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Abstract 

Nanoparticles (NP) only different in mucoadhesivity are compared for impact on 

drug oral bioavailability. Two polymeric NP types based on quaternary 

ammonium-chitosan (NP QA-Ch) and S-protected thiolated derivative thereof 

(NP QA-Ch-S-pro), respectively, containing the macromolecular drug model, 

FD4, were prepared by crosslinking each polymer with reduced MW hyaluronic 

acid. The structure of basic polymers was determined by H1NMR analysis. NP 

were similar in size (371±38 vs. 376±82 nm); polydispersity index (0.39±0.08 vs. 

0.41±0.10); zeta potential (13.4±0.9 vs. 11.9±1.2 mV); reversible interactions 

with drug (bound drug, 67 vs. 66%); encapsulation efficiency (23±5 vs. 23±8 %); 

release properties (15% released in 15h in both cases); and apparent permeation 

across excised rat intestine (Papp, 8.8±0.8 vs. 10±1 cm/s). Then the differences in 

NP transport ratio through mucus (TR, 0.75 vs. 0.37) and adhesion to excised rat 

intestinal mucosa (adsorbed fraction, 23±3 vs. 45±2 %) were ascribed to higher 

mucoadhesivity of NP QA-Ch-S-pro compared to NP QA-Ch. This directly 

influenced drug oral bioavailability in rats (Tmax, 1 vs. 2 h; AUC, 1.7±0.3 vs. 

2.9±0.4 μg/mL min, for NP QA-Ch and NP QA-Ch-S-pro, respectively). 

Mucoadhesivity increases drug bioavailability by retaining NP at its absorption 

site and opposing its transit down the GI tract. Data on drug accumulation in rat 

liver allows the assertion that NP is absorbed by transcytosis across intestinal 

epithelium and transported from blood into liver by Kuppfer cells.  
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1. Introduction 

 

The gastrointestinal (GI) tract is the primary site of drug delivery, in fact more 

than 80% of drugs are taken orally. The GI tract is covered by a mucus layer, 

which can trap and coat foreign particulates and pathogens to protect the 

underlying epithelium [1]. Mucoadhesive polymeric nanoparticulate systems 

(NP) have raised interest as vehicles for drug delivery by the oral route for their 

potential ability to improve the bioavailability of drugs with low mucosal 

permeability and/or poor chemical stability in the gastrointestinal environment [2-

4]. To be absorbed across the intestinal epithelium into the systemic circulation, 

however, the NP will have to cross the layer of stagnant mucus adjacent to the 

intestinal membrane. In this light, mucus represents a barrier which can affect the 

transit of most orally administered NP [5, 6]. Indeed, the NP tendency to adhere 

to the mucus gel can play an important role since on the one hand it opposes the 

physiologic transit of the delivery system down the GI tract away from the 

absorption site, thus favoring drug absorption, whereas, on the other hand, it 

hampers the water-driven transport of NP from luminal to epithelial side of the 

mucus layer, thus slowing down absorption. In fact, still open to debate is the 

issue of whether mucoadhesive particles prolong drug residence at the absorption 

site and enhance drug bioavailability [7-10] or, instead, aggregate in mucus far 

away from the absorptive epithelium and lower the bioavailability [11-13]. In the 

present work our group have taken part in the debate by comparing the ability of 

two NP types, apparently only different in mucoadhesivity, to promote the oral 

bioavailability of fluorescein isothiocianate dextran (FD4, MW 4 kDa). This has 

been used by other authors [14, 15] as a model of macromolecular drugs because 

of its molecular weight, close to those of insulin and calcitonin, as well as its 

water solubility and hydrophilic properties and, furthermore, because it is not 

susceptible to enzymatic degradation in the intestinal tract. Water-soluble 

quaternary ammonium-chitosan derivatives were used to prepare the NP. To 

differentiate between more and less mucoadhesive NP, these were prepared from 

a novel quaternary ammonium chitosan containing protected thiol groups on its 

chains and a thiol-free one. According to literature information, indeed, the 

former was expected to be more mucoadhesive than the latter [16]. The former, 

moreover, was preferred over its precursor because non-protected thiols, although 

favoring polymer mucoadhesion, are unstable as prone to easy oxidation. The 

similarity of the two NP types for particle size, polydispersity index, zeta 

potential, permeation across excised intestine, water-assisted transport through 

intestinal mucus, and in vitro drug release was verified, to rule out any effect on 

drug bioavailability not ascribable to the difference in NP mucoadhesivity. 

Finally, the NP were compared on an oral bioavailability basis using rats. 

 

2. Materials and methods 

 

2.1 Materials 



 

The following materials were used, along with other usual reagent grade solvents 

and chemicals: fluorescein isothiocyanate dextran (MW, 4kDa; FD4), 

thioglycolic acid, 1-ethyl-3-(3-dimethylaminopropyil) carbodiimide 

hydrochloride, cellulose membrane tubing MW cut-off 12.5 kDa, 6-

chloronicotinamide, thiourea, fluorescein isothiocyanate (FITC), low molecular 

weight chitosan (Ch) (all from Sigma); 2-diethylaminoetihyl chloride 

hydrochloride (Fluka); hyaluronic acid (HA), Mw 950 kDa (Contipro, Dolní 

Dobrouč, Czech Republic). The above materials were used, each where 

appropriate, to prepare the following polymers and polymer derivatives according 

to the methods described in the references cited: reduced-MW hyaluronic acid 

(rHA, viscometric MW 470 kDa) [17]; quaternary ammonium-Ch conjugates 

synthesized at 60 °C, coded QA-Ch [18]; and thiolated derivative of QA-Ch, 

coded QA-Ch-SH [17]. 

All aqueous solutions/dispersions where prepared with freshly distilled water. 

 

2.2 Synthesis of S-protected derivative of QA-Ch-SH: QA-Ch-S-pro 

 

As 6-mercaptonicotinamide (6-MNA) is commercially not available, it was 

synthesized according to Forrest and Walker (1948) [19]. Thiourea and 6-

chloronicotinamide (1:1) was suspended in ethanol and refluxed 6h under 

nitrogen. Overtime, the mixture turned light yellow and was allowed to cool 

down to room temperature and stirred overnight. The resulting salt, S-(5-

carbamyl-2-pyridyl)-thiouronium chloride, was separated by filtration and dried. 

The dried thiouronium salt was decomposed by adding 2N NaOH and stirring 

45min at room temperature. The pH was adjusted to 4 with acetic acid and the 

light yellow suspension turned to dark yellow. The resulting 6-MNA was isolated 

by filtration, washed with water and dried. Next, it was suspended in water and 

the pH adjusted to 7, after which a hydrogen peroxide solution was added. The 

mixture was stirred 1h at room temperature, whereby the yellow color turned 

back to white. The resulting 6,6’-dithionicotinamide (6,6’-DTNA) was isolated 

by filtration, washed with water and dried. The covalent attachment of the 

aromatic ligand to QA-Ch-SH was achieved by disulfide bond formation between 

thiol groups of 6-MNA and free thiol groups of QA-Ch-SH according to 

Dünnhaupt, et al. (2012) [20] Two hundred mg of lyophilized QA-Ch-SH was 

dissolved in 50 mL of a mixture of DMSO and water (7:3). Fifty mg of 6-6’-

DTNA was dissolved in 50 ml of DMSO and added to the QA-Ch-SH mixture. 

After addition of the ligand, the pH was adjusted to 6 and the reaction mixture 

stirred 6h. For purification, the mixture was dialyzed 4 days against water. After 

dialysis, the polymer solution was lyophilized to obtain the purified protected 

thiomer (QA-Ch-S-pro) (Figure 1). 

 

2.3 Determination of thiol content in polymers 

 



The quantification of free thiol moieties was performed for both QA-Ch-SH and 

QA-Ch-S-pro. Polymers were dissolved in 10 mL of water, 1% starch aqueous 

solution (1mL) was added, the pH was adjusted to 3 with 1M HCl and the 

solution was titrated with 1mM aqueous iodine until a permanent light blue 

discoloration was observed [21]. The quantification of degree of substitution by 

thiol-bearing groups in both polymers was performed after borohydride red-ox 

reaction. In details, 8mL of 10% aqueous sodium borohydride to a solution of 15 

mg polymer in 2mL of water, and stirring for 1h. Then the excess of sodium 

borohydride was destroyed by making the solution to pH 3 with 1M HCl and the 

thiol content was determined by iodometric titration as described above.  

 

 

2.4 Quantification of the protected thiols in QA-Ch-S-pro 

Samples of 0.1% (m/v) polymer solution (5 ml) were added to reduced 

glutathione (0.1%) and the mixture was stirred 2h, after which it was analyzed 

spectrophotometrically at 307 nm. A calibration curve was obtained with 6-MNA 

standard solutions. The content of conjugated aromatic ligand was expressed as 

degree of substitution (%) on a polymer repeating unit basis of polymer. 

 

2.5 NMR studies  
1H NMR measurements were performed in phosphate buffered D2O (pH=7.4) 

solution on a spectrometer operating at 600 MHz. The temperature was controlled 

to 25±0.1 °C. 1H NMR spectrum was recorded with 20 s relaxation delay. After 

data acquisition, each FID was apodized with 1.0 Hz line broadening and Fourier 

transformed. The selected signals of protective group were processed by the 

qEstimate software (Agilent) and by comparing its integrated area with that of a 

standard sample of known concentration. The 2D NMR spectra were obtained by 

using standard sequences. Proton gCOSY (gradient COrrelated SpectroscopY) 

2D spectra were recorded in the absolute mode acquiring 64 scans with a 1 s 

relaxation delay between acquisitions and 4K data points for each of 200 FIDs. 

2D TOCSY (TOtal Correlation SpectroscopY) spectrum was recorded acquiring 

64 scans with a 1 s relaxation delay, 200 increments, 4 K data points and a mixing 

time of 0.1 s. The gradient gHSQC (gradient Heteronuclear Single Quantum 

Coherence) spectra and gHMBC (gradient Heteronuclear Multiple Bond 

Coherence) were obtained in 256 scans and 128 scans per increment respectively 

The spectral width used was the minimum required in both dimensions. 

 

2.6 Preparation and characterization of NP 

NP based on either QA-Ch or QA-Ch-S-pro derivative was prepared by self-

assembly upon addition of rHA. In details, a solution of rHA 0.2 mg/ml in 

phosphate buffer (0.13M, PB pH 7.4) was added dropwise (750l) to 5 mL of 1 

mg/mL polymer solution in the same buffer, under stirring at room temperature. 

To prepare FD4-loaded NP the above rHA solution contained 3 mg of FD4. The 

final FD4 concentration in the NP dispersion was 0.52 mg/mL. Following 



preparation, the NP dispersion was checked for particle size and ζ-potential 

(Beckman/Coulter N4 Plus, Beckman/Coluter Delsa™ Nano). To purify the FD4-

loded NP, the dispersion was centrifuged (30 min at 20,000 rpm and 4°C, Termo 

Scientific MTX 150), the supernatant was removed, analyzed fluorometrically 

(excitation 490 nm, emission 530 nm, Perkin Elmer LS45) to evaluate the FD4 

amount entrapped in the NP, and the sediment was re-suspended in 5 mL of H2O 

and lyophilized. The dispersions could be regenerated from the respective 

lyophilized products by adding 5 mL of water under gentle stirring. The FD4 

fraction entrapped in the NP (entrapment efficiency, EE) was calculated as 

follows, using the appropriate calibration curve: 

EE= (Mt-Ms)/Mt 

where Mt is the total mass of FD4 used for the preparation of NP and Ms is the 

mass found in the supernatant. The drug concentration in the regenerated 

dispersion (DRD) was expressed by the following equation: 

DRD=(Mt-Ms)/VRD 

where VRD is the regenerated dispersion volume. 

 

2.7 Dynamic dialysis studies 

A well-known procedure and underlying theory [22, 23] was applied to assess the 

reversible drug binding by NP in fluid dispersion, at the thermostat temperature 

of 37 °C. The dialysis membrane, permeable to the drug and impermeable to the 

NP, was made of porous cellulose (cut-off 12.5 kDa). At t=0, 5 mL of FD4-

loaded NP, regenerated after lyophilization, was introduced in the donor 

compartment of the cell. Sink conditions were maintained in the receiving phase 

(100 mL of PB pH 7.4). Drug transport across the membrane was assessed by 

fluorometrically analyzing the receiving phase at intervals for the drug. At the 

end of each run, the donor phase was withdrawn from the cell and checked for 

particle size. The dialysis was also carried out, using the same procedure and 

membrane type, for the plain drug solution (control). 

 

2.8 Interrupted-dialysis studies 

Interrupted-dialysis experiments were carried out to gain information on drug 

release from NP while concurrently checking data according to the suggestions 

from Zambito, et al. (2012) [24]. To this purpose, the dialysis, carried out as 

described in Section 2.7; was stopped after established time intervals and the drug 

fraction contained in each of the NP matrix, NP-dispersion medium and acceptor 

medium was determined, after centrifuging (30 min at 20,000 rpm and 4°C) the 

NP sample in the donor compartment.  This procedure was repeated, running the 

dialysis for different times, to construct the plots of the drug fraction in each 

phase versus time.   

 

2.9 In vitro study of water-assisted NP transport through mucus 

Porcine intestinal mucus samples were scraped off from the small intestinal 

tissues of 3 freshly slaughtered pigs, provided by a local slaughter house, and 



pooled together. The mucus was purified and homogenized, and transport studies 

across a purified mucus layer were carried out as described by Fabiano et al. 

(2017) [25]. A mucus layer was realized by filling the barrel of a 1 mL plastic 

syringe with 350 µL of purified mucus. The barrel was kept, tip down, in vertical 

position and the mucus was prevented from escaping through the syringe tip by a 

cellulose nitrate 0.2 µm filter. Fifty μL of NP dispersion, centrifugation-purified, 

lyophilized and regenerated as described in section 2.6, was placed on the filter 

before adding the mucus. A bottom-to-surface phosphate buffered saline pH 6.8, 

0.13 M (isotonic) (PBS), flow across the mucus layer (diameter, 0.6 cm) was 

realized by connecting the tip of the syringe to the bottom of a vertical cylindrical 

vessel by a flexible tubing, filling the vessel with PBS, level with the surface of 

the mucus layer in the syringe, and dripping PBS into the vessel so as to create a 

supernatant liquid phase gradually rising over the mucus layer at a rate of 

1.24·10˗4 cm/sec corresponding to a flux of 0.446 mL/(cm2h), without causing 

any phase mixing. Such a flux value was calculated from the data reported by 

Lennernans et al. (1994) for intestinal water absorption in man [26]. The system 

was maintained in vertical position at 37 °C for 5 h, after which the supernatant 

was withdrawn from the mucus, the syringe removed from the assembly, frozen 

and cut into slices of 2 mm length, starting from the tip where the formulations 

had been added. The FD4 in the supernatant was determined as already described. 

For determination of the FD4 in each slice the same procedure was applied after 

thawing out the frozen slice and removing the plastic debris.  

 

2.10 Ex-vivo studies 

The intestinal mucosa was excised from non-fasting male Wistar rats weighing 

250-300g. After sacrificing the rats, the first 50 cm of small intestine was 

immediately removed and used for the ex-vivo studies. To check the tissue 

integrity, the electrical resistance of an excised intestine sample was determined 

under the start and end conditions of a permeation experiment, as described by 

Heinen et al., 2013 [27]. 

 

2.10.1 Ex-vivo mucoadhesivity studies  

A previously described procedure was followed [17]. The intestinal mucosa was 

excised from non-fasting male Wistar rats weighing 250-300g. After sacrificing 

the rats, the first 50 cm of small intestine was immediately removed. Four 10-cm 

segments were cut out of the excised intestine, opened by longitudinal cutting and 

the mucosa gently rinsed free of luminal content. Each segment was then 

immersed in 1 mL of the regenerated FD4-loaded NP dispersions. Incubation at 

37 °C, under bubbling of a mixture of 95% O2 and 5% of CO2, lasted 4h with no 

damage to the mucosa [28]. Then, 50 μL was withdrawn, appropriately diluted 

and analyzed fluorometrically with reference to the relative calibration curve. The 

adsorbed mass fraction, listed in Table 3, was calculated from the difference 

between the FD4 concentration determined before and after incubation.  



2.10.2 Permeation experiments 

A previously described procedure was followed [28]. The excised intestine was 

cut into strips of 1.5 cm, rinsed free of luminal contents and mounted in Ussing 

type chambers (0.78 cm2 exposed surface area) without stripping off the 

underlying muscle layer. One and 3 ml of phosphate buffer pH 7.4, 0.13 M, 

isosmotic (PB 7.4) were added to the mucosal (donor) and serosal (acceptor) 

compartment, respectively, of the permeation cell. In order to ensure oxygenation 

and agitation, a mixture of 95% O2 and 5% CO2 was bubbled through each 

compartment. The Ussing chamber was then placed in a thermostatic water bath 

at 37 °C. After 20 min equilibration the medium in the donor compartment was 

replaced with 1 mL of each regenerated NP dispersion, or a FD4 solution 

(control). The apical to basolateral transport of FD4 was investigated, i.e., at 30 

min intervals, of a total of 240 min, 1 mL volume was withdrawn from the 

acceptor compartment and replaced with an equal volume of fresh pre-

equilibrated PB 7.4. 

For each permeation run a value of apparent permeability coefficient, P’app, for 

permeant across the excised rat intestinal mucosa was calculated from the 

following equation:  

P’app= dM/dt 1/(AC0)    (1) 

where dM/dt 1/A, the permeation flux, is the slope of the linear portion of the 

cumulative amount permeated per unit surface area vs time plot, and C0 is the 

FD4 concentration introduced into the donor phase, i.e., the drug concentration in 

the regenerated dispersion (C0=DRD, 0.14 mg/mL). For each plot, the linear 

regression analysis was extended to the set of data points that gave the best fit, as 

judged from the r2 value. This, in all of the cases investigated, was >0.9. The 

single P’app values were averaged to calculate the mean apparent permeability Papp 

(n, 3-6). The mean cumulative amount permeated per unit area in any given time 

was calculated to plot each permeation profile and determine T4h, i.e., the 

cumulative transport per unit area over the whole time of experiment. The 

significance of the differences between each of the Papp or T4h values was assessed 

by the Student’s t-test (P<0.05). For NP that produced a significant Papp increase, 

this was measured by the enhanced permeability ratio (EPR), defined as the ratio 

between each of the Papp values obtained with the NP and that obtained with the 

control plain FD4 PB solution. 

 

2.11 Bioavailability studies 

To evaluate the time-course of the plasma levels of FD4 twelve male Wistar rats 

(260–350 g) were anesthetized with thiopental (70 mg/kg, i.p.), following the 

guidelines from the European Community Council Directive 2010/63, approved 

by the Animal Care Committee of the University of Pisa (D.L. 2014/26). The 

trachea was intubated and connected to a rodent ventilator (mod 7025 Ugo Basile, 

Comerio, Italy) for artificial ventilation with room air (stroke volume, 1 ml/100 g 

body weight; 70 strokes/min). Electrocardiogram (ECG) was continuously 

measured by lead II (Mindray, PM5000; 2 Biological Instruments, Varese, Italy), 



in order to monitor the main vital functions. After a stabilization time of 15 min a 

blood sample (500 μL) was collected (basal control). Then the animals were 

treated by gavage with about 400 µl of FD4 (0.75 mg/Kg) contained in the 

samples under study (i.e. plain FD4 (control), NP QA-Ch or NP QA-Ch-S-pro). 

Blood samples (500 μL) were collected by carotid catheterization, after 30, 60, 

120, 180 and 300 min from administration. After collection, each blood sample 

was immediately centrifuged (2040 rpm, 20 min, 4 °C) and the serum separated 

(150 μL) and analyzed for FD4 fluorometrically. The area under the curve was 

calculated by the linear trapezoidal rule between time 0 and 300 min. 

Significance of differences was evaluated by the Student’s t -test. 

After completion of the bioavailability study the rat was sacrificed, and the liver, 

spleen, and kidney were withdrawn and homogenized with PBS, 10 min at 8000 

rpm (Ultra-Turrax T25). The homogenate was centrifuged 5 min at 3,000 rpm and 

the supernatant (150 μL) was mixed with 50% trichloroacetic acid (30 μL). The 

mixture was centrifuged 5 min at 10,000 rpm to remove the precipitated. Then the 

supernatant was analyzed for FD4 content fluorometrically [29]. For reference the 

above procedure was repeated several times on liver, spleen, and kidney of rats 

not treated with any of the NP dispersions. The differences were considered 

significant when the fluorescence value was double that of the untreated tissue 

value. 

 

2.12 Statistical data treatment 

 

Experiments were replicated (n=3-6), the results were averaged and the statistical 

significance of differences between means was assessed by the Student’s t test. 

Values of p<0.05 were deemed sufficiently low as to reject the null hypothesis 

and take the differences as significant. It should be stressed that p-values lower 

than the 0.05 threshold indicate no more than a misfit of the null hypothesis to the 

data being compared. 

 

1. Results 

 

3.1 Characterization of QA-Ch-SH and QA-Ch-S-pro 

The S-protected derivative QA-Ch-S-pro was obtained from its precursor QA-Ch-

SH by disulfide bond formation with 6-MNA, through reaction with 6-6’-DTNA. 

The determination of the protective group content in the polymer was preceded 

by the characterization of the quaternary ammonium chitosan that had been 

employed as the starting material for the protection reaction. The 1H NMR 

spectrum of the latter polymer, seen in Figure 2, shows five distinct spectral 

regions corresponding to methyl protons of ethyl moieties bound to neutral 

nitrogens (0.9÷1.0 ppm), methyl protons of ethyl groups bound to quaternized 

nitrogens (1.1÷1.4 ppm), methylene protons of ethyl moieties, both neutral and 

quaternized, superimposed on ring protons (2.3÷4.1 ppm), anomeric protons as a 



broad signal in the range 4.3÷4.5 ppm and, finally, residual N-acetyl functions at 

1.93 ppm.  

The integrations of the different spectral regions, following a well consolidated 

analytical protocol [30], allowed determination of the degree of acetylation 

(14.1%), degree of quaternary ammonium substitution (63.6%) and ratio of 

quaternized to neutral nitrogens (≈2.0). The 1H NMR spectrum of the thiolated 

derivative is completely superimposable on that of the parent compound, because 

of a very low content in thiol groups in the former and the hardly detectable SH 

group resonance, due to the H-D exchange in D2O. Therefore, the quantitative 

analysis of thiol groups was performed by iodometry. 

The NMR spectrum of 6-MNA-protected polymer shows an analogous pattern of 

signals between 0.6÷5 ppm, with the presence of low intensity resonances 

between 7.2÷9.0 ppm (Figure 3) attributable to pyridyl protons.  

The absence of unbound 6-MNA moieties was demonstrated by comparison with 

the NMR spectra of 6,6’-DTNA and all of its precursors (Fig. S1-4). 2D TOCSY 

map (Fig. S5) of the protected polymer demonstrated the presence of three major 

components (A, B and C) of bound 6-MNA. The use of a 6-MNA external 

standard for the quantitative analysis allowed the assessment of a 1.87 % 6-MNA 

groups on polymer repeating unit basis, which resulted from comparing the 

integrated area of the proton unit of the standard with that of pyridyl protons of 

the polymer in NMR spectra recorded with identical spectral parameters and in 

quantitative conditions. 

The quantitative determination of thiol content was performed iodometrically. As 

reported in Table 1, free thiols content of QA-Ch-S-pro was 2-fold lower than 

that of QA-Ch-SH, accordingly with the formation of disulphide bridges with 

6MNA. This data completely agrees with that determined by NMR spectrometry. 

 

3.2 Characteristics of NP 

The NP size, polydispersity index, zeta potential (ζ) and encapsulation efficiency 

(EE) are found in Table 2. The size and polydispersity index values are not 

significantly different from each other and are comprised within the ranges 

accepted for pharmaceutical nanoparticulate systems [31]. The ζ values are 

positive in agreement with the presence of quaternary ammonium ions on the NP 

surface, and the EE is always around 20% with no significant differences between 

the two cases. 

 

3.3 Drug-binding studies  

Dynamic dialysis data were used to compare reversible drug interactions with the 

NP in fluid dispersions. The data obtained, according to the established theory on 

determination of drug-macromolecule reversible binding by dynamic dialysis, 

was plotted according to the following known equation [23, 32] 

ln [(Cd/Cd0)x100]=4.605-Km Ff t       (2) 

where Cd is the drug concentration in donor phase, Cd0 is the drug concentration 

in donor phase at time t=0, Ff is the non interacting-to-total drug ratio in donor 



phase, and Km is the dialysis-rate constant. Once Ff is determined from the slope 

of the log-linear plot, the bound fraction can readily be calculated as (1-Ff)x100. 

The dialysis data for plain FD4 (control) and FD4-loaded NP are plotted in Figure 

4 as ln(Cd/Cd0)x100 versus t. All plots are significantly linear, as shown by the 

respective r2 values, namely 0.993, 0.969 and 0.955. Such a linearity indicates 

that in all cases Equation 2 is obeyed and Ff was actually constant with varying Cd 

over the time of dialysis. For the plain drug (control), according to Equation 2, 

the slope of the relative log-linear plot is equal to the dialysis-rate constant Km. 

The slopes of the straight lines ± standard deviation were 3±0.1 102 hours-1 

(control), 1.0±0.1 102 hours-1 (NP QA-Ch) and 1.0±0.1 102 hours-1 (NP QA-Ch-S-

pro). These data indicate a 67.1 and 66.4% bound fraction for NP QA-Ch and NP 

QA-Ch-S-pro, respectively. From here, it was deduced that the drug underwent 

reversible interactions with both NP types with no significant difference between 

the two cases. 

 

3.4 FD4 release from NP 

The procedure used in this work was based on interrupted dialysis followed by 

ultracentrifugation of donor phase as described in section 2.8. Results from the 

kinetic analysis of phases are plotted in Figure 5. 

The data in Figure 5 indicate that, for both NP types, only about 15% of the 

whole drug load was released from NP matrix in 15 hours, while about 85% 

remained entrapped in matrix. The linear regression analysis of FD4% data for 

the receiving phase was significant for both NP types (r2 values, 0.94 and 0.95 for 

QA-Ch in Figure 5A and QA-Ch-S-pro in Figure 5B, respectively). Considering 

that the FD4% in the NP dispersion medium was virtually constant over the 

whole time of experiment (24 h), it can be stated that the membrane controlled 

the FD4 permeation kinetics to a pseudo-steady state. Nevertheless, as relevant 

data in Figure 5 show, the FD4% in the NP dispersion medium did not 

substantially rise over sink conditions for FD4 release, at least within 15 h of 

experiment. Then it can be admitted that both NP types are able to substantially 

retain their load of the macromolecular drug model for a term sufficient for the 

NP to be orally absorbed. 

 

3.5 Transport of NP through mucus and mucoadhesivity studies  

The results of this study are represented in Figure 6. These experiments lasted 5 

h, after which the FD4 fraction released from the NP matrix was negligible, as 

seen in Figure 5. At the end of the experiment, the distribution of transported 

products over the length of the sliced mucus layer, from slice 1 to 11, in all cases 

appears substantially uniform. The fluorescence found in the supernatant is 

significant in all cases, indicating that all species tested were transported past 

slice 11. Moreover, particle size analysis showed that, in the case of NP, the 

fluorescence found in the supernatant was associated with the presence in it of 

dispersed NP. 



To bestow a quantitative significance on the results from these studies, the 

transport ratio (TR) was defined as the ratio between the concentration of the 

transported material found in supernatant in 5h from the start of the experiment 

and that introduced at the bottom of the mucus layer at the start of it. The TR data 

listed in Table 3 show that the transport of NP was significantly slower than that 

of the FD4 control. In particular the NP QA-Ch-S-pro transport is slower than the 

NP QA-Ch transport, perhaps due to the presence of protected thiol groups on the 

polymer chain of the former. Indeed, it is known that converting thiol into 

disulphide groups prevents an early oxidation of the former and allows an 

exchange reaction of the latter with the cysteine substructures of mucus, leading 

to the formation of disulphide bridges between NP and mucus [33]. In this 

specific case, QA-Ch-S-pro carries a thiol substituent prone to an easier exchange 

with cysteine moieties, resulting in a stronger interaction with mucus.  

As a matter of fact, the adsorption of either NP type on intestinal mucus was 

significantly stronger than that of the control FD4 solution, as shown in Table 3. 

The comparison of adsorbed mass fractions in Table 3 for NP QA-Ch and NP 

QA-Ch-S-pro shows a significantly stronger mucoadhesivity of the latter. These 

data are in agreement with the corresponding TR values and indicate that the 

transport of NP is strongly influenced by its mucoadhesivity. 

 

3.6 Permeation experiments 

The excised rat jejunum was chosen for these studies, among the known ex vivo 

intestinal epithelium models, because its tight junctions are similar in number and 

tightness to those of the human jejunum [34]. The measurements of the tissue 

electrical resistance at the start and end of a control permeation experiment 

yielded values in line with literature data indicating tissue integrity [27]. A major 

limitation of the model ability to mimic the in-vivo absorption process mainly 

concerns lipophilic molecules. In fact, in the ex-vivo model the rate-limiting 

barrier to transport of such a molecule type is not expected to be provided by the 

epithelium, but rather, by the hydrophilic underlying tissue [35] This might also 

be the case with nanosystems transported across the epithelium by transcytosis. 

The apparent permeation plots for FD4, seen in Figure 7, are all significantly 

linear (r2>0,9), in agreement with our hypothesis for application of Eq.1. Such a 

linearity allowed the calculation of a Papp parameter for each formulation, useful 

for comparative purposes. The relevant data, listed in Table 4, show that both NP 

types had the same impact on apparent permeation parameters for FD4, in fact, no 

significant differences are seen between respective flux, nor Papp, nor T4h values, 

all of which are significantly higher than the corresponding values for the control 

FD4. Since the concentration in the donor, i.e., the driving force for penetration, 

was the same in all cases (0.14 mg/mL) the results point to much more aptitude of 

the NP to cross the excised intestinal wall compared to the FD4 control. 

 

3.7 Bioavailability studies 



FD4 plasma concentration-time curves and corresponding pharmacokinetic 

parameters after NP oral administration are reported in Figure 8 and Table 5. The 

bioavailability of FD4 was higher when this was administered via an NP 

formulation. In particular, NP QA-Ch-S-pro showed a significantly higher FD4 

bioavailability than NP QA-Ch. As can be seen from the pharmacokinetic data, 

shown in Table 5, Tmax in the case of NP QA-Ch-S-pro moves from one to two 

hours and this shift is accompanied by an increase in AUC. This bioavailability 

increase is ascribed to an increased NP residence time at the absorption site, 

associated with the increase in NP adhesion to the mucus lining of the intestinal 

epithelium. In this respect it should be considered that, as shown in our previous 

paper [25], NP mucoadhesivity is unable to prevent NP from crossing the mucus 

layer and reaching the epithelium thanks to the assistance from the lumen-to-

epithelium advective water movement. Figure 9 shows the FD4 amounts found in 

the tissues homogenized after withdrawing from rats treated with FD4 in solution, 

NP QA-Ch and NP QA-Ch-S-pro after 5h from administration, or untreated ones 

(control). No significant increase in FD4 mass in the different tissues following 

plain FD4 administration is observed, whereas a significant increase of such a 

mass in the liver corresponds to FD4 administration via NP QA-Ch or NP QA-

Ch-S-pro. The relevant enhancement factor (EF), calculated as the ratio between 

the FD4 amount found in the liver after NP administration and that found in the 

liver of non-treated rats (control), is 1.5 with both NP types. This data points to an 

FD4 accumulation in liver consequent to NP administration. It was demonstrated 

that with varying NP size between 50 and 500 nm, there was a higher level of 

accumulation of the NP in the liver [36]. This was ascribed to their greater 

surface area for interaction with the cell membrane and adjacent receptor. Kupffer 

cells recognize NP as a foreign material and the NP can be internalized through 

multiple scavenger receptors [37] For many applications, the interaction and 

removal of NP from the bloodstream by Kupffer cells are considered a significant 

challenge to targeting for diagnostic or therapeutic applications.  

 

2. Discussion 

In order to assess the impact of mucoadhesivity on NP ability to enhance the 

bioavailability of encapsulated drugs, NP similar in size, zeta potential, reversible 

interactions with the drug, drug loading and release properties ought to be 

compared on a mucoadhesivity basis. Therefore, the synthesis was devised of a 

novel S-protected thiomer, derived from quaternized chitosan, only different from 

the parent polymer for mucoadhesivity. Such a thiomer was obtained by applying 

an already described reaction to a thiolated and quaternized, in place of a simply 

thiolated chitosan. The resulting polymer, despite the high lipophilicity of the 

protecting group, was highly water-soluble irrespective of pH, and hence, easier 

to handle. It was reported, indeed, that a thiolated chitosan derivative with thiols 

protected by a good leaving group is more mucoadhesive than the parent thiolated 

polymer [16]. Our goal of obtaining two NP types only different in 

mucoadhesivity has in fact been achieved so far as size, polydispersity index, zeta 



potential, encapsulation efficiency (shown in Table 2), drug release (seen in 

Figure 5), reversible drug binding (shown in Section 3.3) and ability to enhance 

FD4 apparent permeability across excised rat intestine (Papp, found in Table 5) of 

both NP types have been found not to be significantly different. The diffusion 

through mucus data, presented in Figure 6, have confirmed the great extent to 

which NP mucoadhesivity hampers NP transport through mucus. Nevertheless, 

our experimental model, able to simulate the lumen-to-epithelium water advective 

flow occurring in the human intestine, has shown that even the mucoadhesive NP 

can cross the mucus lining of the intestine thanks to the push from such a flow. A 

contribution to such an NP movement may also be given by the exchange 

reactions between the disulphide groups of the S-protected polymer and the thiols 

of the mucus glycoproteins. Probably, once a disulphide bridge between NP and 

mucus had formed, such a bond could break and re-form several times, because 

of both the water movement and the reducing conditions of the micro-

environment [1, 38]. What stated above has made the NP QA-Ch-S-pro more apt 

to enhance the FD4 bioavailability than the less mucoadhesive NP QA-Ch. 

Indeed, the difficulty encountered by the former in crossing the intestinal lining 

from lumen to epithelium is compensated for by its ability to oppose the 

physiological transit down the GI tract. Although the above results cannot be 

generalized they, nevertheless, along with those reported by others [7-10] prompt 

the notion of the importance of NP mucoadhesion in prolonging the drug 

residence at the absorption site, and enhancing the drug bioavailability. The drug 

release kinetics from NP can well be determinant to bioavailability. In fact, the 

active principle, especially if degradable by the enzymes of the GI tract, would 

not reach the systemic circulation, in case it is released during the NP transit 

across the mucus or, anyway, before NP internalization into the enterocytes of the 

intestinal epithelium. Our group have faced such a problem when dealing with the 

transcorneal administration of metenkephalin [39]. In the present study, both NP 

types released only 15 % of FD4 after 15 h under sink conditions, therefore a 

significant increase of FD4 mass was found in the liver of rats treated with either 

NP type, as shown by the data in Figure 9.  

 

3. Conclusions 

These results indicate that drugs trapped in the more mucoadhesive NP type have 

higher oral bioavailability than those trapped in the less mucoadhesive ones. 

Indeed, mucoadhesivity tends to keep the formulation at the absorption site, 

opposing its physiologic movement from stomach down to large intestine, while 

the concurrent water movement facilitates NP transport across the mucus layer 

from lumen to epithelium, where NP can be internalized by the cells. 
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Table 1. Characteristics of QA-Ch-SH and QA-Ch-S-pro: degree of substitution 

(DS%±SD) on a polymer repeating unit basis. 

adetermined after sodium borohydride red-ox reaction on the QA-Ch-SH conjugate 

 
 
 

  

Polymer 
Thiol-bearing 

groupsa, % 
Free thiols, %  Protected thiols, %  

QA-Ch-SH 16±6 1.0±0.0 - 

QA-CH-S-pro 16±6 0.4±0.2 1.9±0.2  



 

 

Table 2. Characteristics of NP determined after purification. Mean±SD (n=3). 

NP type Nanoparticle size, nm 

(polydispersity index) 

ζ, mV EE, % DRDa, 

mg/ml 

NP QA-Ch 371±38 (0.4±0.1) 13±1 23±5 0.14 

NP QA-Ch-S-pro 376±82 (0.4±0.1) 12±1 23±8 0.14 
adrug concentration in regenerated dispersion 

 

  



Table 3.  Mass fraction adsorbed on rat intestinal mucosa from FD4 solution 

(control), NP QA-Ch dispersion, or NP QA-Ch-S-pro dispersion. Means±SD 

(n=3). Data marked by * are significantly different from the control FD4; the data 

marked by ** are significantly different from either of the others. 

 

Formulation Adsorbed mass fraction, 

% 

TR 

FD4  12±2 0.90 

NP QA-Ch 23±3 * 0.75 

NP QA-Ch-S-pro 45±2** 0.37 

 

  



 

Table 4.  Data on FD4 apparent permeation across excised rat intestine. 

Formulation Flux 102 (μg 

cm-2 min-1) 

Papp 105a (cm 

sec-1) 

EPRb T4h
c (μg cm-2) 

FD4 0.44±0.04 4.4±0.4 - 1.2±0.1 

NP QA-Ch 0.88±0.08 * 8.8±0.8* 2.0 2.2±0.1* 

NP QA-Ch-S-pro 1.07±0.01* 10.1±1.1* 2.3 2.0±0.2* 

a Apparent permeability. 
b Enhanced permeability ratio (ratio of Papp to the value for the control FD4). 
c Cumulative transport over the whole time of experiment (4h). 

*Significantly different from the control FD4 . 
 

 

  



Table 5. Pharmacokinetic parameters after oral administration of FD4, NP QA-Ch 

and NP QA-Ch-S-pro. The data marked by * is significantly different from the 

control FD4. The data marked by ** is significantly different from either of the 

others. 

Formulation Cmax (μg/mL) Tmax (h) AUC0-5(μg/mL min) AUCrel  

FD4 0.38±0.13 1 1.25±0.13 - 

NP QA-Ch 0.67±0.11* 1 1.71±0.26* 1.4 

NP QA-Ch-S-pro 0.91±0.03* 2 2.91±0.36** 2.4 

 

 

  



 

 
Figure 1. Structural characteristics of QA-Ch, QA-Ch-SH and QA-Ch-S-pro. 
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Figure 2. 1H NMR (600 Mhz, PB D2O, 25 *C) spectrum of QA-Ch with integral 

values. 

 
  



 

 

Figure 3. 1H NMR (600 Mhz, PB D2O, 25 *C) spectral region between 7.5÷9.0 of 

QA-Ch-S-pro (* was assigned to unknown impurity). 
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Figure 4. Dynamic dialysis data plotted according to Equation 1. Means ± SD 

(n=3-6). 
 

  



 

 

 

Figure 5.  Interrupted dialysis studies: kinetic analysis of dialysis phases for FD4-

loaded QA-Ch (A) and QA-Ch-S-pro (B) NP regenerated after lyiophilization. 

NP= NP matrix; DM= NP dispersion medium; RP= receiving phase. Means ± SD 

(n=3). 
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Figure 6.  Water-assisted transport in mucus of FD4-loaded QA-Ch and QA-Ch-S-

pro NP regenerated after lyophilization. Means ± SD (n=3). 
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Figure 7. FD4 apparent permeation plots across excised rat intestine. Means ± SD 

(n= 3-6). 
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Figure 8. FD4 plasma-concentration-time profiles after administration of NP QA-

Ch and NP QA-Ch-S-pro in comparison with the control FD4. Means±SD (n=3). 
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Figure 9.  Quantity (μg) of FD4 per gram of organ withdrawn at the end of the 

experiment (5h). Means ± SD (n = 3). The data marked by * are significantly 

different from the control. 

 

 

 

 

  



 

Supplemental File 
 

 
Figure S1. 1H NMR (600 Mhz, DMSO, 25 *C) of Cl-NA. 

  



 

 

 

 
Figure S2. 1H NMR (600 Mhz, PB D2O, 25 *C) of isothiouronium salt of 

nicotinamide. 
  



 
 
 
 

 
 

Figure S3. 1H NMR (600 Mhz, DMSO, 25 *C) of 6,6’-DTNA. 
  



 

 
Figure S4. 1H NMR (600 Mhz, DMSO, 25 *C) of 6-MNA. 
  



 
 

 
Figure S5. TOCSY (600 Mhz, PB D2O, 25 *C) spectral region between 7.5÷9.0 of 

QA-Ch-S-Pro 

 


