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A B S T R A C T

Aflatoxins in food and feed with prominent toxic effects have jeopardized public health for decades. This 
investigation intends to explore synthesized SDS-modified chitosan as new generation of binder for removal of 
aflatoxin using a straightforward ionic cross-linking approach. The primary objective of this technique was to 
enhance affinity and adsorption capability of SDSCS towards aflatoxins. In this context, physicochemical prop
erties of SDSCS characterized with advanced analytical techniques such as scanning electron microscope (SEM) 
coupled with energy dispersive X-ray spectroscopy (EDS) and Fourier transform infrared spectroscopy (FT-IR) 
before and after removal of aflatoxin. In this study, effect of the pH on the adsorption of aflatoxins (6ppb) 
indicated that the increase in SDSCS concentration from low (0.5) to high (2 %) resulted in an increase of about 
80 %, 78 % and 81 % in the adsorption percentage of AFB1, AFG1, and AFB2 & AFG2, respectively. FT-IR analysis 
showed the intramolecular interactions of the amine groups of chitosan and sulfate group of SDS formed a stable 
complex in the removal of aflatoxin that verified with appearance of three new additional peaks at 1323.50, 
984.34 and 603.42 cm− 1. Notably, SEM images revealed that the porous SDSCS network was filled with aflatoxin 
molecules supported with EDS findings. Also, in vitro cytotoxicity assessments demonstrated that SDSCS pro
tected HepG2 cells against cytotoxic effect caused by aflatoxin (5 µM) in a concentration-dependent manner 
compared to the control (p<0.01). Collectively, the adsorption mechanism may involve attraction of anionic 
aflatoxin molecule into the interconnected pores of SDSCS complex with numerous cationic active site via 
hydrogen bond and van der waals force.

1. Introduction

Over the last decades, Chitosan (CS) as one of the most abundant 
chitin-derived linear cationic polysaccharide biopolymer has been 
intensively explored for its numerous potential applications in 
biomedicine, waste and water management, agriculture, cosmetics, 
nutritional enhancement and food processing [1–6]. CS (C6H11NO4×2) 
is composed of two repeated units of D-glucosamine and N-Acetyl-D-
glucosamine linked by β (1→4) glycosidic bonds. In contrast to similar 
biopolymers such as cellulose, CS is characterized by multiple functional 
groups on carbon skeleton including amino (NH2), hydroxyl (OH) and 
acetamide (CH3CONH2) that can form complexes with various adsor
bates such as mycotoxins and heavy metals through ionic, hydrogen 

bonds and electrostatic interactions. Moreover, it has been revealed that 
CS exhibits the favorable biological properties including biosafety, 
biodegradability and biocompatibility as well as beneficial physiological 
functions such as antimicrobial, antioxidant, growth promotor activ
ities. With regard to the global challenges due to unavoidable mycotoxin 
contamination of animal feed, the use of chitosan and its derivatives as a 
mycotoxin binder (MTB) have been charmed special attention in live
stock feed industry [7–14].

Mycotoxins are biotoxic, low-molecular weight secondary metabo
lites secreted by several fungal species under distinctive environmental 
conditions such as moisture and temperature, that contaminate agri
cultural commodities during pre- and post-harvesting periods. Wide
spread prevalence of mycotoxin contamination of animal feed has been 
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increasingly predisposed livestock health and production, and poten
tially consumer health to serious problems. Mycotoxin ingestion leads to 
a wide range of non-specific symptoms from unthriftiness, anorexia, 
weight loss, reduced feed efficiency in mild and chronic cases to diar
rhea, abortion and death in extreme acute cases on all livestock animals 
particularly swine and poultry. Among the more than 400 mycotoxins 
currently identified; such as Deoxynivalenol (DON), Zearolenone (ZEA), 
Ochratoxin A (OTA), Fumonisin B1 and Trichothecenes (T-2), Aflatoxins 
are considered to be the most highly toxic due to its potent hepatotox
icity, teratogenicity, mutagenicity, immunotoxicity and carcinogenicity 
[15–21]. The stable structure of AFs (C17H12O6) is composed of bisfuran 
ring fused to a coumarin nucleus with a pentanone or six-membered 
lactone ring. More than 20 types of aflatoxins exist in nature; the main 
ones are aflatoxin B1 (AFB1), AFB2, AFG1 and AFG2 which AFB1 is the 
most dangerous one owing to its hepatocarcinogenic property (the rank 
order of toxicity: B1 > G1 > B2 > G2). In addition, AFB1 concentration 
generally exceed half of the total aflatoxins in contaminated samples 
(the rank order of frequency ratio: B1 > G1 > B2 > G2). Consequently, 
global regulatory limit of aflatoxins has been confirmed on the basis of 
AFB1 concentration [22–26].

To minimize the negative effects of these mycotoxins in farm ani
mals, inclusion of binders to livestock feed as additive appears to be the 
most prevalent strategy currently employed, in spite of the fact that 
different physical, chemical and biological methods have been devel
oped. MTB inhibits the absorption of mycotoxins from gastrointestinal 
tract (GIT) of animal by adsorbing the toxins to their surface to form a 
mycotoxin-binder complexes and reduce their bioavailability in GIT and 
distribution to blood and target organs via elimination in feces. In this 
manner, adsorption capacity of various organic molecules (yeast cell 
wall, glucomannan, cellulose, activated charcoal and chitosan) and 
mineral matrix (bentonite, aluminosillicate and zeolite) have been 
investigated. Organic binders have been shown to have a high binding 
activity across a wide spectrum of mycotoxins and do not often interfere 
with nutrients and pharmaceutical substances while mineral binders 
non-selectively interact with vitamins and essential elements and their 
safety remain a concern. Despite of many excellent properties of chito
san, structural instability and desorptive behavior of chitosan on 

different regions of GIT under various pH levels have been restricted its 
commercialization as a MTB. However, chemical modification tech
niques such as surfactant derivatization may improve chemical stability 
of neat chitosan and improve adsorption and selectivity characteristics 
towards the removal of mycotoxins [27–32].

Sodium Dodecyl Sulfate (SDS) is a surfactant comprising a hydro
phobic carbon chain and a polar sulfate head (CH3(CH2)11OSO3Na) 
could strongly bind to CS through the interactions between –SO4

- and 
–NH3

+, respectively and formed an ionically cross-linked chitosan. The 
proposed mechanism suggested the side chain attachment the amine 
groups of CS and the sulfate groups of SDS could probably formed three- 
dimensional porous structures that capable of entrapping adsorbates 
such as mycotoxin more efficiently through chelation and electrostatic 
interactions (Fig. 1).

Many studies have focused on evaluating the adsorption property of 
chitosan and its modified forms towards their application for the 
removal of AFB1 due to high toxicity and frequency relative to other 
aflatoxins however, uncommon occurrence ratios of the four aflatoxins 
have been documented with AFG1 found at equal or even higher levels 
than AFB1. Therefore, AFB1 cannot just be used to effectively repre
senting the total aflatoxin [33–40].

To the best of our knowledge, no studies have been reported on the 
evaluation of adsorption efficacy of various concentrations of SDS- 
modified chitosan as a mycotoxin binder to all aflatoxins. Further
more, the knowledge on the protective effects of SDS-modified chitosan 
against all aflatoxins on cell cultures is scarce. Therefore, the present 
investigation was undertaken to determine the most effective SDS- 
modified chitosan concentration ranging from 0.5 % to 2 % by weight 
to simultaneously adsorb AFB1, AFB2, AFG1, AFG2 at different pH in an 
in vitro model. In addition, physicochemical properties of optimal SDS- 
modified chitosan concentration before and after removal of aflatoxins 
were characterized by DLS, SEM-EDS and FTIR to clarify size, surface 
and shape as well as interactive functional groups, respectively. The 
other purpose of this study was to compare the ability of different 
concentrations of synthesized SDS-modified chitosan to protect against 
aflatoxin-induced cytotoxicity in the hepatocellular carcinoma (HepG2) 
cell line.

Fig. 1. Modeling of entrapped aflatoxin between SDS-modified chitosan.
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2. Materials and methods

2.1. Chemicals and cell culture requirements

Chitosan (MW,310 kDa; deacetylation degree 75 %), SDS, acetic acid 
glacial (98 %), aflatoxin mix (B1 & G1 5x B2 &G2), acetonitrile, methanol 
and water were purchased from Sigma Aldrich (St. Louis, MO, USA). All 
chemicals utilized were of analytical quality and did not necessitate 
additional purification. Prior to use, all glassware underwent cleaning 
with deionized water and subsequent drying. To cell cytotoxicity test, 
hepatocellular carcinoma (HepG2) cell line were procured from the 
Pasteur Institute of Iran. Dullbecco’s modified Eagle’s medium, fetal calf 
serum (5 %), penicillin-streptomycin-amphotericin B, dimethyl sulf
oxide (DMSO), thiobarbituric acid (TBA) and MTT (3-(4,5-Dimethylth
iazol-2-yl)-2,5-Diphenyltetrazolium Bromide) were purchased from 
Sigma Aldrich (St. Louis, MO, USA). Lactate dehydrogenase (LDH) assay 
kits were provided by Biovision Technologies (Pennsylvania, USA).

2.2. Synthesis of different SDS-modified chitosan concentrations

First, different weights of chitosan powder (0.5.1,1.5 and 2 gr) were 
separately dissolved in 1 % acetic acid (100 ml) followed by adding 
NaOH (2 M) and stirring for 20 min at 300 rpm. Then, obtained gels 
mixed with a SDS solution (0.6 % w/v) in distilled water and stirred for 
60 min. Subsequently, the formed precipitates were filtered and washed 
with distilled water and dried at 40ºC overnight. Yellow-brown SDSCS 
insoluble complexes (0.5,1,1.5 and 2 % w/w) were ground and sieved to 
use as aflatoxin adsorbent in order to clarify effective adsorption dose of 
synthesized SDSCS among various concentrations ranging from 0.5 % to 
2 % w/w.

2.3. pH – dependent adsorption of aflatoxins to different SDS-modified 
chitosan concentrations

The adsorption percentage of total aflatoxin (B1,B2,G1,G2) was 
determined according to the national standard of Iran (INSO 6872). A 
stock solution of total AF mixture (1000 ng/ml) was prepared in HPLC 
grade methanol and further diluted to a concentration of 6 ng/ml (20 % 
higher than the highest tolerance limit authorized by IR/INSO 5925). 
For the adsorption experiment, 0.04 gr of the binder (SDSCS: 0.5,1,1.5 & 
2 % w/w) was weighed and spiked with AF work solution (100 ng/ml, 
240 µL) and deionized water (3760 µL) to reach a final AF concentration 
of 6 ppb (4 ml), and the pH adjusted to 3 and 6.5 with HCL (1 M) and 
NaOH (1 M), respectively and then incubated at 37ºC for 1 h under 
constant agitation to simulate the pH conditions in GIT of mono- and 
polygastric livestock animals. Finally, the samples were centrifuged at 
7000 g for 15 min. AF samples (with and without binder) were prepared 
as independent triplicate for each experiment. An aliquot of supernatant 
(20 µl) was then injected into the Waters HPLC system (series 1525, 
Binary pump). The separation was performed at 30 ºC with a InertSus
tainSwift C18 column (5.0 µm, 150 × 4.6 mm). The fluorescence 
detection was set at Em:440 and Ex:365 nm. The mobile phase con
tained H2O (1500 ml), KBr (305 mg), HNO3 (250 µl), MeOH (750 ml) 
and ACN (250 ml) at a flow rate of 1 ml/min. Recoveries for aflatoxins 
B1, B2, G1 and G2 were 98±0.8 %, 95±0.7 %, 93±4.4 % and 97±1.5 %, 
respectively. The limits of detection (LOD) and limits of quantification 
(LOQ) of 0.15 and 0.45 ng/ml for AFB1, 0.06 and 0.18 ng/ml for AFB2, 
0.28 and 0.85 ng/ml for AFG1, and 0.03 and 0.09 ng/ml for AFG2 were 
obtained, respectively. Each replicate was injected twice. The adsorp
tion percentage of mycotoxins by SDSCS adsorbent was calculated as 
follows: 

Adsorption (%) = (Cb ̶ Ct) / Ct × 100                                                   

where Cb is the AF concentration in blank spiked solution (ng/ml) and 
Ct, the amount of AF in the supernatant of samples (ng/ml) with 0.5 %, 

1 %. 1.5 % & 2 % SDSCS
Also, the efficiency of adsorbent was calculated as follows: 

Efficiency (%) = (adsorption pH 3 ̶ desorption pH 6.5) × 100               

2.4. Physicochemical characterization of SDS-modified chitosan before 
and after removal of aflatoxin

2.4.1. Determination of functional groups in SDSCS before and after 
removal of aflatoxin

In order to identify functional groups of SDS-modified chitosan and 
their interactive linkages with aflatoxin Fourier Transform Infrared 
Spectroscopy (FTIR) was utilized. The slight amount of grinded samples 
(chitosan, SDS-modified chitosan and SDS-chitosan/aflatoxin) mixed 
with potassium bromide (KBr) and then spectra were recorded in the 
range of 280–4000 cm− 1 at a resolution of 4 cm− 1 with Thermo Nicolet 
spectrophotometer (AVATAR FT-IR, USA).

2.4.2. Determination of particle size and size distribution of SDSCS binder 
with aflatoxin

Dynamic Light Scattering (DLS) was subsequently utilized to assess 
the particle size and size distribution of the SDS-modified chitosan/ 
aflatoxin complex. An adequate amount of dried complex suspended in 
water was subjected to ultrasound treatment for a predetermined 
period. Then, prepared sample was analyzed by using HORIBA SZ-100 
(Japan) to determine the average diameter, size distribution, and 
polydispersity index of the suspension.

2.4.3. Morpho-structrural characterization and elemental analysis of SDS- 
modified chitosan before and after removal of aflatoxin

The surface morphology and structure of SDS-modified chitosan 
before and after removal of aflatoxin were demonstrated using a SEM 
(TESCAN MIRA). Prior to SEM imaging, the samples were coated with 
15 nm gold layer and the images were taken at a 3KV voltage. Also, the 
elemental analysis conducted by EDS provide insight into the weight 
percentage of the constituent elements present within SDSCS and 
SDSCS/AF.

2.5. Cell culture

In this study, human hepatocarcinoma HepG2 cells, which retain 
normal hepatocyte function and have been used in a number of toxi
cological assessments, were cultured in Dullbecco’s modified Eagle’s 
medium (DMEM) supplemented with 5 % fetal bovine serum, and 
60 mg/ml penicillin-streptomycin-amphotericin B at 37◦C and 5 % CO2 
for 3 days to achieve 80 % cell confluence. Then, cells were trypsinized 
and resuspended in DMEM medium.

2.6. Cell viability assay

Cell viability was measured using the 3-(4,5-Dimethylthiazol-2-yl)- 
2,5-Diphenyltetrazolium Bromide (MTT) dye reduction assay, to deter
mine the cytoprotective effect of various SDS-modified chitosan con
centrations (0.5,1,1.5 & 2 %w/w) against aflatoxins. Cells were seeded 
in 96-well plate at a density of 5 × 106 cells per well in DMEM medium 
and incubated in a humidified 5 % CO2 atmosphere for 24 h. Then, cells 
were treated with AF (5 µM: IC50), alone and combined with different 
SDSCS concentrations for 24 h. After incubation, 150 µl MTT reagent 
(75 mg/ml in PBS) was added to each well and the plate was incubated 
for further 4 h at 37◦C. Next, the solution was discarded and cells were 
lysed with 100 µl of dimethylsulfoxide (DMSO) to obtain purple solu
tion. Finally, the purple solution was removed to empty the wells for 
absorbance measurement at 570 nm using a microplate reader. Care was 
taken to ensure that the MTT-containing plates and solutions were 
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completely protected from light throughout the experimental proced
ure. Also, all experiments were performed in triplicate. The cell viability 
percentage of each experiment was calculated using the following 
formula: 

Cell viability (%) = (O.D of treatment ̶ O.D of blank/ O.D of control ̶ O.D 
of blank) × 100                                                                                  

All absorbance values were corrected background with blank wells 
which contained growth media alone.

2.7. Determination of the intracellular malondialdehyde (MDA) 
concentration

Membrane lipid peroxidation was determined with malondialdehyde 
(MDA) concentration in the HepG2 cells using thiobarbituric acid (TBA) 
reaction. The cells were cultured with the density of 5 × 106 cells per 
well at a volume of 1 ml. After as described earlier, the samples were 
collected, washed twice with PBS and lysed in ice-cold KCl (1.15 %) with 
Triton X-100 (1 %) by sonication for 5 min. Aliquots (100 µl) of the cell 
lysates were mixed with 0.2 ml of 8.1 % SDS (8.1 %,) 1.5 ml of acetic 
acid (20 %) and reached to 4 ml with distilled water. The suspensions 
were incubated for 2 hr at 100ºC until the color developed, and then 
cooled. The contents were centrifuged at 5000 × g for 5 min. Finally, the 
absorbance of the supernatants was measured at 532 nm. The MDA 
concentrations were calculated by a molar extinction coefficient of 1.56 
×105 M− 1 cm− 1.

2.8. Lactate dehydrogenase (LDH) release assay

LDH release is a method to measure the membrane disintegrity as a 
function of the amount of intracellular LDH released from the disrupted 

Table 1 
Percentage of adsorption, desorption and efficiency of different doses of SDS- 
modified chitosan towards AFB1, AFG1, AFB2 and AFG2 (6 pp) at pH 3 and 6.5.

SDSCS (%w/w) Aflatoxins

B1 G1 B2 G2

0.5 % adsorption 20.16±1.05 22.12±2.2 19.91±0.78 19.15±0.88
% desorption 3.08±0.82 2.98±1.01 1.88±0.78 1.76±0.08
% efficiency 17.08±0.23 19.14±1.19 18.03±0.75 17.39±0.80
1 % adsorption 46.14±2.33 48.89±3.21 44.27±2.89 49.65±2.12
% desorption 2.38±0.92 2.05±0.83 1.03±0.53 1.68±0.14
% efficiency 43.76±1.41 46.84±2.38 42.24±2.36 46.97±1.98
1.5 % adsorption 86.66±3.45 88.56±2.35 89.80±1.93 88.62±1.88
% desorption 1.04±0.32 1.02±0.24 0.89±0.03 0.93±0.05
% efficiency 85.62±3.13 87.48±2.11 88.91±1.9 87.69±1.83
2 % adsorption 100 100 100 100
% desorption 0 0 0 0
% efficiency 100 100 100 100

Fig. 2. HPLC chromatograms of aflatoxins spike (6ppb) which peaks related to solvent, AFG2, AFG1, AFB2 and AFB1 from the left to right, respectively (top) and 
removal of aflatoxins after adsorption to SDS-modified chitosan (2 %) (below).
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cell membrane to the cell culture medium. The LDH assay was carried 
out using a commercially available in vitro cytotoxicity test (LDH Assay 
Kit, Biovision, California, USA). In brief, at the end of the experiment, 
50 µl of culture supernatant from each well was collected and carefully 
transferred to new microtiter plate. Then, 50 µl of the buffer reagent was 
added and incubated at 25ºC for 30 min and finally added 50 µl of kit 
stop solution and read absorbance at 490–520 nm.

2.9. Statistical analysis

All data obtained from at least three independent experiments sub
jected to a one-way analysis of variance and then, the means were 
compared using Tukey-Kramer and Dunnett’s post hoc analysis. The 
result expressed as mean ± standard deviation. A probability of p < 
0.01 was considered significant. Statistical package SPSS Version 12 was 
used for the statistical analysis.

3. Results and discussion

3.1. Effect of SDSCS dose on the adsorption behavior towards aflatoxins

To determine the effect of the adsorbent dose on the adsorption 
(removal) and desorption (release) of aflatoxins during adsorption 
process at pH 3 and 6.5 respectively, the experiments were carried out 
by varying the dosage of SDSCS (from 0.5 % to 2 %w/w). As shown in 
Table 1, the increase in SDSCS concentration from 0.5 % to 2 % resulted 
in an increase of about 80 %, 78 % and 81 % in the adsorption per
centage of AFB1, AFG1, and AFB2 & AFG2, respectively. Also, the ob
tained results demonstrated that the amount of different aflatoxins 
desorbed decreased with the increase in the SDSCS dose. Thus, with 
regard to percent efficiency, 2 % SDS-modified chitosan was considered 
as the optimum dose for the removal of all aflatoxins in this study. This 
observation of the effect of the adsorbent dose has also been documented 
by other bioadsorbent in metal ions sorption [41]. This trend in removal 
is attributed to the increasing number of active sites and surface area for 
aflatoxins binding on SDS-modified chitosan as the weight of the binder 
increases from 0.5 % to 2 % due to the more adsorption sites and the 
availability of larger surface area.

3.2. Effect of pH on the adsorption behavior of SDSCS towards aflatoxins

The solution pH is one the most crucial parameters in the adsorption 
behavior of binder as it influences uptake (absorption) and release 
(desorption) of the adsorbate onto and from the adsorbent due to the 
nature of functional groups and surface charge of both the adsorbent and 
adsorbate. The protonation and deprotonation of both functional groups 
in the SDS-modified chitosan and aflatoxins will produce different sur
face charges. As under acidic condition (pH=3), active site on the SDSCS 
such as amine groups become protonated and then the surface of the 
binder will be positively charged and attract anionic aflatoxin molecules 
due to negative charges of the oxygen atom of aflatoxins, indicating that 
the mechanism is dominated by electrostatic forces such as hydrogen 
bond and Van der Waals interactions. Therefore, the polycationic nature 
of SDSCS allows the adsorption of polar molecules such as aflatoxins in 
acid aqueous media of upper region of GIT. Under neutral condition 
(pH=6.5), SDS-modified chitosan in contrast to chitosan and chitosan 
soluble complex (treated with NaOH) can retain aflatoxins inside the 
highly stable physical network which is formed by the complexation of 
chitosan and SDS. As shown in Fig. 2, the optimum dose of SDSCS was 
2 %, which completely adsorbed all aflatoxins at different pH (3 and 
6.5). This result is in agreement with previous studies, in which 
glutaraldehyde- modified chitosan and nonionic surfactant modified 
montmorillonite have the highest adsorption capacity for AFB1[42–44]. 
It can be noted from the data depicted in Table 1, that the adsorption 
capacity of SDSCS towards AFB1, AFG1, AFB2 and AFG2 are the same 
irrespective of the pH value of the solution. Therefore, it seems that 

SDSCS binder leads to the highest adsorption capacity for aflatoxins 
under different pH circumstances such as upper and lower regions of GIT 
[45–51].

3.3. Physicochemical characterization of SDS-modified chitosan before 
and after removal of aflatoxin

3.3.1. Determination of functional groups in SDS-modified chitosan before 
and after removal of aflatoxin

FTIR spectra was used to confirm the chemical composition of the 
synthesized SDS-modified chitosan and to identify functional group in
teractions with aflatoxin. As depicted in Fig. 3, the FTIR spectrum of 
chitosan displayed a characteristic broad tongue-like band at 
3437.44 cm− 1 related to OH vibrational stretch, which overlapped with 
the NH2 stretch due to primary amine; two bands at 2918.65 and 
2850.45 cm− 1 attributed to the stretch of the aliphatic CH in the 
biopolymer backbone. The two peaks of carbonyl (C––O) at 1747.83 and 
1630.43 cm− 1 characterized the amide І and ІІ groups and at 
1469.23 cm− 1 secondary absorption of the alkenes (CH2) was also 
found. The spectra were complemented by bands at 1376.65 and 
1306.53 cm− 1 related to C-N stretch, at 1155.25, 1060.24, 719.23 and 
452.32 assigned to symmetric and asymmetric bridge stretching vibra
tions of glycoside bonds (C-O-C). As observed in Fig. 3, SDS-modified 
chitosan was successfully synthesized by the emerging peaks at 
1254.15 (S––O stretch), 1073.96 (C-O-S stretch), 1033.37(C-O-S 
stretch), 8220.89 (C-O-S stretch) and 661.52 (S-O stretch) cm− 1 

related to the insertion of sulfate group after SDS modification. Also, the 
characteristic bands of CS were shifted and had lower intensities at 
2920.45, 2852.46, 1658.57, 1589.56, 1457.30 and 1413.39 cm− 1 

demonstrating the formation of complex between CS and SDS. The 
adsorption capacity of SDSCS complex in the removal of aflatoxin was 
verified with appearance of three new additional peaks at 1323.50, 
984.34 and 603.42 cm− 1 concerning to incorporation of aromatic ring 
moiety of aflatoxin in SDSCS (Fig. 3). In addition, characteristic bands of 
the adsorbent shifted and weakened, indicating that there were elec
trostatic interactions between binder and aflatoxin[52–56].

3.3.2. DLS analysis of SDS-modified chitosan/aflatoxin complex (SDSCS/ 
AF)

When suspended particles interact with monochromatic light, the 
wavelength of the light is altered upon contact with the particles. Dy
namic Light Scattering (DLS) analysis exploits the Brownian motion of 
these particles in dispersion, with a detector capturing the resulting 

Fig. 3. FTIR Spectra of chitosan (CS) and SDS-modified chitosan (SDSCS) 
before and after removal of aflatoxin (SDSCS/AF).
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signal. As depicted in Table 2, SDSCS/AF particles exhibited a particle 
size distribution in the range of approximately 2–3 µm. These DLS re
sults suggest that SDS-modified chitosan particles possess an appropriate 
size, making them suitable for a diverse biomedical and industrial ap
plications [57–63].

3.3.3. Morpho-structrural alterations of SDS-modified chitosan before and 
after removal of aflatoxin

The utilization of SEM facilitated the examination of particles 

morphology and structural alterations in the neat chitosan crosslinked 
with SDS (SDSCS), as well as confirmed the incorporation of aflatoxin 
into the synthesized adsorbent (SDSCS/AF). As shown in Fig. 4a, the 
morphology of the neat chitosan distinguished by a uniform membrane 
surface devoid of any discernable pores, which was in accordance with 
other reports. In the contrary, SDS modification of chitosan (SDSCS) 
generated strong intermolecular interactions leading to the creation of 
porous structure with a diverse topological shaped such as spherical, 
granular, toroidal and globular forms in the network (Fig. 4b); this result 

Table 2 
Particle size and size distribution of SDS-modified chitosan complex with aflatoxin.

Fig. 4. Scanning electron microscope (SEM) images: (a) chitosan, (b) SDS-modified chitosan and (c) SDS-modified chitosan after removal aflatoxin.
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was similar to those reported in other studies. Remarkably, SDS- 
modified chitosan after removal of aflatoxin exhibited distinct gran
ular shaped particles with different sizes, which was attributable to 
aflatoxin molecules, became trapped inside the pores of SDSCS network 
(Fig. 4c). Therefore, the images revealed that the porous SDS-modified 
chitosan structure was able to adsorb aflatoxin molecules and formed 
stable SDS-modified chitosan with aflatoxin (SDSCS/AF) complex 
[64–67].

3.3.4. EDS elemental mapping analysis of SDS-modified chitosan before 
and after removal of aflatoxin

The chemical composition of the SDS-modified chitosan was also 
evaluated using EDS analysis which was coupled to the SEM. This 
technique was also used to measure the chemical species on the adsor
bent surface after aflatoxin absorption. The results depicted in Fig. 5a 
indicates that the carbon (41.80 %), oxygen (44.09 %), nitrogen 
(11.55 %) and sulfur (2.56 %) were the major constituent of SDSCS 
adsorbent. As anticipated, additional sulfur peak originating from SDS 
was identified as the primary contributor to the cross-linking of the 

chitosan layers. From the Fig. 5b, the EDS analysis of SDS-modified 
chitosan after removal of aflatoxin indicated that there were increases 
in the carbon (43.30 %) and nitrogen (13.31 %) and decreases in oxygen 
(42.87 %) and sulfur (0.52 %). This was associated to uptake of the 
aflatoxin molecules from aqueous solution onto the SDS-modified chi
tosan adsorbent [68].

3.4. In vitro cytotoxicity assessment

In order to verify SDS-modified chitosan are not toxic (cytocompat
ible) to HepG2 cell as well as to evaluate the cytoprotective effect of 
different dose of the SDS-modified chitosan (0.5, 1, 1.5 and 2 %w/w) 
against aflatoxin-induced cell death in HepG2 cell, cell viability test 
(MTT assay) was carried out after 24 h exposure (Fig. 6). Furthermore, 
MDA and LDH assays were carried out to examine to what extent SDS- 
modified chitosan could prevent oxidative stress and preserve cell 
membrane integrity following aflatoxin exposure in HepG2 cell, 
respectively (Figs. 7 & 8). As observed in Fig. 6, there was not statistical 

Fig. 5. EDS spectrum of (a) SDS-modified chitosan and (b) SDS-modified chitosan after removal of aflatoxin.

Fig. 6. Cytoprotective effect of different doses of SDS-modified chitosan 
(0.5,1,1.5 and 2 %) against aflatoxin-induced cytotoxicity in HepG2 cells. As 
shown, the high dose of SDS-modified chitosan (A2) is not toxic to HepG2 cell 
when compared to the control. The results of triplicate independent experi
ments are shown as the mean ± SEM; significant difference from the control: 
* P<0.01.

Fig. 7. Effects of different doses of SDS-modified chitosan (0.5,1,1.5 and 2 %) 
against aflatoxin-induced lipid peroxidation in HepG2 cells. The results of 
triplicate independent experiments are shown as the mean ± SEM; significant 
difference from the control: * P<0.01.
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significant difference of cell viability after 24 h treatment with 2 % SDS- 
modified chitosan when compared with control group (p>0.01). It 
clearly demonstrated that SDS-modified chitosan was not toxic to HepG2 
cell at optimum concentration. Also, the significant decrease in per
centage cell viability (56.56 ± 2.5 %) observed after 24 h exposure with 
50 % inhibitory concentration (IC50) of aflatoxin (5 µM) when compared 
with control group (p<0.01). Furthermore, data analysis indicated a 
significant percentage of cell viability from low to high doses of SDSCS 
adsorbent in the cells exposed to 5 µM aflatoxin (A0.5: 73.44 ± 0.82 %, 
A1: 81.79 ± 0.71 %, A1.5: 86.77 ± 1.22 % and A2: 99.89 ± 0.01) when 
compared to the control group (p<0.01). Therefore, it can be concluded 
that SDS-modified chitosan protects HepG2 cells against cytotoxic effect 
caused by aflatoxin in a dose-dependent manner. Corroborating with 
physicochemical characterization results of this study, it might indicate 
aflatoxin participates in a specific binding mechanism with SDS- 
modified chitosan. The adsorption mechanism may involve attraction 
of AF into the pores of SDSCS network via dipole-dipole interactions. 
This adsorption led to reduced availability of AF and, consequently, 
increased cell viability.

Previous studies have suggested that cell death induced by aflatoxin 
may involve necrosis and apoptosis. Necrosis is characterized by cell 
membrane damage, leading to LDH release. So, other clues supporting 
SDS-modified chitosan can prevent necrosis mediated by aflatoxin is 
related to examine cell membrane integrity by measuring MDA and LDH 
leakage from HepG2 cells. It is well known that aflatoxin upon entry into 
the cell particularly hepatocyte is metabolized by microsomal mixed 
function oxidase (MFO) to reactive epoxide intermediate. The 8,9 
epoxide can bind to vital cellular macromolecules such as phospholipids, 
DNA, RNA and proteins, causing oxidative stress-induced cell death. As a 
consequence of oxidative stress, lipid peroxidation (LPO) is initiated by 
the attack of free radicals to polyunsaturated fatty acids (PUFA) on 
cellular or organelle membranes. Malondialdehyde (MDA), a toxic 
aldehyde end product of LPO causes structural changes that mediates 
cellular and subcellular membrane disintegration. As shown in Fig. 7, 
the results indicate that aflatoxins induce LPO in aflatoxin-exposed cells 
while markedly reduction in MDA levels observed in the SDSCS-treated 
cells from low to high doses (0.5–2 % w/w) concomitantly exposed with 
aflatoxin (5 µM) in a concentration-dependent manner compared to the 
control (p<0.01). As far as, the high dose of SDSCS-treated cells did not 
demonstrate statistically significant difference in MDA levels compared 
to control cells (p>0.01).

As shown in Fig. 8, aflatoxin-exposed cells markedly released LDH 
from inside the HepG2 cells into the culture media due to compromised 

cell membrane integrity. However, a significant decrease in the LDH 
release was observed in a dose-dependent manner after treatment with 
different concentrations of SDS-modified chitosan (p<0.01). As far as, 
the high dose of SDSCS-treated cells did not demonstrate statistically 
significant difference in LDH release compared to control cells (p>0.01).

Collectively, the findings indicate that SDS-modified chitosan serves 
as an effective protective agent for HepG2 cells against the cytotoxic 
effects caused by aflatoxin when used at a concentration of 2 % w/w 
[69–76].

4. Comparison with other adsorbents

The in vitro effectiveness of SDS-modified chitosan (this study) to 
adsorb and desorb aflatoxin B1 was compared with those of different 
bioadsorbents reported in the literature. The comparison is summarized 
in Table 3. It was regarded the concept of dose (% w/w) was important 
when comparing the adsorption affinity of different adsorbent [77–81]. 
Also, adsorption capacity for other aflatoxins (G1, G2 & B2) were not 
reported to compare with findings of this study.

Fig. 8. Effects of different doses of SDS-modified chitosan (0.5,1,1.5 and 2 %) 
against aflatoxin-induced LDH leakage in HepG2 cells. The results of triplicate 
independent experiments are shown as the mean ± SEM; significant difference 
from the control: * P<0.01.

Table 3 
Comparison of in vitro effectiveness of different bioadsorbent to adsorb and 
desorb aflatoxin B1 with SDS-modified chitosan.

Bioadsorbent Inclusion 
(% w/w)

AFB1 

(µg/ 
ml)

pH Adsorption 
(%)

Desorption 
(%)

SDSCS 2 6 3 and 
6.5

100 0

Grape pomace 0.5 1 3 and 
8

82 4

Almond hull 1 1 7 87 6.4
Oven-dried 
banana peel

6 0.5 3 and 
9

74.9 13.6

cellulose 0.5 0.01 2 and 
6.8

31 NR

Lignin 
(Lettuce)

0.5 0.1 2, 5 
and 7

84 NR

Fig. 9. Criteria for selecting the SDS-modified chitosan as a potential myco
toxin binder.
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5. Conclusion

Chitosan cross-linked with sodium dodecyl sulfate (SDSCS) as a 
bioadsorbent was successfully synthesized at different concentrations 
ranging from 0.5 % to 2 % w/w with the aim of improving its adsorption 
capacity for removal of aflatoxins. Physicochemical characterization of 
SDS-modified chitosan using advanced analytical techniques such as 
scanning electron microscope (SEM) coupled with energy dispersive X- 
ray spectroscopy (EDS) and Fourier transform infrared spectroscopy 
(FT-IR) were carried out before and after removal of aflatoxin. In vitro 
pH analysis clarified as the concentration of SDSCS increased, the 
adsorption efficiency increased. So, SDS-modified chitosan at concen
tration of 2 % w/w indicated optimum adsorption dose which 
completely adsorbed all aflatoxins (B1,B2,G1,G2). Also, the findings 
demonstrated effect of pH on adsorption behavior of SDSCS towards 
aflatoxins was negligible, which was in accordance with FT-IR analysis 
showed the intramolecular interactions of the amine groups of chitosan 
and sulfate group of SDS formed a stable complex at different pH con
ditions. Notably, SEM images revealed that the porous SDSCS network 
was filled with aflatoxin molecules supported with EDS findings. 
Moreover, in vitro cytotoxicity assessment demonstrated that SDS- 
modified chitosan protected HepG2 cells against cytotoxic effect 
caused by aflatoxin. Taken together, it seems that SDS derivatization of 
chitosan generated more active site in the SDS-modified chitosan, 
increasing the affinity and capacity of adsorption of aflatoxins (100 % at 
SDSCS concentration of 2 % w/w) via electrostatic interactions such as 
hydrogen bond and Van der Waals forces. These findings suggest that the 
SDS-modified chitosan might be an excellent candidate as a mycotoxin 
binder additive (Fig. 9). Although in vitro results have been promising to 
test the adsorption capability of mycotoxin binders, further in vivo 
testing is required in order to determine actual potential of mycotoxin 
binders because of there is sometimes a discrepancy between the 
adsorption effects of mycotoxin binders observed in vitro and in vivo. 
Also, multi-mycotoxin adsorption experiments should be conducted in 
order to examine competitive biosorption.

Funding

This work was supported by the Khorasan Razavi Technology and 
Science Park, Mashhad, Iran.

CRediT authorship contribution statement

Afsaneh Moghaddam Jafari: Writing – original draft, Visualization, 
Validation, Investigation, Formal analysis, Data curation. Amir Mog
haddam Jafari: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Supervision, Project administration, Method
ology, Investigation, Funding acquisition, Data curation, Conceptuali
zation. Asma Golmakani: Visualization, Validation, Methodology, 
Investigation, Formal analysis, Data curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. Amir Moghaddam Jafari reports 
financial support was provided by Khorasan Razavi Technology and 
Science Park, Mashhad, Iran. Amir Moghaddam Jafari reports a rela
tionship with Khorasan Razavi Technology and Science Park, Mashhad, 
Iran that includes: funding grants. If there are other authors, they 
declare that they have no known competing financial interests or per
sonal relationships that could have appeared to influence the work re
ported in this paper.

Acknowledgments

I would like to thank Sepideh Safari and Sepideh Namvar as students 
in the master’s degree in toxicology at the veterinary faculty, Ferdowsi 
University of Mashhad for assistance in this investigation. The authors 
appreciate Sepide Safari and Sepide Namvar for their helps in this 
investigation.

Data availability

Data will be made available on request. 

References

[1] Z. Zinatloo-Ajabshir, S. Zinatloo-Ajabshir, Preparation and characterization of 
curcumin niosomal nanoparticles via a simple and eco-friendly route, 
J. Nanostruct. 9 (4) (2019) 784–790.

[2] S. Zinatloo-Ajabshir, H. Mahmoodi-Moghaddam, M. Amiri, H. Akbari Javar, 
A green and simple procedure to synthesize dysprosium cerate plate-like 
nanostructure and their application in the electrochemical sensing of mesalazine, 
J. Mater. 35 (7) (2024) doi: 101007/s10854-024-12137-y.

[3] N. Taheri Qazvini, S. Zinatloo-Ajabshir, Synthesis and characterization of gelatin 
nanoparticles using CDI/NHS as a non-toxic cross-linking system, J. Mater. Med 22 
(2011) 63–69, https://doi.org/10.1007/s10856-010-4178-2.

[4] S. Zinatloo-Ajabshir, H. Mahmoodi-Moghaddam, M. Amiri, H. Akbari Javar, Eco- 
friendly synthesis of cluster-like Dy2Ce2O2 nanoparticles using orange juice and 
their application in electrochemical determination of isoniazid, J. Mol. Liq. 404 
(2024), https://doi.org/10.1016/j.moliq.2024.124975.

[5] J. Fan, H. Liu, H. Cui, W. Wang, J. Song, F. Wang, A novel method for holdup 
measurement of three phases by an ultrasonic device with the flexible substrate, 
Measurement 235 (2024), https://doi.org/10.1016/j.measurement.2024.114905.

[6] S. Hamzeh, H. Mahmoodi-Moghaddam, S. Zinatloo-Ajabshir, A. Azari, Simple 
fabrication of mesoporous praseodymium cerate via an eco-friendly route for 
development of carbendazim electrochemical sensor, J. Electrochem. Soc. 171 (3) 
(2024) doi: 101149/1945-7111/ad2cb8.

[7] M. Ahmad, K. Manzoor, S. Ikram, Versatile nature of hetero-chitosan based 
derivatives as biodegradable adsorbent for heavy metal ions; a review, Int. J. Biol. 
Macromol. 105 (2017) 190–203.

[8] V. Ghormade, E.K. Pathan, M.V. Deshpande, Can fungi compete with marine 
sources for chitosan production? Int. J. Biol. Macromol. 104 (2017) 1415–1421.

[9] L. Aranaz, R. Harris, A. Heras, Chitosan amphiphilic deravitives. Chemistry and 
applications, Curr. Org. Chem. 14 (2010) 308–330.

[10] J. Zhou, B. Wen, H. Xie, C. Zhang, Y. Bai, H. Cao, Q. Che, J. Guo, Z. Su, Advances in 
the preparation and assessment of the biologocal activities of chitosan 
oligosaccharides with different structural charactersitics. Food Funct. 12 (2021) 
926–951.

[11] M.L. Verma, S. Kumar, A. Das, J.S. Randhawa, M. Chamundeeswari, Chitin and 
chitosan-based support materials for enzyme immobilization and biotechnological 
applications, Environ. Chem. Lett. 18 (2020) 315–323.

[12] M. Kurakula, N. Raghavendra, Prospection of recent chitosan biomedical trends: 
Evidences from patent analysis (2009-2020), Int. J. Biol. Macromol. 165 (2020) 
1924–1938.

[13] H.M. Abdel-Ghany, Mo. El-S. Salem, Effects of dietary chitosan supplementation on 
farmed fish; a review, Rev. Aquac. 12 (2019) 438–452, https://doi.org/10.1111/ 
raq.12326.

[14] A. Kertmen, I. Dziedzic, H. Ehrlich, Patentology of chitinous biomaterials. Part II: 
chitosan, Nov 1,, Carbohydr. Polym. 301 (2023) (2022) 120224, https://doi.org/ 
10.1016/j.carbpol.120224.

[15] P. Horky, S. Skalickova, D. Baholet, J. Skladanka, Nanoparticles as a Solution for 
Eliminating the Risk of Mycotoxins, Nanomaterials (2) (2018) 727, https://doi. 
org/10.3390/nano8090727.

[17] S.G. Edward, Influence of agricultural practice on fusarium infecxtion of cereals 
and subsequent contamination of grain by trichothecene mycotoxins. Toixicol. 
Lett. 153 (2004) 29–35.

[18] D.R. Sipmpson, G.E. Weston, J.A. Turner, P. Jennings, P. Nicholson, Differential 
control of head blight pathogens of wheat by fungicides and consequences for 
mycotoxin contamination of grain, Eur. J. Plant Pathol. 107 (2001) 421–431.

[19] W.P.P. Liew, S. Mohd-Redzwan, Mycotoxin: Its impact on gut health and 
microbiota, Front. Cell. Infect. Microbiol. 8 (2018) 60, https://doi.org/10.3389/ 
fcimb.2018.00060.

[20] O.P. Omotayo, A.O. Omotayo, M. Mwanza, O.O. Babalola, Prevalence of 
mycotoxins and their consequences on human health, Toxicol. Res. 35 (2019) 1–7, 
https://doi.org/10.5487/TR.2019.35.1.001.

[21] P.E. Ochieng, M.L. Scippo, D.C. Kemboi, et al., Mycotoxin in poultry feed and feed 
ingredients from sub-saharan Africa and their impact on the production of broiler 
and layer chickens, A review, Toxins 13 (2021) 633, https://doi.org/10.3390/ 
toxins13090633.

[22] D. Dhansekaran, S. Shanmugapriya, N. Thajuddin, A. Panneerselvam, Aflatoxin 
and aflatoxicosis in human and animals, in: R.G. Guevara-Gonzalez (Ed.), 
Aflatoxins biochemistry and molecular biology, In TechOpen), London, 2011, 
https://doi.org/10.5772/22717.

[23] Guidance for FDA (2019) Action levels for aflatoxins in animal food.

A.M. Jafari et al.                                                                                                                                                                                                                               Toxicology Reports 13 (2024) 101836 

9 

http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref1
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref1
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref1
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref2
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref2
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref2
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref2
https://doi.org/10.1007/s10856-010-4178-2
https://doi.org/10.1016/j.moliq.2024.124975
https://doi.org/10.1016/j.measurement.2024.114905
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref6
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref6
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref6
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref6
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref7
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref7
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref7
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref8
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref8
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref9
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref9
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref10
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref10
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref10
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref10
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref11
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref11
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref11
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref12
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref12
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref12
https://doi.org/10.1111/raq.12326
https://doi.org/10.1111/raq.12326
https://doi.org/10.1016/j.carbpol.120224
https://doi.org/10.1016/j.carbpol.120224
https://doi.org/10.3390/nano8090727
https://doi.org/10.3390/nano8090727
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref16
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref16
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref16
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref17
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref17
http://refhub.elsevier.com/S2214-7500(24)00219-1/sbref17
https://doi.org/10.3389/fcimb.2018.00060
https://doi.org/10.3389/fcimb.2018.00060
https://doi.org/10.5487/TR.2019.35.1.001
https://doi.org/10.3390/toxins13090633
https://doi.org/10.3390/toxins13090633
https://doi.org/10.5772/22717


[24] Y. Li, Z. Wang, R. Beier, J. Shen, D. Smet, S. De Saeger, T-2 toxin, a trichothecene 
mycotoxicosis: Review of toxicity, metabolism, and analytical methods, J. Ageric. 
Food Chem. 59 (2011) 3441–3453.

[25] A. Vázquez-Durán, M. de Jesús Nava-Ramírez, G. Téllez-Isaías, A. Méndez-Albores, 
Removal of Aflatoxins Using Agro-Waste-Based Materials and Current 
Characterization Techniques Used for Biosorption Assessment, Front Vet. Sci. 9 
(2022) 161, https://doi.org/10.3389/fvets.2022.897302.

[26] A. Abbasi Pirouz, R. Abedi Karjiban, F. Abu Bakar, J. Selamat, A Novel Adsorbent 
Magnetic Graphene Oxide Modified with Chitosan for the Simultaneous Reduction 
of Mycotoxins, Toxins 10361 (2018), https://doi.org/10.3390/toxins10090361.

[27] T.K. Arumugam, P. Krishnamoorthy, N.R. Rajagopalan, S. Nanthini, D. Vasudevan, 
Removal of mal;achite green from aqueous solutions using a modified chitosan 
composite, Int. J. Biol. Macromol. 128 (2019) 655–664, https://doi.org/10.1016/ 
jibiomac.2019.01.185.

[28] Y.M. Bao, M. Choct, Trace mineral nutrition for broiler chickens and prospects of 
application of organically complexed trace minerals: a review, Anim. Prod. Sci. 49 
(2009) 269, https://doi.org/10.1071/EA08204.

[29] T. Calado, A. Venancio, L. Abrunhosa, Irridation for mold and mycotoxin control: A 
review, Compr. Rev. Food Sci. Food Saf. 13 (2014) 1049–1061.

[30] A. Kolosova, J. Stroka, Evaluation of the effect of mycotoxin binders in animal feed 
on the analytical performance of standardized methods for determination of 
mycotoxins in feed, Food Addit. Contam. Part A 29 (2022) 1959–1971.

[31] P. Vila-Donat, S. Marin, V. Sanchis, A. Ramos, A review of the mycotoxin adsorbing 
agents, with an emphasis on their multi-binding capacity, for animal feed 
decontamination, Food Chem. Toxicol. 114 (2018) 246–259.

[32] J. Stroka, C.M. Maragos, Challenges in the analysis of multiple mycotoxins, World 
Mycotoxin J. 9 (2016) 847–861.

[33] E.N. Koukaras, S.A. Papadimitriou, D.N. Bikiaris, G.E. Froudakis, Insight on the 
formation of chitosan nanoparticles through ionotropic gelation with 
tripolyphosphate, Mol. Pharm. 9 (10) (2012) 2856–2862.

[34] M.C. Di Santo, C.L. D’Antoni, A.P.D. Rubio, A. Alaimo, O.E. Pérez, Chitosan- 
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