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 16 

Abstract: Interferon alpha (IFNα) is a protein drug used to treat viral infections and cancer diseases. 17 

Due to its poor stability in the gastrointestinal tract, only parenteral administration ensures 18 
bioavailability, which is associated with severe side effects. We hypothesized that the 19 
nanoencapsulation of IFNα within nanoparticles of the mucoadhesive polysaccharide chitosan 20 
would improve the oral bioavailability of this drug. In this work, we produced IFNα-loaded 21 
chitosan nanoparticles by the ionotropic gelation method. Their size, size distribution and 22 
concentration were characterized by dynamic light scattering and nanoparticle tracking analysis. 23 
After confirming their good cell compatibility in Caco-2 and WISH cells, the permeability of 24 
unmodified and PEGylated nanoparticles was measured in monoculture (Caco-2) and co-culture 25 
(Caco-2/HT29-MTX) cell monolayers. Results indicated that the nanoparticles cross the intestinal 26 
epithelium mainly by the paracellular route. Finally, the oral pharmacokinetics in BalbC mice of 27 
nanoencapsulated IFNα revealed that it was absorbed reaching an area-under-the-curve of 56.9 28 
pg.h/mL. 29 

Keywords: IFNα; polymeric nanoparticles; oral protein delivery; in vitro intestinal permeability; 30 
oral pharmacokinetics. 31 

 32 

1. Introduction 33 

Biological drugs are increasingly positioned in the pharmaceutical market because their high 34 
affinity for the different therapeutic targets enhances treatment efficacy and lowers side-effects. 35 
However, their high molecular weight, low lipophilicity and polyelectrolyte nature preclude 36 
absorption by transmucosal routes that are more patient compliant. Besides, in the case of oral 37 
administration, they are exposed to hydrolytic and enzymatic degradation conditions along the 38 
gastrointestinal tract (GIT) that compromise their oral bioavailability (1). 39 

Interferon alpha (IFNα) is a cytokine that exhibits a broad spectrum of antiviral, 40 
immunomodulatory, antiproliferative and antitumoral activities that supports its therapeutic 41 
potential (2). IFNα stimulates the innate-immune response and directs the transition from innate to 42 
acquired immunity and induces the differentiation of monocytes into dendritic cells (3), which are 43 
antigen-presenting cells. In addition, the antitumor and antiviral activity of IFNα stems from the 44 
activation of CD4+ and CD8+ T lymphocytes and natural killer cells, by increasing their cytotoxic 45 
activity and their ability to produce IFN gamma (IFNγ) that in turn enhances the secretion of other 46 
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cytokines (4,5). Furthermore, IFNα upregulates the expression of tumor-associated surface antigens 47 
and major histocompatibility complex (MHC) class I antigens that improve antigen recognition, 48 
induces pro-apoptotic genes and proteins, suppress anti-apoptotic genes, modulates cell-49 
differentiation, and inhibits angiogenesis that is a key stage in tumor growth and metastasis (3). All 50 
these mechanisms contribute to its activity against malignant cells. IFNα has been approved in the 51 
treatment of different types of cancer, including hairy cell leukemia, malignant melanoma, acquired 52 
immunodeficiency syndrome-related Kaposi's sarcoma, follicular non-Hodgkin's lymphoma and 53 
condyloma acuminate (6), and chronic viral infections such as hepatitis B and C (6). To treat these 54 
diseases, IFNα is daily administered by subcutaneous or intramuscular injection, which is associated 55 
with strong pain and poor patient compliance. In addition, the half-life of IFNα is very short, e.g., 2.2 56 
and 2.9 h after intramuscular and subcutaneous administration, respectively (7). Commercial 57 
formulations of PEGylated IFNα (e.g., Pegasys®  and PegIntron® ) prolong the half-life of IFNα in the 58 
systemic circulation enabling a weekly administration although it implies a significant activity loss 59 
of 80% with respect to the non-PEGylated form (8). The investigation of new IFNα formulations with 60 
a better benefit-risk ratio is called for. Polymeric-based nanoparticulate systems are able to load 61 
therapeutic proteins maintaining its conformational structure and stability, so retaining the biological 62 
activity of the protein (9,10). Furthermore, polymeric carriers protect the cargo from chemical and/or 63 
enzymatic degradation (9). They can effectively cross the intestinal membrane depending on the size, 64 
shape, surface area, charge of the carrier, as well as the hydrophobicity and hydrophilicity of the 65 
polymer and their functional groups (9). Most of studies in the field of polymeric-based particulate 66 
systems for oral delivery of therapeutic proteins have been focused on the encapsulation of insulin 67 
(11–14). Due to the promising results obtained, the advance towards other proteins is of interest. In 68 
this context, we previously developed recombinant IFNα-loaded chitosan (CT) nanoparticles (IFN-69 
CT-NPs) to achieve the absorption of the drug in the gastrointestinal tract.  Remarkably, this carrier 70 
did not jeopardize the biological activity of the protein and enables its oral absorption in CF1 mice 71 
(15). This was assessed in a preliminary study involving the analysis of only one detection time point 72 
that was taken as a rapid indicator of absorption. However, not only a better understanding of the 73 
pathways involved in the absorption process is of relevance but also a thorough pharmacokinetic 74 
study is needed to approach an appropriate drug regimen for eventually achieve its translation from 75 
bench to bedside. Accordingly,  76 
in this work, we produced IFN-CT-NPs by the ionotropic gelation method and fully characterized 77 
the nanoparticle size, size distribution and concentration by dynamic light scattering (DLS) and 78 
nanoparticle tracking analysis (NTA). Then, the cell compatibility of the nanoparticles was assessed 79 
in Caco-2 (a model of intestinal epithelium) and WISH cells (a human amnion-derived cell line) and 80 
the permeability of unmodified and PEGylated nanoparticles was measured in monoculture (Caco-81 
2) and co-culture (Caco-2/HT29-MTX) cell monolayers. Finally, the oral pharmacokinetics of 82 
nanoencapsulated IFNα was studied in BalbC mice. Overall results highlight the promise of this 83 
novel nanoformulation for the safe and effective oral administration of this key biological drug.   84 

2. Materials and Methods  85 

2.1. Materials 86 
 87 
CT (GC9009, batch 769FGD, molecular weight of ~50,000 g/mol, degree of deacetylation of ~94% 88 

and viscosity of ≤100 mPa.s) was purchased from Glentham Life Sciences (Corsham, UK). The degree 89 
of deacetylation measured in our laboratory by proton nuclear magnetic resonance (1H-NMR, 400-MHz 90 
Bruker®  Avance III High Resolution spectrometer, Bruker BioSpin GmbH, Rheinstetten, Germany with 91 
SpinWorks 4.0 software, University of Manitoba, Canada) using 5% w/v solution was prepared in 92 
deuterium oxide (D2O, Sigma-Aldrich) and 142 trifluoroacetic acid (5% v/v, Sigma-Aldrich) was 94.5% 93 
(16,17) and the number- and weight-molecular weight were 53,000 and 79,000 g/mol, respectively, as 94 
determined by gel permeation chromatography (17). Sodium tripolyphosphate pentabasic (TPP) were 95 
supplied by Sigma-Aldrich (USA). Acetic acid was purchased from Merck Chemicals GmbH 96 
(Germany) and IFNα-2b (BIOFERON® , lyophilized powder) from BioSidus (Argentina). PEG-97 
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carboxymethyl (mPEG5000-COOH, molecular weight of 5000 g.mol-1) was supplied by Laysan Bio, 98 
Inc. (USA). 99 

 100 
2.2. Preparation of IFNα-loaded nanoparticles 101 
 102 
Blank and IFNα-loaded CT-NPs were prepared by the ionotropic gelation method between the 103 

polycationic CT and TPP anions as described before resulting in NPs with a positive surface, of +30 mV, 104 
with conserved bioactivity (15). To assess the effect of PEGylation on the permeability of CT-NPs, we 105 
prepared PEG.CT-NPs by using a mixture of pristine CT and PEGylated CT (PEG.CT) in a 1:1 weight 106 
ratio. CT was PEGylated by a two-step covalent coupling protocol reported by Chang et al. (18). Briefly, 107 
mPEG5000-COOH (50 mg) was added to a solution of N-hydroxy succinimide (288 mg, NHS, 5 mM, 108 
Thermo Fisher Scientific, USA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (191.7 109 
mg, EDC, Thermo Fisher Scientific) in 2-(N-morpholino) ethanesulfonic acid buffer (MES, 0.05M, 5 mL, 110 
Molekula, USA). The solution was kept under constant magnetic stirring at room temperature for 15 111 
min. Then, activated mPEG5000-COOH was reacted with the primary amine moities of CT in solution 112 
(2 mg/mL, 125 mL) dissolved in acetic acid (0.33% v/v). The product was dialyzed for 72 h and 113 
lyophilized (Labconco Free Zone 4.5 plus L Benchtop Freeze Dry System, USA). PEG.CT was 114 
characterized by Fourier transform infrared (FTIR) spectroscopy using an Equinox 55 spectrometer 115 
(Bruker Optics Inc., Germany) and KBr disks (Merck KGaA, Germany). The scanning range was 4000 116 
to 400 cm−1, 32–64 scans and a resolution of 4 cm−1. In addition, it was analyzed by proton-nuclear 117 
magnetic resonance spectroscopy (1H-NMR, 400 MHz Bruker®  Avance III High Resolution 118 
Spectrometer) using dimethyl sulfoxide-d6 (DMSO-d6, Sigma-Aldrich) as solvent. Chemical shifts are 119 
reported in ppm using the peak of DMSO at 2.50 ppm as internal standard. The weight content of 120 
mPEG5000 in CT was estimated by interpolation in a calibration curve built from physical mixtures of 121 
CT and mPEG5000-COOH in acetic acid-d4 using different CT:mPEG weight ratios between 0.02 and 122 
0.7. Characteristic signals of each compound in the physical mixtures, namely 2.8 ppm (HC-NH2) of 123 
CT and 3.3 ppm (CH3O) of mPEG5000-COOH were used for the integration (R2 = 0.9766). 124 

 125 
2.3. Characterization of the nanoparticles 126 
 127 
2.3.1. Particle size, size distribution and zeta-potential.  128 
The particle size (hydrodynamic diameter, Dh) and size distribution (polydispersity index, PDI) 129 

of the unloaded and IFNα-loaded NPs were measured by DLS (Zetasizer Nano-ZS, Malvern 130 
Instruments, UK), provided with a He–Ne (633 nm) laser and a digital correlator ZEN3600 using an 131 
angle of θ = 173° to the incident beam, at 25°C. Results are expressed as number-based distribution of 132 
three samples prepared under identical conditions and each one of them is the result of at least four 133 
runs.  134 

2.3.2. Nanoparticle tracking analysis.  135 
The quantification of the NP concentration (particles per mL of suspension) and the visualization 136 

of their Brownian motion was carried out by NTA (NanoSight®  NS500-Zeta HSB system with a high 137 
sensitivity camera and 638 nm laser for fluorescence analysis, Malvern Instruments) under scattering 138 
mode.  139 

2.3.3. Stability of nanoparticles as a function of pH. 140 
A sample of fresh NPs was placed for 15 min in a solution of pH ranged from 1 to 8 (1:5 volume 141 

ratio of NPs:medium). Then, the Dh was measured by DLS as was described before.  142 
 143 
2.4. Cell studies in vitro 144 
 145 
2.4.1. Cells.  146 
The human epithelial adherent cell line WISH was kindly donated by Prof. José Luis López from 147 

the Department of Virology (Faculty of Pharmacy and Biochemistry, University of Buenos Aires, 148 
Argentina). Cells were cultured in Eagle's Minimum Essential Medium (EMEM, Life Technologies 149 
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Corp., USA) supplemented with 10% heat-inactivated fetal bovine serum (Internegocios, Argentina), 150 
penicillin, L-glutamine and no essential amino acids (Sigma-Aldrich). Cells were maintained at 37°C in 151 
humidified air with 5% of CO2. Cells were collected every 3-4 days (TrypLE Express enzyme, Gibco, 152 
USA) and the number of living cells were quantified by the trypan blue exclusion assay 0.4% (Sigma-153 
Aldrich). The human epithelial cell line Caco-2 (HTB-37TM) was supplied by ATCC®  (USA) and the 154 
mucus-secreting HT29-MTX cell line was purchased from Sigma-Aldrich. These cells were cultured in 155 
Dulbecco's Modified Eagle's Medium (DMEM, Life Technologies Corp.) supplemented with L-156 
glutamine, 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich) and penicillin/streptomycin 157 
(5 mL of a commercial mixture of 100 U per mL penicillin + 100 μg per mL streptomycin per 500 mL 158 
medium, Sigma-Aldrich), maintained at 37°C in a humidified 5% CO2 atmosphere and split every 4–5 159 
days.  160 

2.4.2. Cell compatibility and permeability assays.  161 
The cell compatibility of CT-NPs and PEG.CT-NPs was evaluated in the Caco-2 cell line. For this, 162 

cells were cultured on 96-well plates at a density of 2.5 x 104 cells/well for 24 h to reach confluence. 163 
Then, the cell medium was replaced by a mixture of fresh medium cell (100 μL) and a dilution (100 μL) 164 
of CT-NPs or PEG.CT-NPs in cell medium. All NPs were previously sterilized by filtration (MF-165 
Millipore TM 0.22 μm, Merck Millipore, Germany). Cells were exposed to the NP suspensions for 24 h, 166 
the medium was removed, and new medium (100 μL) and sterile 3-(4,5-dimethylthiazol-2-yl)-2,5-167 
diphenyltetrazolium bromide solution (MTT, 25 μL, 5 mg/mL, Sigma-Aldrich) was added. Cells were 168 
incubated for 4 h at 37 °C under 5% CO2 atmosphere, the medium was removed, formazan crystals 169 
dissolved with DMSO (Sigma-Aldrich) and quantified spectrophotometrically at 530 nm with reference 170 
at 670 nm (Multiskan GO, Thermo Fisher Scientific Oy, Finland).  Cell cultured in medium without 171 
NPs were used as control (100% viability). The cell compatibility of the NPs selected to be orally 172 
administered to mice was also assessed in WISH cells. For this, cells were seeded onto 96-well plates at 173 
a density of 2.5 x 104 cells/well and allowed to grow for 24 h to reach confluence. Then, the cell medium 174 
was replaced by a mixture of fresh medium (100 μL) and a dilution (100 μL) of (i) blank CT-NPs, (ii) 175 
IFN-CT-NPs, (iii) CT solution and (iv) free IFNα solution in cell medium. All specimens were 176 
previously sterilized by filtration (MF-MilliporeTM Membrane Filter, 0.22 μm pore size, Merck KGaA, 177 
Germany). Cells were exposed to each treatment for 24 h. Then, the supernatant was withdrawn and 178 
the commercial reactive CellTiter 96®  AQueous One Solution (Promega, USA) containing 3-(4,5-179 
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was 180 
added. Cells were incubated for 20 min and the absorbance was measured at 492 nm using a microplate 181 
spectrophotometer (Multiskan GO). The percentage of viability was calculated by extrapolation from a 182 
calibration curve prepared with growing amounts of WISH cells (0.25, 0.5, 1.0, 1.5, 2.0 and 2.5 x 104 183 
cells/well) incubated only with culture medium.  184 

For permeability studies, in a monoculture model, Caco-2 cells (3 × 105 cells per well) were seeded 185 
in cell culture inserts (ThinCert™, culture surface of 113.1 mm2, 3.0 μm pore size, Greiner Bio-One 186 
GmbH, Germany) maintained in 12-well plates (15.85 mm diameter, 16.25 mm height, Greiner 187 
CELLSTAR) with 0.5 and 1.5 mL of DMEM medium in the donor (apical) and acceptor (basolateral) 188 
chambers, respectively. Cells were incubated 10-25 days, the culture medium was replaced every 2–3 189 
days and the integrity of the cell monolayer was characterized by trans-epithelial electrical resistance 190 
(TEER) measurements performed with an epithelial volt-ohm-meter (“EVOM2”, WPI, USA). For 191 
permeability experiments, only inserts where the resistance was higher than 260 Ω cm2 were used. 192 
Permeability experiments were also performed in co-culture monolayers of Caco-2:HT29-MTX (9:1 193 
number ratio). For this, the same cell density was seeded and the protocol carried out as described 194 
above. The test sample consisted of a stock dispersion of blank CT-NPs and PEG.CT-NPs fluorescently-195 
labeled with fluorescein thioisocyanate (FITC, Sigma-Aldrich) and diluted with transport medium. For 196 
preparation of FITC-labeled CT that was then mixed with PEG.CT to produce fluorescently-labeled 197 
PEGylated NPs, a synthetic method described elsewhere with a little modification was used (19). 198 
Briefly, 20 mL of methanol was added to 20 mL of 1% w/v CT in a 0.05 M nitric acid solution. Then, 20 199 
mL of a solution of FITC previously dissolved in methanol (2 mg/mL) was added under magnetic 200 
stirring. The reaction was allowed to proceed for 3 h at room temperature and protected from light. The 201 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2019                   



 5 of 14 

 

resulting solution was purified by dialysis (nominal MWCO of 3500 Da, Cellu Sup®  T1 nominal flat 202 
width of 46 mm, diameter of 29.3 mm, and volume/length ratio of 6.74 mL/cm; Membrane filtration 203 
products, Inc., USA) for 72 h and lyophilized. To produce FITC-labeled NPs, a mixture of unlabeled 204 
and fluorescently-labeled CT (weight ratio of 1:1) was used as described above. Immediately before the 205 
beginning of the experiment, the cell culture medium was replaced by Hank's Balanced Salt Solution 206 
(transport medium, HBSS, Sigma-Aldrich) buffered to pH 6.8 with 25 mM of 4-(2-hydroxyethyl)-1-207 
piperazineethanesulfonic acid (HEPES, Sigma-Aldrich) to a final concentration of 720 µg/mL in both 208 
the donor (apical, 0.45 mL) and the acceptor (basolateral, 1.2 mL) chambers. After 5, 10, 15, 30, 60, 90, 209 
120, 180 and 240 min, 600 μL was extracted from each acceptor chamber to quantify the concentration 210 
of NPs that crossed the cell monolayer by fluorescence spectrophotometry (Fluoroskan Ascent Plate 211 
Reader, Thermo Fisher Scientific Oy) utilizing black 96-well flat bottom plates (Greiner Bio-One, 212 
Austria) at wavelengths of 355 nm for excitation and 635 nm for emission. The apparent permeability 213 
coefficient (Papp) was calculated according to Equation 1 214 

 215 
Papp = dc/dt ×1/(A×Co)    (1) 216 

 217 
Where dc/dt is the transport rate (μg.s−1) across the monolayer, Co is the initial concentration of 218 

NPs in the donor compartment (μg.cm−3) and A is the surface area of the membrane (cm2).  219 
 220 
2.4.3. Cell uptake. 221 
To gain further insight into the cell uptake of the NPs, the permeability test in the co-culture of 222 

Caco-2:HT29-MTX (9:1 number ratio) was continued for 24 h. Then, cells were harvested by 223 
trypsinization (trypsin-EDTA 0.25%, Sigma-Aldrich), washed with fresh medium to remove non-224 
internalized NPs and transferred to a 96-well plate with trypan blue (0.4% w/v, 50 μL, Sigma-Aldrich) 225 
to quench the fluorescence of the NPs adhered to the cell surface. As control of quenching, the 226 
fluorescence of a dilution of FITC-labeled NPs (without cells) with trypan blue was quantified.  227 

 228 
2.5. Oral pharmacokinetics 229 
 230 
The oral bioavailability was assessed in female BALB/c mice aged 8-10 weeks purchased from the 231 

National University of La Plata (Argentina). The preclinical protocol was approved by the Institutional 232 
Committee for the Care and Use of Experimental Animals (CICUAL) of the Faculty of Medicine 233 
(Resolution #2609/2016, University of Buenos Aires, Argentina). Animals were fasted for 2 h prior the 234 
administration. Then, IFN-CT-NPs (400 μL, 0.3 MIU) were orally administered by gavage using a 235 
straight stainless steel probe (n = 20). The dose was selected based on the recommended dose for most 236 
therapies (5 MIU/m2) adjusted to the average body surface of each mouse. The value obtained was 237 
multiplied arbitrarily by 10 given that it is known that the oral bioavailability is lower than the 238 
parenteral one. Three samples were extracted from each mouse. The first two by sub-mandibular 239 
puncture, and the last one by cardiac puncture, after intraperitoneal administration of anesthesia 240 
(ketamine 150 mg/kg and xylazine 10 mg/kg, Sigma-Aldrich). Altogether, samples were obtained at the 241 
following time points post-administration: 15, 30, 45, 60, 120, 150, 180, 240, 300 and 360 min. As control, 242 
blood samples were obtained from mice (n = 2) by cardiac puncture at 30 min post-administration of 243 
the following treatments: (i) water, (ii) free IFNα, (iii) a mixture of IFNα and a CT solution and (iv) a 244 
mixture of free IFNα and blank CT-NPs. Samples were centrifuged to separate cells and plasma was 245 
frozen at -80°C until analysis. Plasma IFNα levels were quantified by ELISA according the instructions 246 
of the manufacturer (Affimetrix, EBiosciences, Austria). The following pharmacokinetic parameters 247 
were calculated using a non-compartmental model (TOPFIT program version 2.0, Dr. Karl Thomae 248 
Gmbh, Schering AG, Germany): (i) maximum plasma concentration (Cmax), (ii) time to Cmax (tmax) 249 
and (iii) the area-under-the-curve between 0 and ∞ (AUC0-∞). 250 

 251 
 252 
2.6. Statistical analysis 253 
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 254 
Statistical analysis was performed by t-test or one-way analysis of variance (ANOVA, significance 255 

level of 5%) with Bonferroni test using Graph Pad Prism version 7 for Windows. 256 

3. Results and discussions 257 

3.1. Synthesis and characterization of PEGylated chitosan 258 
 259 
Aiming to compare the mucoadhesiveness and the mucopenetration of CT-NPs in a model of 260 
intestinal epithelium in vitro, we synthesized PEG.CT-NPs. This modification relies on the ability of 261 
PEG to minimize the interaction between CT and mucus (20). For this, CT was primarily PEGylated 262 
by the condensation of the terminal carboxylate group of mPEG5000-COOH with the amine groups 263 
in the side-chain of CT utilizing the EDC/NHS chemistry (18). The successful synthesis was confirmed 264 
by FTIR and 1H-NMR (Supplementary Figure S1). The FTIR spectrum showed the typical absorption 265 
bands of pristine CT at 3448 cm-1 corresponding to the overlapping of O-H and N H stretching, at 266 
2900 cm-1 due to CH2 groups, at 1670 cm-1 owing to the C=O stretching of the remaining amide, at 267 
1617 cm-1 a weak band due to N-H bending of amine and at 1087 cm-1 owing to the C-O stretching 268 
of ether (Supplementary Figure S1A). Conversely, the spectrum of PEG.CT showed the characteristic 269 

bands of CT together with an increase in the intensity of the peak at 1087 cm-1, which corresponds to 270 
the stretching vibrations of C-O-C bond, the main characteristic absorption band of PEG. 271 
Furthermore, a new strong band at 1560 cm-1 was consistent with the conjugation of PEG blocks to 272 
the CT side-chain through the formation of amide moieties. In addition, appearance of a new peak at 273 
3.3 ppm in the 1H-NMR spectrum of PEG-CT confirmed the PEGylation (Supplementary Figure 274 
S1B). This method was also utilized to quantify the PEG content in the product by utilizing a 275 
calibration curve built with CT/mPEG5000 physical mixtures with different weight ratios and it was 276 
12.6% w/w.  277 
 278 
3.2. Preparation and characterization of the nanoparticles 279 
 280 
CT-NPs showed one single size population with Dh of 47 nm and PDI of 0.47, as determined by DLS 281 
(Table 1). PEGylation led to a sharp size growth to 93 nm (PDI = 0.32), due to the formation of a 282 
highly hydrated corona of PEG blocks (Table 1). In addition, the NP concentration was quantified by 283 

NTA. Pristine (1.6 mg/mL) and PEGylated NPs (1.75 mg/mL) showed concentrations of 3 x 1011 ± 6 284 
x 107 and 3 x 1011 ± 3 x 1010, respectively (Table 1); the concentration of the NPs was adjusted to 285 

ensure identical CT concentration in both samples.  286 
 287 
Table 1. Hydrodynamic diameter (Dh), polydispersity index (PDI) and concentration of CT-NPs and 288 

PEG.CT-NPs, as measured by DLS and NTA.  289 
 290 

Parameter CT-NPs PEG.CT-NPs 

Dh (nm) 47.0 93.0 

PDI 0.47 0.32 

Concentration 

(particles/mL) 

3 x 1011 ± 6 x 107 3 x 1011 ± 3 x 1010 

 291 
3.3. Cell compatibility, permeability and uptake 292 
 293 
CT has a known safety profile by the oral route, it is classified as a “generally recognized as safe” 294 
ingredient by the Food and Drug Administration (FDA) and approved as food supplement in Japan, 295 
Italy, Finland and Brazil. CT is commercialized as ChitoClear®  by Primex to bind fatty acids and 296 
prevent their oral absorption (21). In addition, the good cell compatibility of different types of CT-297 
NPs, including amphiphilic ones, was reported elsewhere (22). As a preamble to the permeability 298 
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and uptake studies, the Caco-2 cell compatibility of CT-NPs and PEG.CT-NPs was assessed under 299 
the same conditions (time and concentration) used in the permeability assays. Both types of NPs 300 
showed approximately 100% viability (Figure 1A). Then, their permeability across a monolayer of 301 
Caco-2 cells was evaluated in order to learn whether PEGylation modifies the permeability or not. 302 
Caco-2 is a human epithelial cell line widely used as a model of the intestinal epithelial barrier (23). 303 
Results showed that 19.4 ± 2.6% of PEG.CT-NPs and 21.1 ± 4.8% of CT-NPs crossed the Caco-2 304 
monolayer after 4 h (Figure 1B). In addition, both curves displayed almost identical slope and, as 305 
expected, similar Papp values; 5.531 x 10-6 ± 6.504 x 10-7 and 6.064 x 10-6 ± 1.162 x 10-6 cm/s for 306 
PEGylated and unmodified NPs, respectively, with no significant differences. These values suggest 307 
that these nanocarriers have a moderate permeability (24).  308 
  309 

 310 
Figure 1. (A) Caco-2 cell viability upon exposure to different concentrations of CT-NPs and PEG.CT-311 

NPs, as determined by the MTT assay and (B) Cumulative transport of CT-NPs and PEG.CT-NPs 312 
across Caco-2 cell monolayers. Values are expressed as the mean ± S.D.  313 
 314 
However, monoculture of Caco-2 monolayers is a simplified model of the intestinal epithelium. To 315 
more closely simulate the physiological conditions, a co-culture of Caco-2:HT29-MTX (9:1) cells was 316 
used; HT29-MTX are mucin-secreting cells. This model enabled to study the effect of PEGylation on 317 
the interaction of the NPs with mucus and the contribution of mucin to the permeability of the 318 
nanoparticles. Results showed that 16.0 ± 0.3% (Papp = 4.486 x 10-6 ± 8.691 x 10-8 cm/s) and 22.6 ± 319 
3.9% (Papp = 7.006 x 10-6 ± 1.050 x 10-6 cm/s) of PEG.CT-NPs and CT-NPs permeated after 4 h, 320 
respectively (Figure 2A). These results indicated that the presence of mucin does not affect the 321 
permeability of pristine CT-NPs. Conversely, a significant decrease in the Papp was observed for 322 
PEG.CT-NPs (p <0.05) (Figure 2B). This behavior could be explained by two possible phenomena: (i) 323 
the formation of entanglements between PEG blocks and mucin that prevents NPs from reaching the 324 
apical surface of the epithelial cells and (ii) a decrease in the concentration of the free amine groups 325 
of CT that are involved in the opening of epithelial tight junctions. Based on these results, CT-NPs 326 
were selected to conduct further permeability studies.  327 
  328 
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329 
Figure 2. Cumulative transport of (A) CT-NPs and PEG.CT-NPs across a co-culture of Caco-2 330 

cells:HT29 (9:1) and (B) PEG.CT-NPs across a monolayer of Caco-2 cells and a co-culture of Caco-331 
2HT29 (9:1) cells. Values are expressed as the mean ± S.D. (n=3). 332 
 333 
Aiming to gain insight into the transport mechanisms involved in the permeability of CT-NPs across 334 
a co-culture Caco-2/HT29-MTX cell monolayer, the study was continued for 24 h. Findings confirmed 335 
that 41.0 ± 8.0% of the initial amount of NPs permeated the monolayer detecting them in the acceptor 336 
chamber, while 45.7 ± 5.5% of the nanoparticles remained in the donor chamber. The difference to 337 
complete 100% of the initial amount of CT-NPs (13.3%) probably interacted with the cell monolayer 338 
by adsorption on the cell surface or cellular uptake (22). To investigate if this percentage was 339 
internalized or only adhered to cell surface, we trypsinized and washed the cells and quantified the 340 
fluorescence with and without the addition of trypan blue which is a dye that quenches external, 341 
though not internal fluorescence because it is unable to penetrate intact cell membranes. Before the 342 
addition of trypan blue, 7.6 ± 2.7% of CT-NPs were quantified from the cell suspension, a value that 343 
was quite similar to the theoretical value of 13.3%. Conversely, when the fluorescence was 344 
determined after the addition of trypan blue, values were undetectable. These results strongly 345 
suggested that CT-NPs are not endocytosed by enterocytes and that the NPs retained by the cell 346 
monolayer are mainly adsorbed onto the cell surface by electrostatic interactions between the 347 
positively-charged CT and the negatively-charged membrane. Although the in vitro model used in 348 
this work does not rule out the transport of CT-NPs through M cells (not represented in the co-culture 349 
of), our results are in line with transport by a paracellular transport.  350 
Finally, since the cell compatibility depends not only on the NP properties (e.g., composition and 351 
size) but also on the cell type, we also evaluated the compatibility of CT-NPs in the line of human 352 
epithelial cells WISH. Results showed that there were no significant differences in the viability of the 353 
WISH cells treated with CT-NPs (2-20000 ng/mL CT) and the control (Figure 3). Equivalent doses of 354 

CT in solution did not show toxic effects.  355 
  356 
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 357 
Figure 3. WISH cell viability upon exposure to different concentrations of CT solution and CT-NPs. 358 
Values are expressed as the mean ± S.D. (n = 3).  359 
 360 
The physical stability of CT-NPs was determined under physiologically relevant pH conditions.  361 
Results showed that CT-NPs were stable in both, acid and neutral pH mediums (Figure 4). A 4-fold 362 
size increment was observed at pH 7.5 as was expected. Therefore, this nano-drug delivery system 363 
could pass through the gastrointestinal tract without undergoing major changes in its structure due 364 
to pH. 365 
  366 

 367 
Figure 4. Stability of CT-NPs under different conditions of pH. 368 
 369 
3.4. Oral pharmacokinetics  370 
 371 
In a preliminary pharmacokinetic study, we showed that IFNα is detected in the systemic circulation 372 
1 h after the oral administration of IFN-CT-NPs to CF1 mice (15). Contrariwise, at this time point, free 373 
IFNα could not be detected (15), in full agreement with studies conducted in mice, rabbits, dogs and 374 
monkeys (25). Remarkably, our previous results were the first to show the oral absorption of the 375 
biological drug. However, these studies were conducted utilizing outbred mice that usually result in 376 
greater data variability. In addition, a complete pharmacokinetic study is needed to understand the 377 
absorption and elimination pathways. Thus, in this work, we used an inbred strain, female BALC/c 378 
mice. As shown in Figure 5A, after oral administration of a single dose of 0.3 MIU of IFN-CT-NPs, 379 
the concentration of IFNα in plasma showed two maxima peaks. The first at 0.5 h (Cmax = 48.4 ± 22.5 380 
pg/mL) and the second one at 1.5 h (27.6 ± 31.4 pg/mL). In addition, the levels of IFNα in plasma were 381 
undetectable 3 h after administration. To absorption peaks are typically associated with an 382 
enterohepatic recirculation phenomenon, though IFNα is a highly labile protein and recirculation is 383 
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unlikely. In this context, the first peak would correspond to primary conventional intestinal 384 
absorption, while the second at a later time to lymphatic absorption that is slower than the intestinal 385 
one. It is important to stress that particles with sizes <3 μm can translocate to the gut-associated 386 
lymphoid tissue (GALT) migrating into the mesenteric lymph nodes and appearing in the lymph 387 
between 10 min and 3 h after administration, as a function of nutritional conditions and particle size 388 
(26). Other possibility would involve the absorption of the drug in two different portions of the gut. 389 
The AUC0-∞ obtained was 56.9 pg*h/mL, which is a promising result considering that a 390 
pharmacokinetic study involving healthy volunteers showed that the Cmax and AUC were of 853 391 
pg/mL and 994 pg*h/mL, respectively, after the intravenous administration of IFNα-2b (5 MIU), and 392 
of 207.9 pg/mL and 2850 pg*h/mL, respectively, after the subcutaneous administration of the drug (5 393 
MIU) (7). Consequently, considering the dose adjustment, the values obtained in this study are in 394 
good agreement with those obtained in human volunteers. Similarly, the Cmax and AUC obtained 395 
after a single subcutaneous injection of the drug (3 MIU) to patients with chronic hepatitis C virus 396 
infection were 42 pg/mL and 879 pg*h/mL, respectively (27).   397 
As control, we confirmed that after the oral administration of free IFNα, PEGylated IFNα and free 398 
IFNα co-administered with either blank CT-NPs or a CT solution, IFNα could not detected at 0.5 h 399 
(the first maximum absorption time) (Figure 5B). Outstandingly, the concentration of IFNα detected 400 
in plasma after the subcutaneous administration of free IFNα (46.7 ± 38.3 pg/mL) was similar to the 401 
obtained with the oral administration of IFN-CT NPs (48.4 ± 22.5 pg/mL) after 2.5 h. These results 402 
highlight the potential of this nanocarrier for the improved oral delivery of this biological drug.   403 
  404 

 405 
Figure 5. Oral pharmacokinetics of IFNα. (A) Mean plasma concentration (± S.E.M.) – time profile of 406 

IFNα after oral administration of IFN-CT-NPs (dose = 0.3 MIU) to BALB/c mice and (B) IFNα plasma 407 
concentration (± S.E.M) in mice at 0.5 h after the orally administration of commercial free IFNα (IFN), 408 
commercial PEGylated-IFNα (PEG-IFN), a physical mixture of free IFNα and blank CT-NPs (IFN + 409 
CT-NPs), a physical mixture of free IFNα and a CT solution (IFN + CT) or IFN-CT NPs. An additional 410 
group was subcutaneously treated with commercial free IFNα. 411 
 412 
4. Conclusions 413 
 414 
In this work, we produced CT-NPs and PEG.CT-NPs as a nanotechnology platform for the 415 
encapsulation and oral administration of IFNα. After the characterization of the nanoparticles, we 416 
studied their cell compatibility and permeability in vitro. These nanocarriers exhibited a moderate 417 
permeability across a co-culture Caco-2/HT29-MTX cell monolayer mainly by the paracellular 418 
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pathway. PEGylation of the nanoparticles did not improve permeability and was detrimental most 419 
probably due to the formation of entanglements with mucin or the more limited ability of the 420 
nanoparticles to open epithelial tight junctions. Finally, we investigated for the first time the oral 421 
pharmacokinetic profile of this popular biological drug. Oral administration of IFN-CT-NPs led to a 422 
bioavailability of 56.9 pg/mL*h in BAL/c mice. The concentration of IFNα detected in plasma after 423 
the oral administration of IFN-CT-NPs was similar to the obtained by subcutaneous administration 424 
of free IFNα. These data highlight the potential of this nano-drug delivery system for the oral 425 
administration of this popular biological drug. Future studies will investigate the efficacy of this 426 
nanoformulation in animal models of diseases that are treated with IFNα as first-line medication. 427 
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Appendix A 440 

Supplementary Materials:  441 

 442 

Supplementary Figure S1. Characterization of PEG.CT. (A) FTIR spectra of CT and PEG.CT and (B) 1H-NMR 443 
spectra of CT, mPEG5000, a physical mixture (PM) of mPEG and CT and PEG.CT. 444 

445 
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