiveness of the nanofibers to wetted skin was significantly stronger than for skin samples 

where surplus of liquid was removed from the surface. The electrospun chitosan/PEO nanofiber 

appeared hydrated and swollen after detachment from the tissue during adhesive testing. Furthermore, 

by visually inspection, especially the sublingual tissue appeared slightly dehydrated in the area of 

contact after removal of the nanofibers. This strongly indicates that the mucoadhesive properties of 

the nanofibers are dependent on their ability to swell and dehydrate the tissue upon contact. 

Differences in adhesiveness of the nanofibers to sublingual mucosa and skin were therefore explained 

by differences in the wettability of the mucosal or non-mucosal tissue. The wettability of the surface 

can be described by the contact angle between the liquid and the surface. To demonstrate differences 

in the wettability between the sublingual mucosa and the skin, the contact angle of wetted ex vivo 

porcine sublingual mucosa was compared to that of ex vivo porcine skin. The contact angle of PBS 

on ex vivo porcine sublingual mucosa was lower than for ex vivo porcine skin, which demonstrates 

better wettability of the sublingual mucosal tissue compared to that of the skin. The contact angles 

reported here should be taken as relative values under the presented experimental condition, as the 

extent of tissue hydration may be different compared to the in vivo situation, and the presence of an 

intact saliva pellicle may affect the hydrophilicity of the tongue in vivo (Ranc et al., 2006). 

Methodologically, it is worth noting the importance of precise even mounting of the tissue, as uneven 

mounting of the tissue on the glass support changes the area of contact between tissue and nanofibers, 

and artificial roughness of the tissue could induce artifacts in the force of adhesion measurements by 

the presented method (Figure 7B).   Jo
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Figure 7. Wetting and swelling of chitosan/PEO nanofibers facilitate adhesion to porcine sublingual mucosa ex vivo. A) Work 

of adhesion of electrospun chitosan-96/PEO nanofibers to ex vivo porcine sublingual tissue or skin, both either dried or wetted in PBS. 

N=2, n=3-5, where N represents the number of biological repeats, and n is the number of measurements per individual tissue. *p<0.05, 

**p<0.005. B) Contact angle measurements of PBS on ex vivo porcine sublingual mucosa or skin. Results are presented as mean ± SD. 

N=3, n= 2-3, where N represent the number of biological replicates, and n is the number of measurements per tissue. C) Representative 

images (side-view) of the swelling of a disc (diameter 10 mm) of either chitosan-96/PEO nanofibers or a hydrophobic film before and 

after exposure to water for 15 min. White bars mark the thickness of the discs before and after exposure to water. The swelling of the 

samples are given as mean ± SD. N=3, where N represent the number of repeats. 

Indeed, chitosan/PEO nanofibers displayed exceptional swelling abilities and specifically swell more 

than 1000% (w/w) after exposure to water for only 15 min as presented in Figure 7C. In contrast, the 

hydrophobic film based on ethyl cellulose used as a non-mucoadhesive control absorbed only limited 

amount of water (12±4%) under the same conditions. Although, Chitosan-71/PEO nanofibers showed 

almost complete loss of fibrous structure in water (Figure 3), these nanofibers also displayed a high 

degree of swelling in contact with water (1132±36%). Importantly, the extraordinary swelling ability 

of the nanofibers is attributed to the fibers high surface-area-to-volume ratio in combination with the 

hygroscopic nature of chitosan. It is worth noting that only minute amounts of fluid, i.e. only that 
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originating from the sublingual tissue, was required to induce swelling of the chitosan/PEO 

nanofibers inducing strong adherence to sublingual mucosa ex vivo. Thus, application as a 

mucoadhesive material may be promising also for dry mouth conditions. 

No theory alone embraces the full mechanism of mucoadhesion, and a consideration of multiple 

factors is required to evaluate and describe the mucoadhesive properties of a drug delivery system in 

depth (Peppas, Thomas, & McGinty, 2009). As mentioned, electrospun nanofibers have a high 

surface-area-to-volume ratio, which improves swelling, but also provides a good contact area for 

adhesion to mucosal surfaces. Hygroscopic polymers such as chitosan with gel-forming abilities are 

capable of partially dehydrating the mucosal surface at the contact area, as described above, which 

creates strong adhesiveness when the equilibrium in water absorption from the mucosa to the adhesive 

drug delivery system is reached (Peppas et al., 2009). Thus, the adhesive properties can to a great 

extent be described by the ability of the chitosan/PEO nanofibers to swell, spread and hereby establish 

the initial close contact with a wetted sublingual surface. Swelling of the drug delivery system 

furthermore enables entanglement of the chitosan in the nanofibers with molecules such as mucins, 

which are found on the mucosal surface. Accordingly, an important role may be represented by the 

molecular interactions between chitosan and mucin molecules, as shown by QCM-D in Figure 5, 

potentially further strengthening the adhesion of the drug delivery system to sublingual mucosa.  
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4. Conclusion 

The present study evaluated the mucoadhesive properties of electrospun chitosan/PEO nanofiber 

patches containing chitosan of various DDA (53-96%) intended for sublingual application. The DDA 

of chitosan had no significant effect on the morphology of the electrospun nanofibers prepared in 

biocompatible aqueous medium, which were all <250 nm in width, smooth and without artifacts such 

as beading. Interestingly, the DDA of chitosan affected the morphological stability of the nanofibers 

in water, as nanofibers containing chitosan of low DDA completely or partially lost their fibrous 

structure in water. In contrast, nanofibers consisting of chitosan with the highest DDA tested (96%) 

maintained their fiber network after exposure to water for 3 hrs. All chitosans were found to interact 

strongly with mucin from bovine submaxillary glands independently of their DDA, although the 

strongest intermolecular interaction with mucin was found for chitosan of the highest DDA. Finally, 

we for the first time demonstrate excellent adhesiveness of chitosan/PEO nanofibers to porcine 

sublingual mucosa ex vivo by measuring the work of adhesion of the nanofibers to the sublingual 

mucosal tissue. Importantly, the swelling of the nanofibers and dehydration of the mucosal tissue 

upon contact were found to be highly significant for the mucoadhesive properties of electrospun 

chitosan/PEO nanofibers.  
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