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A B S T R A C T   

In this work, nanocomposites that combine mucopenetrating and mucoadhesive properties in a single system are 
proposed as innovative strategy to increase drug residence time in the intestine following oral administration. To 
this aim, novel mucoadhesive chitosan (CH) sponges loaded with mucopenetrating nanoemulsions (NE) were 
developed via freeze-casting technique. The NE mucopenetration ability was determined studying the surface 
affinity and thermodynamic binding of the nanosystem with mucins. The ability of nanoparticles to penetrate 
across a preformed mucins layer was validated by 3D-time laps Confocal Laser Scanning Microscopy imaging. 
Microscopy observations (Scanning Electron Microscopy and Optical Microscopy) showed that NE participated in 
the structure of the sponge affecting its stability and in vitro release kinetics. When incubated with HCT 116 and 
Caco-2 cell lines, the NE proved to be cytocompatible over a wide concentration range. Finally, the in vivo 
biodistribution of the nanocomposite was evaluated after oral gavage in healthy mice. The intestinal retention of 
NE was highly enhanced when loaded in the sponge compared to the NE suspension. Overall, our results 
demonstrated that the developed nanocomposite sponge is a promising system for sustained drug intestinal 
delivery.   

1. Introduction 

The development of drug delivery strategies able to control and 
sustain drug release after oral administration can be achieved using 
systems that are biocompatible, mechanically flexible, and steady over 
time [1–3]. Upon oral administration, drugs face acidic environment 
and enzymatic degradation in the stomach, which limit their availabil-
ity. Once in the intestine, further obstacles are the presence of the in-
testinal mucus gel layer that hinders drug delivery to the underlying 
epithelium, and the mucus turnover that enhances drug excretion [4]. 
To overcome these biological hurdles and increase the residence time of 
active compounds in the gastro-intestinal (GI) tract, mucoadhesive and 
mucopenetrating drug delivery nanosystems have been extensively 

explored [5,6]. Mucoadhesive nanosystems coated with bioadhesive 
polymers (chitosans, alginates, and acrylic derivatives) are able to 
interact with the mucus layer through electrostatic, H-bonding and/or 
hydrophobic interactions [1,7–9]. This strategy allows the particle to 
remain intimately attached to the mucins gel, however premature cargo 
release and/or accumulation inside the mucosal layer could occur [10]. 
On the contrary, mucopenetrating nanocarriers can spread over the 
mucosa, penetrate deep mucus regions and reach the intestinal epithe-
lium [11,12]. A reduction of interactions with mucins is provided by a 
neutral surface charge of the particles, resulting from the coating with 
non-ionic polymers such as poly(ethylene glycol) (PEG) [13–15]. An 
improvement strategy consists in the development of nanocomposites 
made of mucopenetrating nanoparticles integrated into biocompatible 
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mucoadhesive macrostructures. Thereby, nanosystems can be released 
from the composite in a controlled and “on-demand” fashion, assisting 
site-specific drug targeting, and finally interact with the epithelial sur-
face [6]. For the development of such mucoadhesive macrosystems, 
hydrogels based on polysaccharides have been extensively studied 
[3,16–19]. However, because of their semi-solid properties and hy-
drated nature, hydrogels presented practical concerns such as the 
limited stability during storage and the dependence of the hydrogel 
network properties on the physiological conditions (pH, enzymes). This 
can shorten the in vivo residence time or trigger burst drug release 
[17,20]. To address this issue, dry porous 3D systems such as sponges 
have been designed. Sponges are obtained via the controlled solidifica-
tion of polymers and colloidal suspensions by mean of freeze-casting 
technique [21–23]. Sponges can improve mucoadhesion thanks to 
their porous structure, while providing a sustained drug release [24,25]. 
The dry state guarantees a high system stability for storage and offers an 
in situ activable platform upon hydration in biological fluids [26]. The 
incorporation of drug delivery systems inside sponges’ macro- or mi-
crostructures can also refine the intestinal targeting ability [27]. 
Nanocomposites have been proved to enhance the systemic absorption 
[2,28] or to maximize the local effect of drugs [3]. Their exploitation is 
currently under investigation for the treatment of different pathological 
conditions including obesity, diabetes, colon cancer and inflammatory 
disorders, such as ulcerative colitis and Crohn’s disease [3,20,29,30]. 

We recently developed novel nanoemulsions (NE), composed of an 
oil core surrounded by a non-ionic PEGylated surfactant shell, which 
hold promising features as a mucopenetrating drug delivery system 
[31]. In this work, we aimed at developing chitosan (CH) sponges loaded 
with NE as nanocomposites to control and prolong drug intestinal de-
livery. To reach this objective our strategy was focused on increasing the 
intestinal residence time of such nanocomposite via the combination of 
mucopenetrating (NE) and mucoadhesive (CH sponge) properties in a 
single delivery system. 

Chitosan is a high mucoadhesive polysaccharide regarded as non- 
toxic, biocompatible and biodegradable. Its adhesion capacity to the 
mucosal epithelium has been largely described and arises mainly from 
the electrostatic binding with anionic glycoproteins of mucins in the 
intestine [32,33]. In particular, the low pH of inflamed zones can favour 
such interactions increasing its mucoadhesive ability [18]. We hypoth-
esized that the CH sponge can prolong the drug retention time in the 
intestine by adhering to the mucus and allow a controlled release of the 
embedded NE. To validate our approach, we firstly assessed the muco-
penetrating ability of NE. Then, NE-loaded CH sponges (CH-NE) ob-
tained by freeze-casting technique, were characterized regarding their 
structural and mechanical properties. The impact of the CH sponge on 
NE release kinetics was investigated after sponge re-hydration in simu-
lated intestinal fluids. The cytocompatibility of the system was assessed 
on human colorectal carcinoma cells (HCT 116 and Caco-2). Finally, in 
vivo biodistribution studies of both fluorescent NE and CH-NE after oral 
gavage to mice were performed to assess the ability of the nano-
composite to increase the residence time of NE in the intestine. 

2. Material and methods 

2.1. Materials 

Medium chain triglycerides, MCT (Miglyol®812), was purchased 
from Cremer Oleo GmbH & Co. KG (Hamburg, Germany). Polyoxy-
ethylene (40) stearate (Myrj®52), nile red (NR), curcumin (CCM), for-
mic acid, sodium dodecyl sulphate (SDS), mucin from porcine stomach 
Type II and Dulbecco’s modified Eagle’s medium (DMEM) were pur-
chased from Sigma-Aldrich (St Quentin-Fallavier, France). Oleoyl 
polyoxyl-6 glycerides (Labrafil®M1944CS) was provided by Gattefossé 
(Saint-Priest, France). Egg phospholipids with 70% phosphatidylcholine 
(Lipoid®E80S) were obtained from Lipoid GmbH (Ludwigshafen am 
Rhein, Germany). Potassium dihydrogen phosphate (KH2PO4) and 

potassium chloride (KCl) were purchased from Riedel-de-Haën AG 
(Seelze, Germany). Di‑sodium hydrogen orthophosphate dihydrate 
(Na2HPO4,2H2O) was purchased from Serva Electrophoresis GmbH 
(Heidelberg, Germany). Sodium chloride (NaCl), hydrochloric acid 
(HCl) 37%, phosphate buffered saline (PBS) tablets (pH 7.4), 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) were obtained 
from VWR International (Fontenay-sous-Bois, France). Penicillin/ 
streptomycin (10,000 U⋅mL− 1), foetal bovine serum (FBS) and nano-
mycopulitine from Dutscher SAS (Brumath, France). Acetic acid was 
obtained from Chem-Lab NV (Zedelgem, Belgium). Dichloromethane, 
methanol, ethanol, acetonitrile (HPLC grade), sodium taurocholate hy-
drate 96%, sodium hydroxide (NaOH), DiIC18(5) solid, 1,1′-dioctadecyl- 
3,3,3′,3′-tetramethylindodicarbocyanine, 4-chlorobenzene sulfonate 
salt (DiD) and Promega CellTiter 96™ AQueous One Solution Cell Pro-
liferation Assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), MTS were purchased from 
Thermo Fisher Scientific (Illkirch, France). Milli-Q® water was obtained 
using a Milli-Q® Academic System from Merck-Millipore (Saint-Quen-
tin-en-Yvelines, France). The aqueous phase used to prepare NE was 
phosphate buffer saline solution (PBS 5 mM, pH 7.4). The aqueous phase 
used to prepare mucin gels was Sorenson’s phosphate buffer containing 
Na2HPO4 and KH2PO4 (0.2 M, pH 7.4). 

The chitosan used in this study was produced from N-deacetylation 
of chitin extracted from squid pens and was purchased from Mahtani 
Chitosan (batch type 114). Its structural properties are the following: a 
degree of acetylation of 4.0 ± 0.5%, a weight-average molar mass Mw of 
550 ± 50 kg⋅mol– 1 and a dispersity Đ of 1.5 ± 0.3. 1H NMR analysis was 
used to determine the degree of acetylation (DA) of chitosan [34]. Mw 
and Đ were determined as previously described [35], using size exclu-
sion chromatography (SEC) coupled online with a differential refrac-
tometer (Optilab T-rEX, Wyatt; λ = 658 nm) and with a multi-angle laser 
light scattering (SEC-MALLS) detector (Dawn-HELOES II, Wyatt; λ =
664 nm). 

2.2. Process of nanoemulsions formulation 

NE were prepared by emulsion phase inversion (EPI) technique 
coupled with high stirring energy input as previously described [31]. 
Briefly, NE were composed of an MCT oil core stabilized by a surfactant 
shell made of a mixture of hydrophilic and hydrophobic surfactants, 
namely polyoxyethylene (40) stearate (Myrj®52) and oleoyl polyoxyl-6 
glycerides (Labrafil®M1944CS), respectively. To prepare the oil phase, 
MCT (0.35 g) and surfactants (1 g) were mixed and magnetically stirred 
(750 rpm) using a thermostated bath at 80 ◦C. The aqueous phase (PBS 5 
mM, 3.65 mL), heated up to 80 ◦C as well, was added into the organic 
melt phase. Stirring was then performed by two cycles of 10 min using a 
rotor-stator disperser (T25 digital Ultra-Turrax® equipped with a S25N- 
10G shaft, IKA®-Werke GmbH & Co. KG, Staufen, Germany) rotating at 
11000 rpm at 80 ◦C. 

The hydrophobic dyes nile red (NR), curcumin (CCM) and DiD were 
added to the oil phase during NE preparation for their encapsulation in 
NE droplets. The final fluorescent probe concentrations in the NE were 
NR 200 μg⋅mL− 1, CCM 500 μg⋅mL− 1, DiD 50 μg⋅mL− 1. NR or CCM were 
solubilized in the oil phase and magnetically stirred (750 rpm) for 2 h at 
80 ◦C to obtain a homogeneous mixture. NE were then formulated as 
explained above. Regarding the lipophilic carbocyanine dye DiD, 125 μL 
of its stock solution in ethanol (2 mg⋅mL− 1) were mixed with the oil 
phase and the NE were formulated keeping the temperature below the 
DiD melting point (68 ◦C) in order to avoid dye decomposition. 

2.3. Physico-chemical characterization of nanoemulsions 

The size distribution and surface potential of the NE droplets were 
determined using Malvern Zetasizer® Nano ZS instrument (Malvern 
Instruments S.A., Worcestershire, UK). The particle sizes were measured 
by Dynamic Light Scattering (DLS) at 25 ◦C at a scattering angle of 173◦. 
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The ζ–potential was calculated from the mean electrophoretic mobility 
measured for samples diluted in 1 mM KCl. 

The stability of blank and CCM-NE in colloidal suspension was fol-
lowed during 28 days upon storage at 20 ◦C. At scheduled time points, 
particle size, polydispersity index (PdI) and ζ–potential were measured. 
Moreover, dye leakage (CCM and NR) from NE was assessed at day 28. 
Free dye was separated from the suspending aqueous medium by size 
exclusion chromatography on PD-10 Desalting Columns containing 8.3 
mL of Sephadex™ G-25 resin (GE Healthcare Bio-Sciences AB, Uppsala, 
Sweden). The NE containing fractions were easily identified thanks to 
their turbidity and collected in microtubes. 

For NR-loaded NE, 200 mg of isolated NE were dissolved in ethanol 
(1 g) and analysed by UV–vis absorbance at 549 nm. The CCM-loaded 
NE fraction was analysed by HPLC equipped with an UV–vis detector 
based on previously reported methods [36,37]. In order to quantify 
CCM, 300 mg of isolated NE were dissolved in methanol (1 g) and the 
samples were vortexed for 5 min. The samples were filtered using Nylon 
filter 0.22 μm (Whatman GmbH, Dassel, Germany) before injection in 
the HPLC system. The HPLC apparatus consisted of Agilent 1200 Series 
G1311A Quat Pump, Agilent 1200 Series G1367B HIP-ALS High Per-
formance Autosampler, equipped with Agilent 1200 Series G1315D Dad 
Diode Array Detector HPLC (Agilent, Santa Clara, CA, United States). 
CCM was detected using a RP-C18 column (Kinetex 5 μm C18 100 Å, 
150 × 4.6 mm, Phenomenex, Torrance, CA, USA), set at 30 ◦C, using 
acetonitrile and deionized water 0.1% formic acid (50:50) as mobile 
phase at a flow rate of 1.0 mL⋅min− 1. The injection volume was 10 μL, 
the detection wavelength 423 nm and the total run time 8 min. The 
chromatogram of CCM exhibited a characteristic peak at a retention 
time 6.6 min. Peak areas were recorded and processed on the OpenLab 
CDS ChemStation Edition software (Agilent, Santa Clara, CA, United 
States). The HPLC calibration curve was linear (R2 = 0.99) in the con-
centration range of 0.04–40 μg⋅mL− 1. The method was validated ac-
cording to ICH Q2(R1) guidelines. Detection and quantification limits 
(LOD and LOQ) were 2.17 μg⋅mL− 1 and 7.24 μg⋅mL− 1, respectively. 

The encapsulation efficiency was calculated as the ratio of dye 
detected in the isolated NE (NE purified: NEp) to the amount of dye 
initially loaded in the NE (NE initial: NEi): 

Encapsulation efficiency (%) =
NEp
NEi

x 100 (1)  

All studies and measurements presented in this work were performed in 
triplicate. 

2.4. Mucins-nanoemulsions interaction 

2.4.1. Colloidal stability of nanoemulsions in mucins 
Mucin solution from porcine stomach Type II (1% w/v) was prepared 

by suspending 40 mg of mucin powder in 4 mL of Sorenson’s phosphate 
buffer (pH 7.4). The solution was magnetically stirred (750 rpm) for 2 h 
in an ice bath and left for equilibration overnight at 4 ◦C. Then, mucin 
solution and blank NE were mixed to obtain a final mucin concentration 
of 0.5% w/v and NE concentration of 0.5% w/v. Samples were 
magnetically stirred at 300 rpm for 4 h in a water bath at 37 ◦C. At 
predetermined time points (0.5, 1, 2, 3, and 4 h) an aliquot (1 mL) was 
retrieved and centrifuged at 7000 rpm for 5 min to separate mucin and 
entrapped NE from the supernatant. Then, the supernatant was collected 
and NE size distribution and ζ–potential were measured at 37 ◦C. The 
ζ–potential of NE (0.1% w/v) and mucin solutions (0.1% w/v) in PBS 5 
mM was separately analysed at pH values ranging from 2 to 9. The pH 
was varied by titration of NaOH (0.1 M) or HCl (0.1 M). 

2.4.2. Microcalorimetric studies 
The thermodynamics of the interaction between mucin and NE were 

assessed by isothermal titration calorimetry (VP-ITC, MicroCal, North-
ampton, MA). 0.1 g of mucin from porcine stomach (type II) was 

dissolved in 1 L of PBS (5 mM pH 7.4) to obtain a final concentration of 
0.01% w/v and NE were diluted with the same PBS to 0.1% w/v. Both 
solutions were degassed while stirring for 10 min before the loading. 
1.42 mL of the mucin solution were placed into the calorimetric cell 
equilibrated at 25 ◦C and titrated by the injection of 283 μL of NE loaded 
in the syringe (3 μL for the first injection, followed by 28 injections of 10 
μL each) under continuous stirring at 307 rpm. The duration of each 
injection was 20 s, and the time interval between them was 200 s. 
Control titrations were performed by injecting the same concentration of 
NE into the reaction cell containing the dilution buffer, using the same 
injection parameters. The raw data obtained with the control titration 
were then subtracted to the mucin-nanoemulsion raw data. 

2.4.3. 3D-time laps imaging using confocal laser scanning microscopy 
The penetration of NE (10% w/v) in artificial gastric mucin type II 

(10% w/v) was verified by 3D time laps imaging using Confocal Laser 
Scanning Microscopy (CLSM, Confocal Zeiss LSM 800) available at the 
Centre Technologique des Microstructures (CTμ) of the University Lyon 
1 (Villeurbanne, France). 

A constant volume of mucin solution (50 μL) was filled in a chamber 
slide resulting in equally thick mucins layers (3 mm). At time zero, 10 μL 
of DiD-loaded NE were added on the top of the mucin layer (Fig. S1). Z- 
stacks (51 images of planes at various depths) within the mucin sample 
were obtained at a constant distance of 20 μm from the bottom of the 
slide. The wavelength for DiD excitation was set at 640 nm and the 
emission was measured between 646 and 700 nm. Particle penetration 
was tracked and z-stacks images starting from time 10 min and at time 
intervals of 10 min up to 3 h were recorded. A sample of mucin alone 
was examined as control. Images were analysed with the Fiji ImageJ 
software [38] for fluorescence intensity and 3D visualisation of image 
stacks. 

2.5. Preparation of chitosan sponges and nanoemulsion incorporation 
process 

CH solutions were prepared by dissolving CH in an aqueous solution 
of acetic acid at 1% w/w under magnetic stirring (375 rpm) for 24 h at 
room temperature. Mass % of CH reported in Table 1 included ~8% of 
residual water content. The final CH concentrations were 0.1% w/w (CH 
A) and 1% w/w (CH B) (Table 1). 

To prepare CH-NE mixtures, NE were added to CH solutions and the 
samples were magnetically stirred at 375 rpm for 3 h at room temper-
ature until complete homogenization. CH-NE mixtures at CH concen-
trations of 0.1% and 1% w/w and NE concentrations of 2.5% and 10% 
w/w were obtained (CH-NE A, B, C in Table 1). The samples were then 
transferred to lyophilisation vials to be converted into dry sponges by 
freeze-casting technique [24]. The freezing and drying steps were car-
ried out in a Cryonext pilot freeze-dryer (Cryonext, Saint-Aunès, 
France). The freeze-drying process consisted in 3 steps: i) freezing at 
− 50 ◦C for 6 h in the freeze-dryer chamber (cooling speed of 0.3 
◦C⋅min− 1 during the first 3 h); ii) primary drying from − 50 ◦C to 0 ◦C in 

Table 1 
Formulated chitosan (CH) and nanoemulsion-loaded chitosan (CH-NE) sponges.  

Sample % (w/w) 
in CH-NE 
mixture 

% (w/w) in 
CH-NE 
sponge 

NE/CH ratio 
(w/w) 

Apparent density (g/ 
cm3) 

CH NE CH NE 

CH A 0.1 – 100 – – 0.02 ± 0.01 
CH B 1 – 100 – – 0.04 ± 0.01 
CH-NE 

A 
0.1 2.5 3.9 96.1 25 0.44 ± 0.03 

CH-NE 
B 

1 2.5 28.6 71.4 2.5 0.10 ± 0.05 

CH-NE 
C 

1 10 9.1 90.9 10 0.21 ± 0.01  
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20 h (0.1 mbar); iii) secondary drying at 20 ◦C for 12 h (0.1 mbar for 6 h, 
then 0.01 mbar for other 6 h). Finally, the vials were sealed with rubber 
caps and stored at 20 ◦C. 

2.6. Microscopy observations of sponges: electron microscopies and 
optical images 

Sponge morphology was assessed by scanning electron microscopy 
(SEM) using a FEI Quanta 250 FEG microscope at the Centre Tech-
nologique des Microstructures (CTμ) of the University Lyon 1 (Villeur-
banne, France). Surface and cross-sectional morphology of the sponges 
were analysed. The samples were coated under vacuum by cathodic 
sputtering with copper and observed by SEM under an accelerating 
voltage of 15 kV. Transmission electron microscopy (TEM) was per-
formed with a Philips CM120 microscope at the Centre Technologique 
des Microstructures (CTμ) of the University Lyon 1 (Villeurbanne, 
France). Diluted NE (10 μL) was deposited on a microscope grid (copper 
support coated with carbon) and slowly dried in open air. The dry 
samples were observed by TEM under 120 kV acceleration voltage. 
Optical images of sponge surfaces were collected using a Keyence VHX- 
6000 series digital microscope (Keyence, Jonage, France). Pictures of 
the depth of pores across a large area of the sponge surface were 
captured in real-time and combined by 3D image stitching. 

2.7. Rehydration and water uptake capacity 

The CH and CH-NE sponges were rehydrated at pH 1.2 in simulated 
gastric fluids (SGF), and at pH 5, 5.5 and 7.5 in two different media: PBS 
(5 mM) and simulated GI fluid in fasted state (FaSSIF-V2). Then, the 
water uptake capacity was evaluated in PBS and FaSSIF-V2. Pre-weighed 
freeze-dried sponges (initial mass M0) were submerged in the media. At 
predetermined time points, the excess of medium was gently removed 
using a micropipette, and hydrated sponges were weighed (MS). The 
water uptake was calculated as follows: 

water uptake% =
MS − M0

M0
× 100 (2)  

2.8. Rheological characterization 

Oscillatory rheological tests were carried out through a MCR 302 
rheometer (Anton Paar, Les Ulis, France) fitted with a 25 mm plate-plate 
geometry. CH and CH-NE sponges were rehydrated in PBS at pH 7.5 for 
15 min. The temperature was set at 22 ◦C. The applied strain (γ%) was 
fixed at 1% within the linear viscoelastic regime on the basis of a pre-
vious amplitude sweep test. The apparent storage and loss moduli of 
rehydrated CH and CH-NE sponges were measured by mean of frequency 
sweep tests over an angular frequency range of 100–0.05 rad⋅s− 1. 

2.9. In vitro release studies 

The in vitro release of NE from the CH sponges was evaluated in PBS 
and FaSSIF-V2 at pH of 5, 5.5 and 7.5 by mean of two different studies: 
destructive and cumulative. 

The influence of composition and pH of the release medium was 
assessed by the destructive study. NR-loaded NE were embedded into 
CH-NE A sponges (52 mg) and 3 mL of release medium were added on 
the top of sponges. Two different media at three different pH were 
tested: i) PBS at pH 5, pH 5.5, and pH 7.5 ii) FaSSIF-V2 at pH 5, 5.5 and 
7.5. At scheduled time points (5 min, 30 min, 2 h, 8 h and 24 h), the 
release media were retrieved, and the amount of NE released (NR-loaded 
NE) was measured by UV–vis spectroscopy. 

Then, the influence of CH and NE concentrations on NE release from 
the sponges was assessed in FaSSIF-V2 by mean of the cumulative study. 
To this aim, 5 mL of medium FaSSIF-V2 were added on top of the 
sponges containing CCM-loaded NE (weight of the dry sponge CH-NE A: 

52 mg, B: 70 mg, C: 55 mg and D: 60 mg, at constant CCM concentration 
of 50 μg⋅g− 1) and the pH was varied over time. FaSSIF-V2 was prepared 
at pH 7.5 and this pH was maintained for the first 24 h of the study. 
Then, the pH was decreased to 5.5 for the following 48 h. Finally, the pH 
value was set at 5 until until 72 h. 

At predetermined time points (30 min, 1, 2, 3, 4, 5, 6, 7, 8, 24, 48, 
and 72 h), the entire volume of medium was removed and replaced with 
fresh medium. The amount of CCM released was quantified by HPLC-UV 
as described above. Data were normalized based on the dry weight of the 
NE in the sponge. 

2.10. In vitro cell viability studies 

2.10.1. Cell culture conditions 
Human colorectal carcinoma (HCT 116) cells were used to perform 

the MTT assays, being cultured in 75 cm2 flasks, at 37 ◦C in a humidified 
atmosphere 5% CO2 and 95% air incubator. Cell culture medium was 
DMEM, supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/ 
streptomycin. The medium was exchanged every 2 days. 

Human colon carcinoma (Caco-2) cells were used to perform MTS 
assays. Caco-2 cells were cultured in 75 cm2 flasks, at 37 ◦C in a hu-
midified atmosphere 5% CO2 and 95% air incubator. Cell culture me-
dium was DMEM, supplemented with 10% (v/v) FBS, 2% (v/v) 
penicillin/streptomycin and 1% nanomycopulitine. The medium was 
exchanged every 2 days. 

2.10.2. Toxicological evaluation of NE 
The effect of blank NE on the viability of HCT 116 cells was evaluated 

by the MTT colorimetric assay. To do so, 1 × 104 cells/well were seeded 
in 96-well plates and maintained overnight at 37 ◦C, 5% CO2. Then, the 
culture medium was removed, and cells were treated with increasing 
concentration of blank NE (ranging from 10 to 1250 μg⋅mL− 1) diluted 
with pre-warmed DMEM supplemented with 2% of FBS (v/v). DMEM 
was used as positive control (100% viability), while SDS (2% w/v) as 
negative control. Cells were exposed to the formulations for 3 and 24 h 
at 37 ◦C. After the considered period, samples were replaced with 100 μL 
of fresh medium added of 25 μL of MTT solution (0.5 mg⋅mL− 1 in PBS 
pH 7.4) in each well. The plates were incubated for 4 h at 37 ◦C. The 
formazan purple crystals formed by the reaction of MTT with NAD(P)H 
of metabolically active cells were dissolved in 100 μL of SDS (10% w/v) 
and the plates were incubated overnight at 37 ◦C. The absorbance was 
measured spectrophotometrically (Infinite M200; Tecan, Austria) at 
570 nm, with background correction at 650 nm. 

The effect of blank NE on the viability of Caco-2 cells was evaluated 
by the MTS assay. To this end, 2 × 104 cells/well were seeded in 96-well 
plates and maintained for 48 h at 37 ◦C, 5% CO2. Then, the culture 
medium was removed, and cells were treated with increasing concen-
tration of blank NE (ranging from 10 to 1250 μg⋅mL− 1) diluted with pre- 
warmed DMEM supplemented with 10% of FBS (v/v). DMEM was used 
as positive control (100% viability), while SDS (3% w/v) as negative 
control. Cells were exposed to the formulations for 3 and 24 h at 37 ◦C. 
After the considered period, samples were replaced with 100 μL of fresh 
medium added of 20 μL of MTS solution (Promega CellTiter 96™ 
AQueous One Solution Cell Proliferation Assay) in each well. The plates 
were incubated for 4 h at 37 ◦C. The absorbance was measured spec-
trophotometrically (Multiskan EX, Thermo Fisher Scientific, France) at 
492 nm, with background correction at 620 nm. 

Cell viability was calculated by the following formula (Abs =
absorbance): 

Cell viability (%) =
Abs sample − Abs SDS
Abs DMEM − Abs SDS

x 100 (3) 

The IC50 were calculated using GraphPad Prism version 8.0.0 for 
Windows (GraphPad Software, San Diego, California, USA). 
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2.11. In vivo biodistribution study of fluorescent NE-loaded sponges 
following oral administration 

All animal experiments were approved by the local animal ethics of 
University Claude Bernard Lyon 1, and carried out in compliance with 
current French guidelines. Female nude mice (average body weight of 
20 g, n = 45) used for the experiment were obtained from Charles River 
Laboratories (Saint-Germain-Nuelles, France). The animals were fasted 
for 6 h before the oral gavage. Three different systems were adminis-
tered: i) DiD-loaded NE (NE 10% w/w), ii) DiD-loaded NE mixed with 
CH solution (CH dissolved in acetic acid), named CH-NE mixture (CH- 
NE C, CH 1%- NE 10% w/w), and iii) DiD-loaded NE embedded in the 
CH sponge, defined as CH-NE sponge (CH-NE C, CH 1%- NE 10% w/w). 
NE and CH-NE mixture were administer as liquid colloidal suspensions, 
while CH-NE sponges were re-hydrated with water and filled in the 
feeding tube. 

Mice were randomly divided into three groups: NE (n = 15), CH-NE 
mixture (n = 15), CH-NE sponge (n = 15). Each formulation contained 
NE at a concentration of 100 mg⋅mL− 1, corresponding to a dose of ≈
1.25 mg⋅kg− 1 of body weight. 

At scheduled time points (1, 2, 3, 4, and 6 h), anesthetized animals 
were placed prone in a light-tight chamber where a controlled flow of 
1.5% isoflurane in air was administered through a nose cone to maintain 
anaesthesia. Fluorescence images as well as bright-field pictures of mice 
whole body (ventral view) were acquired via a back-thinned CCD-cooled 
camera ORCAIIBT-512G (Hamamatsu Photonics Deutschland GmbH, 
Herrsching am Ammersee, Germany) using a coloured glass long-pass 
RG 665 filter (Melles Griot, Voisins les Bretonneaux, France), which 
cuts off all excitation light. Optical excitation was carried out at 644 nm, 
and the emission wavelength was detected at 664 nm. At each time point 
(1, 2, 3, 4, and 6 h), n = 3 mice for time point were sacrificed and the 
organs (GI, liver, spleen, heart, kidneys, lungs, bone, brain, muscle) 
were harvested. Ex vivo fluorescent measurements were performed 
immediately after organ collection to determine the accumulation of the 
dye. Images were analysed using the Wasabi software 1.5 (Hamamatsu 
Photonics Deutschland GmbH, Herrsching am Ammersee, Germany). 
The fluorescence intensities of the intestinal segments were normalized 
using the min–max normalisation strategy and data mapped to the range 
0–1 for each mouse. Then, comparisons between normalized signals 
were made at all the time points for all different groups. 

2.12. Statistical analysis 

The normality of data distribution of the in vitro cytotoxicity and in 
vivo studies was assessed by mean of the Shapiro-Wilk test (alpha >
0.05). In vitro cytotoxicity data were analysed by mean of a Student’s t- 
test to compare different groups. In vivo data were analysed by a Two- 
way ANOVA multiple comparison (Tukey test). A p-value < 0.05 indi-
cated statistical significance (p < 0.05 = *; p < 0.01 = **; p < 0.001 =
***; p < 0.0001 = ****; ≥ 0.05 = not significant). Statistical analysis of 
the data was performed using GraphPad Prism version 8.0.0 for Win-
dows (GraphPad Software, San Diego, California, USA). The data are the 
mean ± SD for n = 3. 

3. Results and discussion 

3.1. Nanoemulsions formulation, physicochemical characterization, and 
stability 

Monodisperse lipid nanosystems, namely NE with slightly negative 
surface charge were designed and obtained combining emulsion phase 
inversion (EPI) technique and homogenization process [31]. They pre-
sented a mean droplet size of 104 ± 3 nm, a low PdI (0.2) and a 
ζ–potential of − 9 ± 1 mV (Table 2). Due to the presence of the hydro-
phobic core, nile red (NR) and curcumin (CCM) dyes were efficiently 
loaded, with encapsulation efficiencies around 100%. Moreover, after 

NR and CCM loading no alterations in particle hydrodynamic diameter 
and PdI were observed, while the ζ–potential was shifted towards more 
negative values. The different zeta potential values after loading of dyes 
might be attributed to an alteration on the electrical double layer on the 
nanoparticle surface. The stability of blank and loaded NE in colloidal 
suspension (27% w/w, pH 6.8), upon storage at 20 ◦C, was followed over 
28 days (Fig. S2 in supplementary information). The mean hydrody-
namic size and PdI remained stable during the examined period. No 
leakage of the dyes was detected upon 28 days. In a previous work we 
showed that the selected NE formulation was stable in both SGF 
(simulated gastric fluid) and FaSSIF-V2 fluid (simulated intestinal fluid 
in fasted state), making them a good system candidate for oral delivery 
[31]. Moreover, the NE were successfully converted into dry powders 
using the freeze-drying technique enabling their long-term storage [31]. 

3.2. Mucopenetrating properties of nanoemulsions 

To target the intestinal epithelium, delivery systems must diffuse 
across the mucus layer either to interact with surface receptors of the 
epithelial cells, or to pass through the epithelium to reach the blood 
circulation [11]. To predict mucus permeation behaviour, we carried 
out an in-depth physicochemical characterization of mucin-NE in-
teractions using different techniques: Dynamic Light Scattering (DLS), 
Isothermal Titration Calorimetry (ITC) and Confocal Laser Scanning 
Microscopy (CLSM) analysis. 

As a first approach, we studied the surface ionic interactions of 
PEGylated NE in presence of reconstituted intestinal mucins by moni-
toring hydrodynamic diameter and surface charge of the system using 
DLS over the time. As described by Bernkop-Schnürch group, the contact 
between negatively charged mucins and nanoparticles can result in a 
possible adsorption of mucins onto the NE surface through electrostatic 
interactions, affecting the physicochemical properties of the nanosystem 
[12]. No increase in particle size (around 100 nm) and no modification 
of NE ζ–potential (around − 8 mV) was observed after incubation of NE 
(0.5% w/v) with mucins (0.5% w/v) in Sorenson’s phosphate buffer (pH 
7.4) at 37 ◦C during 4 h (Fig. S3A in supplementary information). Due to 
the neutral surface charge of the NE, the interaction with mucins was 
avoided. 

The DLS analysis was further exploited to analyse the behaviour of 
both mucins and NE at different pH. The mucus at the luminal surface is 
usually more acidic than the mucin firmly adherent layer near the 
epithelial interface. Such variation of pH can lead to conformational 
changes in the mucin structure and induce possible interactions with NE 
[32]. The ζ–potential of NE (0.1% w/v) and mucin solutions (0.1% w/v) 
was separately analysed at pH values ranging from 2 to 9 in saline buffer 
5 mM at room temperature (Fig. S3B in supplementary information). 
Under acidic conditions mucin pH shifted towards neutrality (− 0.4 mV) 
due to the protonation of carboxylic acid residues [39]. The NE followed 
the same behaviour showing a surface charge close to − 0.4 mV. The 
absence of electrostatic charge and electrostatic repulsions implied that 
steric forces alone imparted colloidal stabilisation. At neutral pH, both 
NE and mucins showed a weak negative ζ–potential (around − 10 mV). 
In basic conditions (pH 9), ζ–potential values of about − 15 mV were 
recorded for the two samples. This slightly negative surface charge 
suggested the presence of repulsive electrostatic forces between nano-
particles and glycosylated proteins and indicated that a polyelectrolyte 

Table 2 
Physicochemical characteristics of blank and loaded nanoemulsions (NE).  

Sample Size (nm) PdI ζ–potential (mV) Encapsulation efficiency (%) 

Day 0 Day 28 

Blank NE 104 ± 3 0.2 − 9 ± 1 – – 
NR-NE 93 ± 5 0.2 − 20 ± 3 99.7 ± 1 100.1 ± 3 
CCM-NE 98 ± 8 0.2 − 19 ± 5 99.9 ± 4 98.6 ± 5 

NR-NE: nile red-loaded NE; CCM-NE: curcumin-loaded NE. 
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association will not occur. 
Then, the thermodynamics of specific interactions between the two 

systems were studied by calorimetric analysis using ITC [40]. In 
particular, the nature of the possible non-covalent interactions (elec-
trostatic interactions, van der Waals forces and hydrophobic in-
teractions) was assessed [13]. When NE (0.1% w/v) were titrated over a 
mucin solution (0.01% w/v) only the presence of low energy peaks was 
evidenced, a pattern similar to the one obtained during the control 
titration analysis (Fig. S3C in supplementary information). We 
concluded that these low-energy effects were mainly due to the dilution 
of the NE in the sample cell. In good agreement with the ζ–potential 
analysis of NE surface properties, this finding suggested the absence of 
binding affinities between mucins and NE. 

Along with DLS and ITC experiments, NE displacement in mucins 
was monitored using 3D-time laps CLSM imaging (Fig. 1). The study was 
performed in a dedicated chamber slide containing the mucin solution 
(Fig S1). At the beginning of the analysis (time point 10 min in Fig. 1A 
and B), the majority of NE were located in the upper layer, as demon-
strated by the high fluorescent signal. Over the 3 h of analysis, NE 
diffused to the underneath layers at a speed of 1.3 μm⋅min− 1. After 180 
min of analysis, fluorescence was observed across the whole mucin 
sample, meaning that NE distributed in all the sample height (600 μm). 
(Fig. 1A and B ). 

Modifications of the nanoparticle surface with hydrophilic polymers, 
such as polydopamine, dextran-containing polymers or PEG have been 
described as successful strategies to facilitate mucus penetration 
[4,11,13,17]. In our study, NE were endowed with penetrating ability by 
their PEGylated shell (PEG (40) stearate surfactant) which conferred 
neutral surface properties to NE and reduced association with mucins. 
By avoiding the entrapment in the mucosal barriers, the developed NE 
holds promise for reaching the intestinal epithelium and improve drug 
delivery efficacy. 

3.3. Development of nanoemulsion-loaded chitosan sponges 

Once assessed the mucopenetrating ability of NE, an original nano-
composite system made of NE loaded in a mucoadhesive CH sponge was 
designed. CH of low degree of acetylation (DA 4%) and high molecular 
weight (MW 550 ± 50 kg⋅mol− 1) was used. High MW CH has been 
selected as it provides greater mucoadhesion ability because of the 
higher molecular interactions with mucins and the increased entangle-
ment of CH molecules in the mucin layer [33]. 

The preparation of CH-NE sponges is illustrated in Fig. 2. Firstly, CH 
was solubilized in an acetic acid solution (1% w/w). Then, NE were 

added to CH solution and the CH-NE mixture was stirred to obtain a 
homogeneous suspension. To produce CH sponges (Fig. 2I) and nano-
composite sponges (Fig. 2II), the freeze-casting method was used [24]. 
By freezing the CH solution or the CH-NE mixture, the solid phase was 
segregated by the moving freezing front and accumulated between the 
growing ice crystals, thus determining the structural configuration of the 
final system. Dry sponges were obtained once ice had been removed by 
sublimation. The porosity was a replica of the frozen aqueous crystals. 
The morphology of CH sponges was examined by SEM analysis (Fig. 3). 

At low CH concentration (0.1% w/w CH A series I in Fig. 3), CH 
sponges were soft and unconsolidated, presenting smooth surfaces. 
Entangled and non-continuous interpore membranes were present both 
at the surface and in the bulk of the sponge. As chitosan concentration 
increased (1% w/w CH B series III in Fig. 3), consolidated sponges 
presenting a well-defined cellular structure, interconnected pores and 
smooth walls were obtained. 

Upon the loading of NE in CH, sponges presented a different orga-
nization characterized by a dense structure and rough surface (Fig. 3II 
and IV). Such roughness was ascribed to the accumulation of NE on the 
sponge surface, as previously reported [41,42]. NE presence in the 
nanocomposite was also assessed by TEM images (Fig. S4 in supple-
mentary information), showing NE with hydrodynamic size of around 
100 nm and spherical shape. At high NE/CH ratio of 25 (CH 0.1% w/w, 
CH-NE A) the CH interpore membranes were entirely covered in NE 
because of the excess of NE present (Fig. 3II). In turn, at NE/CH ratio of 
10 (CH 1% w/w, CH-NE C) NE accumulated on CH walls while main-
taining the sponge porous structure (Fig. 3 IV). Optical images showed 
that the depth of the pores of the sponge decreased in presence of NE 
(535 μm in CH B vs 146 μm in CH-NE B and 90 μm in CH-NE C sponges, 
Fig. 4). The presence of NE was concomitant with a higher ice nucleation 
during the freezing process which led to the formation of small crystals 
and consequently small pores in the sponges [43]. 

Overall, the amount of CH and NE played a pivotal role in deter-
mining the final system morphology and porosity, and the presence of 
NE conferred stiffness and reinforced the sponge structure. 

3.4. Sponges rehydration: water uptake capacity 

CH and CH-NE sponges were rehydrated in SGF, PBS and FaSSIF-V2. 
PBS was used to mimic ion concentration and pH of human body fluids, 
and SGF and FaSSIF-V2 to mimic the physiological composition of 
human gastrointestinal fluid [44]. To assess the sponge stability in the 
acidic environment of the stomach, sponges were firstly evaluated in 
SGF at pH 1.2 by macroscopic observation of structural changes. The 

Fig. 1. A) Z-stacks of NE penetration (red) in the mucin layer (10% w/v, 600 μm thickness) at time point 10 and 180 min; B) total fluorescence signal of NE in the 
mucin layer (10% w/v) as a function of time as determined by image analysis software. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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sponges CH-NE A and C were unaffected by the acidic pH and no 
dissolution occurred within the first 3 h. Then, sponges were studied in 
PBS and FaSSIF-V2 at pH 5, 5.5 and 7.5: such pH range covers the 
apparent pKa of CH (~6.2) and simulates in vitro the human intestinal 
luminal pH in both healthy (pH of 5.5 in the small bowel and 7.5 in the 
colon) and inflammatory conditions (reduced pH values mostly in the 
colon) [3]. Upon rehydration in PBS media, pure CH sponges (0.1% w/w 
CH A and 1% w/w CH B) dissolved at pH values (pH 5 and 5.5) below the 
pKa CH (Fig. 5A). The protonation of amine groups of chitosan allowed 
its progressive re-dissolution in such acidic aqueous solutions. On the 
other hand, at pH 5.5 in FaSSIF-V2 medium and at pH of 7.5 in both PBS 
and FaSSIF-V2, CH sponges (CH A and CH B) turned into hydrogel 
structure able to take-up high water amounts (85% water uptake in PBS 
at pH 7.5, 70% in FaSSIF-V2 at pH 7.5 and 5.5) (Figs. 5A and 2). 

A different trend was observed for NE-loaded sponges (Fig. 5B). 
When CH-NE sponges prepared at high NE/CH ratio of 25 (CH 0.1% w/ 
w CH-NE A) were rehydrated, the macrostructure of the dry sponge 
collapsed and turned into a dense, aggregated system (Fig. 2). The 
swelling was immediate, and no further water uptake occurred over 
time. Unlike pure CH sponges (0.1% w/w CH A), CH-NE A did not 
dissolve at any pH up to 8 h and the complete dissolution only occurred 
after 24 h at pH 5, in both PBS and FaSSIF-V2. Instead, at lower CH-NE 
ratio of 2.5 and 10 (CH 1% w/w CH-NE B and CH-NE C), the macro-
structure of the sponges was not altered upon rehydration (Fig. 2) and all 
systems became non pH-responsive, as described in details in session 
3.6. The NE loading impaired the ability of the polymeric structure to 
retain water: 10% of water, on average, was taken-up by CH-NE sponge 
A (Fig. 5B). This behaviour was related to the high apparent density and 
low porosity of the nanocomposite system (Table 1) and it could be 
ascribed to the presence of NE, which enhanced the hydrophobicity of 
the systems. In previous studies, the incorporation of a hydrophobic 
component in hydrogels was shown to decrease water uptake [45,46]. 
The slight reduction in water uptake over time (Fig. 5B) could be asso-
ciated with the release of the NE absorbed on the sponge surface in the 
rehydration medium, as highlighted in session 3.6. 

3.5. Rheological analysis 

The viscoelastic properties of rehydrated sponges were assessed 
through rheological measurements in dynamic mode. From amplitude 
sweep measurements, the linear viscoelastic region was identified at a 
shear strain (γ%) range of 0.01%–100%, at angular frequency (ω) = 10 
rad⋅s− 1 and temperature of 22 ◦C. Thus, frequency sweep measurements 

were performed at γ% 1%, ω = 0.05–100 rad⋅s− 1. The results obtained 
for sponges with and without NE are given for ω = 1 rad⋅s− 1 in Fig. 6. 

The frequency sweeps always presented the same trend: the apparent 
moduli were nearly frequency-independent, G’ was much higher than 
G", the loss tangent was always lower than 1 (Table S1), conditions that 
define gel-like rheological behaviour. For samples obtained from CH 
solutions at low concentration (0.1% w/w CH A and CH-NE A), at high 
angular frequency (>10 rad⋅s− 1), the G’ and G" moduli increased with 
frequency (Fig. S5). This behaviour is typical of that of softer gels 
[47,48]. The G’ and G" apparent moduli were higher at higher CH 
concentration (CH B versus CH A Fig. 7), indicative of the improved 
connectivity of the sponge network (see Fig. 3). Moreover, values of 
apparent moduli were higher when CH was loaded with NE, with 
increasing values at the highest NE concentrations (10% w/w CH-NE C). 
In line with previous findings [49,50], the increase in the system stiff-
ness along with NE addition suggested that NE were able to interact with 
CH, preventing the relaxation of CH chains under shear stress. NE also 
bring hydrophobicity to the sponges and limit water uptake, thus 
limiting plasticization effects of chitosan by water. In view of an intes-
tinal delivery, the mechanical strength of rehydrated sponges is a major 
asset. A cohesive system, as CH-NE C, might be suitable to increase the 
retention time at the intestinal site by avoiding product flow together 
with enhancing mucoadhesion. 

3.6. In vitro release studies 

In vitro release studies of NE from nanocomposite sponges following 
rehydration were carried out in PBS and FaSSIF-V2 at pH 5, 5.5 and 7.5 
to investigate i) the role of pH and composition of release medium 
(destructive release studies), and ii) the influence of the sponge 
composition (NE/CH ratio) on the nanosystem release kinetics (cumu-
lative release studies). The aim of the release studies was to evaluate the 
behaviour of the nanosystem per se. Therefore, all release studies were 
carried out under non-sink conditions to avoid the premature release of 
the hydrophobic dye loaded in the NE core. 

Fig.7A shows how pH and composition of the release medium 
affected NE release (destructive release studies). The study was per-
formed on samples at NE/CH ratio of 25 (CH-NE A). When sponges were 
incubated with PBS at pH 5 and 5.5, 65% of NE were released within 8 h. 
In the case of PBS at pH 7.5, only 47% of NE were released over the same 
experimental period. 

Such release behaviour at pH values lower than the pKa of CH (6.2) 
can be related to the protonation of CH amino groups, resulting in the 

Fig. 2. Formulation process of I) chitosan (CH) sponges and II) nanoemulsion-loaded chitosan (CH-NE) sponges and their aspect after re-hydration. CH-NE A: sponge 
at low CH concentration (CH 0.1%- NE 2.5% w/w), CH-NE C: sponge at high CH concentration (CH 1%- NE 10% w/w). CH: chitosan (550 kg⋅mol− 1, DA 4%); NE: 
nanoemulsion. 
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increase of CH solubility, which weakens the structure of the sponge. In 
the release study performed in FaSSIF-V2 at pH 5, 5.5 and 7.5, 50% of 
NE were released over 8 h of incubation irrespective of the medium pH. 

After 24 h, CH sponges completely dissolved and 100% of NE were 
released at pH 5 in both PBS and FaSSIF-V2. Lower release rates were 
observed at the two other pH: 80% release at pH 5.5 in PBS, 50% release 

Fig. 3. SEM images of CH and CH-NE sponges. I: CH A; II: CH-NE A; III: CH B; IV: CH-NE C as defined in Table 1. 1: sample surface at low magnification (scale bar: 
400 μm); 2: sample surface at higher magnification (scale bar: 100 μm); 3: Bulk of the sponge sample at intermediate magnification (scale bar: 200 μm); 4 Bulk of the 
sponge sample at high magnification (scale bar: 20 μm). 

Fig. 4. Optical images of CH B and CH-NE sponges (CH-NE B and CH-NE C). The z-axis values 535 μm, 146 μm and 90 μm represent the maximum depth of the pores 
on the sponge surface. 
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at pH 5.5 and pH 7.5 in FaSSIF-V2. These results highlighted the impact 
of the release medium composition on the NE release profile. FaSSIF-V2 
contains amphiphilic molecules, such as sodium taurocholate (NaTC) 
and lecithin, able to interact with the nanocomposites, thus increasing 
the hydrophobicity of the sponge and slowing down the release rate. 
Lecithin can have affinity for the hydrophobic regions formed by the 
hydrophobic interactions NE-CH and NE-NE [51,52]. Diversely, NaTC 
binds strongly to the nanocomposite thanks to hydrophobic and elec-
trostatic interactions between the negatively charged sulfonate groups 
of the surfactant and the amino groups of CH, which are partly 

protonated at pH 5 and 5.5, forming insoluble micelle-like clusters [40]. 
The physicochemical properties of NE released from the rehydrated 

nanocomposites were also investigated (in PBS at pH 7.5). NE showed a 
slight increase in the hydrodynamic diameter (128 ± 3 nm vs 104 ± 3 
nm), while ζ–potential values shifted from − 9 mV to − 2 mV, indicative 
of the absorption of some chitosan chains on the particle surface. 

A cumulative release study was performed to investigate the influ-
ence of the sponge composition expressed as NE/CH ratio on the release 
kinetic of NE. Release studies were performed in FaSSIF-V2 and the pH 
was decreased from 7.5 to 5 over 72 h (Fig. 7B). The sponge at high NE/ 
CH ratio of 25 (CH-NE A) fastly released 47% of NE in 30 min, reaching 
65% after 3 h. When the NE/CH ratio was decreased to 10 (CH-NE C) the 
release became sustained. The 9% of NE was released in 30 min, 34% in 
3 h and a plateau at 46% was reached at 8 h. The further decrease in the 
NE/CH ratio at 2.5 (CH-NE B) prevented the NE release. After 24 h, the 
pH was lowered at 5.5 and no changes in the release profile were 
observed up to 48 h. Thus, at time point 48 h, the pH was further 
decreased until 5. The sponge at NE/CH ratio of 25 (CH-NE A) dissolved 
and 100% of NE was released. Instead, in the sponges at NE/CH ratio of 
2.5 and 10 (CH-NE B and C) the release rate remained constant (plateau 
at 50% for CH-NE C). These observations were in agreement with the 
morphological evaluation and suggested that part of the NE was on the 
bulk of the membranes constituting the pores of the sponges, while part 
of the NE was located at the sponge surface (see Fig. 3). NE can interact 
with the CH polymer chains via hydrogen bonding and hydrophobic 
interactions, thanks to CH hydrophobicity (4% DA in the neutralized 
state) [52,53]. In the sponge at NE/CH ratio of 25, NE was present in 
excess at the surface and the sponge lost its porous nature, as highlighted 
by the SEM images (Fig. 3 series II). This excess of NE was easily and 
rapidly released from the sponge surface once in contact with the me-
dium. Then, the remaining NE was constantly released by diffusion 
through the sponge creating a plateau. Instead, at a NE/CH ratio of 10, a 
lower amount of NE accumulated on the surface, in fact the sponge 
maintained its porous structure (SEM images Fig. 3 series IV and optical 
images Fig. 4). The main mechanism of NE release was the diffusion of 

Fig. 5. A) Water uptake capacity of CH A sponge at pH 5, 5.5 and 7.5 in both PBS and FaSSIF-V2; B) Water uptake capacity of CH-NE A sponge at pH 5, 5.5 and 7.5 in 
both PBS and FaSSIF-V2. 

Fig. 6. Variation of G’ and G" moduli and loss tangents of rehydrated CH and 
CH-NE sponges (PBS pH 7.5) at different CH and NE concentrations at an 
angular frequency ω = 1 rad⋅s− 1. 
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the NE present in the bulk of the pore walls. The hydrogen bonds and 
hydrophobic interactions between CH and NE together with the inter-
connected 3D network of the sponge microstructure supported the NE 
diffusion and led to a controlled and prolonged release over time. 
Similarly, Kassem et al. described a sustained release of the hydrophilic 
drug buspirone hydrochloride from chitosan sponges by increasing the 
polymer concentration from 0.5% to 2% thus decreasing the ratio be-
tween drug and polymer [23]. 

The absence of release in CH-NE B sponge was not due to the 
disruption of the nanoparticle, but suggested that at low NE/CH ratio 
(NE/CH 2.5) all the NE were entrapped in the sponge structure, strongly 
interacting with the CH polymer chains. Complete NE release of 100% 
was achieved only in the sponge at high NE/CH ratio of 25 (CH-NE A) 
when the pH was shifted towards acidic value of 5. This was due to the 
sponge dissolution and massive release of particles from the surface of 
the sponge walls. Possible reasons of the CH-NE A sponge dissolution are 
i) the lower CH concentration in the initial suspension that led to lower 
thickness of the interpore membranes and to a higher amount of NE in 
the bulk of pore membranes, and ii) the modification of the crystalline 
structure of CH in presence of NE. Further evaluation of the nano-
composite crystallinity will assist in gaining a better understanding of 
the NE release kinetics. Thus, in sponges CH-NE B and C, 100% of release 
could be achieved only after degradation in the colon by bacterial en-
zymes and human chitinases [2]. 

Overall, these results showed that by varying the NE/CH ratio we 
were able to modulate the release rate of NE. Several strategies have 
been reported in the literature to tune the release of nanosystems from 
their composite systems as i) the modulation of the degree of cross- 

linking in polymeric hydrogels [54,55], ii) the in situ hydrogelation of 
polymers followed by their selective pH triggered degradation [18], iii) 
the chemically driven erosion of the nanocomposite hydrogel network at 
the site of action [56]. In this work a sustained release was obtained by 
loading NE in CH sponges at NE/CH ratio of 10 (CH-NE C). Compared to 
previously designed CH-based materials [57], these CH sponges offer the 
advantages of protecting NE from the harsh environment of the GI tract 
and of tackling shortcomings related to the CH pH-dependent strength, 
such as the rapid dissolution and the immediate release of the associated 
nanosystem. 

3.7. In vitro cytotoxicity 

Cell viability assays were carried out to evaluate the cytocompati-
bility of blank NE on two separate intestinal cell lines, the HCT 116 and 
the Caco-2. Human colon carcinoma Caco-2 cells are commonly used as 
a model of intestinal barrier since upon differentiation they express a 
phenotype comparable to enterocytes [58]. Human colorectal carci-
noma HCT 116 cells are considered a model of colon cancer primary 
cells [59]. 

The in vitro cell viability assay was conducted by exposing both cell 
lines to NE for 3 and 24 h in concentrations ranging from 10 to 1250 
μg⋅mL− 1 (Fig. 8). The minimum level acceptable of cell viability in 
cytotoxicity tests was fixed at 70% according to ISO 10993 [60]. 

After the first 3 h, for the HCT 116 cells, blank NE did not show signs 
of cytotoxicity with a cell viability above 80% up to 625 μg⋅mL− 1, while 
it reduced cell viability at the highest concentration used (1250 
μg⋅mL− 1, p = 0.01). After 24 h blank NE showed toxicity at 

Fig. 7. A) NE release (Nile Red-loaded NE (NR-NE), 20 μg⋅mL− 1) from the nanocomposite sponge CH-NE A in PBS and FaSSIF-V2 at pH 5, 5.5 and 7.5 up to 24 h; 
destructive release study to evaluate the effect of pH and release medium; B) NE release (curcumin-loaded NE (CCM-NE), CCM 50 μg⋅mL− 1) from nanocomposite 
sponges at different NE and CH concentrations in FaSSIF-V2 at pH 7.5 up to 24 h, pH 5.5 up to 48 h and pH 5 up to 72 h; cumulative release study to evaluate the 
effect of chitosan and nanoemulsions concentration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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concentration higher than 156 μg⋅mL− 1, being the IC50 value of 336 
μg⋅mL− 1. The value of IC50 of the blank NE was similar to that previ-
ously reported for lipid nanocapsules [59], polymeric nanocapsules 
[61,62] and solid lipid nanoparticles [63] when evaluated on the same 
colon cancer cell line (HCT 116). 

Regarding to the Caco-2 cell line, their viability remained higher 
than 80% even at higher NE concentrations (1250 μg⋅mL− 1) for both 
time points tested, in accordance with other studies [15,64]. 

The difference in cytotoxicity between the two cell lines can be 
ascribed to the different % of FBS used. In the case of HCT 116 cells a 2% 
of FBS was required to ensure cell growth. While in the case of Caco-2 
cells 10% FBS was used. 

Overall results showed that the cytocompatibility of the NE here 
developed was in an acceptable range and opened the way to its future 

use as delivery system for systemic or localized treatment. Since the cell 
viability might be altered by the shielding effect of the CH sponge, future 
studies will investigate the toxicity profile of the developed 
nanocomposite. 

3.8. In vivo biodistribution and transit studies in mice 

A variety of methods has been reported in the literature for assessing 
GI transit times, motility, and drug release. In vivo biodistribution 
studies using fluorescent or radio-labelled nanoparticles have been 
largely used to localize the nanosystems in the GI tract [62,65]. In this 
work, we evaluated the residence time of fluorescent DiD-labelled CH- 
NE mixture (before freeze-drying) and CH-NE sponges in the GI tract by 
near-infrared fluorescence imaging following oral administration to 
healthy mice. DiD-loaded NE were also used as control. Observations 
were made at 1, 2, 3, 4, and 6 h to anesthetized mice. Due to the short 
duration of the anaesthesia and the rapid recovery time, the effect of 
anaesthesia on GI motility was not expected. Time points were chosen 
according to previous studies considering that mice have a total GI 
transit time of about 6 h and that the majority of the intestinal content is 
located in small intestines and cecum after 3 h [65]. The in vivo bio-
distribution profiles of formulations following oral administration are 
shown in Fig. 9A. A wide distribution of the fluorescent signal in the 
mice GI region was observed for all the systems. After 6 h, the fluores-
cent signal still was detected in the mice GI tract and it was more intense 
for CH-NE mixture and CH-NE sponge than for the NE. 

To perform a semi-quantitative analysis of the fluorescent dye dis-
tribution, organs were harvested and ex vivo images were taken 
(Fig. 9B). The images collected at the different time points were pro-
cessed to extract different information on residence time, targeting 
ability and potential toxic effect of the formulations. 1 h after oral 
gavage, NE had transited trough the stomach labelling almost the entire 
loop of small intestines and the cecum. At 3 h, NE were visualized mainly 
in the cecum, ascending, transverse and descending tract of the colon, 
and the rectum. After 6 h, only a weak fluorescent signal was still present 
in the small intestine while the most intense fluorescence was found in 
the rectum (Figs. 9B and 10A). 

A different transit time was observed when the NE were mixed with 
the CH solution (CH-NE mixture). After 2 h and 3 h, an intense fluo-
rescence signal was located in the cecum. NE were retained up to 4 h in 
cecum and colon and no fluorescent signal was detected in the rectum up 

Fig. 8. Cell viability of HCT-116 and Caco-2 cells after exposure to blank NE for 
3 h and 24 h. Statistical data analysis: p < 0.05 = *; p < 0.01 = **; p < 0.001 =
***; ≥ 0.05 = not significant. 

Fig. 9. A) Fluorescent images of mice whole body; B) representative ex vivo fluorescence images of intestines of mice sacrificed at 1, 2, 3, 4 and 6 h after oral 
administration of nanoemulsions (NE), CH-NE mixture (Mixture), CH-NE sponge (Sponge). 
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to 6 h (Figs. 9B and 10A). 
On the other hand, when the CH-NE sponge was administered the 

intestinal residence time was considerably enhanced. The highest level 
of fluorescent signal was detected in the cecum up to 6 h (Figs. 9B and 
10A). Such behaviour was ascribed to the CH mucoadhesive ability. 
However, the fluorescence signal coming from NE embedded in the 
sponge was less intense as compared to those obtained with the NE or 
CH-NE mixture. This observation suggested that the DiD fluorescence 
was quenched and that the NE fluorescence intensity was under-
estimated in the composite formulation. Quenching typically occurs 
when lipophilic fluorescent labels are tightly packed together in the 
nanoparticle core, as previously observed for other nanocarriers [66], 
and it can be further enhanced by the shield effects of the macro-system 
[29]. 

We also verified by visual inspection the absence of alteration of the 
intestinal mucosa indicating absence of toxicity, and preservation of 
physiology and gastrointestinal integrity. Moreover, using In Vivo Im-
aging System (IVIS) technique NE fluorescent signal was not observed in 
kidneys, liver, spleen, heart, brain, muscles, lungs, bones, skin and urine. 
These data suggest that the developed nanocomposite can be investi-
gated for prolonging the intestinal residence time of associated drugs 
thus allowing for their sustained systemic absorption or enhanced local 
therapeutic efficacy in the case of inflammatory intestinal pathologies. 
Similar approaches have been previously reported for nanoparticle- 
loaded hydrogels. Laroui et al. formulated a cross-linked chitosan and 
alginate hydrogel to encapsulate nanoparticles containing the anti- 
inflammatory tripeptide Lys-Pro-Val (KPV) that reduced mucosal 
inflammation in vivo [18]. Nanoparticles containing CD98 siRNA or 
plasmid DNA embedded in hydrogel were also used target small and 
large intestine [2,3]. Finally, nanocomposite made of alginate loaded 
nanoparticles has been described for improving the systemic absorption 
of oral insulin [20]. 

In this study, the intestinal sustained release and prolonged residence 
deriving from the synergy between NE mucopenetrating and CH 
mucoadhesive properties can bring additional therapeutic benefits. 
Moreover, the nanocomposite can be tailored to allocate hydrophilic or 
hydrophobic drugs. The system filling in enteric capsules prior to oral 
administration is envisaged for high effectiveness at the intestinal site in 
vivo. 

4. Conclusions 

Nanocomposites combining mucopenetrating NE and mucoadhesive 
CH sponges aimed to prolong intestinal drug delivery by oral adminis-
tration were successfully designed. PEGylated NE were selected due to 
their mucopenetrating properties and successfully embedded in CH 
sponges via the freeze-casting technique without alteration of their 
physicochemical properties. The combination of different CH and NE 
concentrations allowed to tune the sponge structural and mechanical 
properties and to modulate the NE release. The NE cytocompatibility on 
both Caco-2 and HCT 116 intestinal cell models was demonstrated in 
vitro. Lastly, the nanocomposite oral administration to mice proved the 
effectiveness in increasing the intestinal residence time. The unique 
technological and biological properties of this system will be uncovered 
for the local or systemic improvement in drug therapeutic efficacy. 
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Fig. 10. A) Contents of nanoemulsion (NE), NE-loaded chitosan mixture (Mixture), NE-loaded chitosan sponge (Sponge) in different parts of the intestinal tract 
following oral administration at time 1, 2, 3, 4 and 6 h. Statistical data analysis: Significant difference between samples (NE or Mixture or Sponge): p < 0.05 = *; p <
0.01 = **; p < 0.001 = ***; p < 0.0001 = ****; p ≥ 0.05 = not significant; Significant difference from time points within one sample (NE or Mixture or Sponge): p <
0.05 = #, details on the level of significance can be found in Table S2; B) Dissection scheme of the mouse GI tract. 
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