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A B S T R A C T   

This research includes production of chitosan nanocapsules through ionic gelation with sodium bisulfate for 
nanoencapsulation of hydroxytyrosol (HT) using ultrasonication in tandem. The resulting nanocapsules encap-
sulating HT were analyzed for particle size, ζ-potential, packaging characteristics, FESEM, ATR-FTIR, XRD, DSC, 
in vitro release, antioxidant potential and antiproliferative properties. The nanocapsules (size 119.50–365.21 nm) 
were spherical to irregular shaped with positive ζ-potential (17.50–18.09 mV). The encapsulation efficiency of 5 
mg/g HT (HTS1) and 20 mg/g HT (HTS2) was 77.13% and 56.30%, respectively. The nanocapsules were 
amorphous in nature with 12.34% to 15.48% crystallinity and crystallite size between 20 nm and 27 nm. For-
mation of nanocapsules resulted in increasing the glass transition temperature. HTS2 delivered 67.12% HT 
(HTS1 58.89%) at the end of the simulated gastrointestinal digestion. The nanoencapsulated HT showed higher 
antioxidant and antiproliferative (against A549 and MDA-MB-231 cancer cell lines) properties than the free HT.   

1. Introduction 

Chitosan is produced after the deacetylation of chitin harvested from 
crustacean shells [32]. Chemically, chitosan is a polysaccharide copol-
ymer of β-(1–4)-linked D-glucosamine and N-acetyl-D-glucosamine 
having linear linkages. Being the second largest available biopolymer in 
nature, the applications of chitosan have been tremendously explored in 
the food [53], packaging [8], pharmaceutical [24,27], and agricultural 
[56] industries, among others. Chitosan forms self assembled gel at a 
concentration of 0.03 mg/mL after heating at 90 ◦C for 30 min [58]. 
However, the application of the self assembled gels for thermolabile 
molecules is offset by the requirement of a high gelation temperature for 
a long time. Contrary to the self assembly, the ionic gelation process of 
chitosan is highly efficient, effective, controllable and convenient [21]. 
The electrostatic interaction of the positively charged chitosan with a 
negatively charged polymer/matrix leads to the formation of nanosized 
cores [48] that can accommodate the active ingredients for various food 
and pharmaceutical applications. 

Hydroxytyrosol (4-(2-Hydroxyethyl)-1,2-benzenediol) is one of the 

most potent phenolic compounds having the European Food Safety au-
thority (EFSA) approved health implications [19]. Over the years, re-
searchers from around the world have reported a wide range of health 
implications and disease preventing potential of HT in vitro and in vivo. 
HT has been explored against a number of health complications 
including diabetes, inflammation, nervous disorders, angiogenesis, 
oxidative stress, heavy metal toxicity, hemolysis, LDL oxidation, muscle 
damage, and nephrotoxicity with positive outcomes [57]. HT has 
demonstrated antiproliferative and pro-apoptotic activities against 
Caco-2, HT-29 [15] and prostate (LNCaP and C4-2) cancer cells [62]. 
Irrespective of its high bioactive potential, HT has poor bioavailability 
evident from its pharmacokinetics post consumption that include area 
under the curve (5.3 ng h/mL), maximum plasma concentration (4.4 ng/ 
mL), time to reach the maximum plasma concentration (0.25 h), elim-
ination rate constant (0.25/h), and elimination half-life (2.8 h) [42]. 
This necessitates the development of delivery vehicles for HT that could 
not only protect it against the deleterious reactions in the alimentary 
canal but also release it progressively in a delayed fashion. The previous 
reports on the encapsulation of HT include the use of emulsion systems 
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[23,11] (Cofrades et al., 2017), liposomes [9], and ethyl cellulose mi-
croparticles [43]. 

Research over the years has revealed the possibility of many different 
biomaterials to ionically gel with chitosan polymer including collagen 
peptide [4], adenosine triphosphate [44], phytic acid [13], poly (sodium 
4-styrene sulfonate) and sodium tripolyphosphate [28] resulting in the 
formation of nanocapsules. However, to the best of our knowledge, there 
is no published literature on the detailed account of ionic gelation of 
chitosan with inorganic substances that are generally recognized as safe 
(GRAS) for human consumption by the United States Food and Drug 
Administration (FDA). One of the most important anionic substances 
with GRAS status is disodium hydrogen phosphate. However, our pre-
liminary research on disodium hydrogen phosphate revealed that it does 
not take part in ionic gelation with chitosan at all. On the other hand, 
sulfate anions including sodium sulfate and potassium bisulfate, among 
others take part in ionic gelation with chitosan. Sodium sulfate has been 
used for precipitation-coacervation of chitosan to yield nanoparticles 
having high protein loading efficiencies [31], precipitation/coacerva-
tion of chitosan to yield nanocapsules for efficient loading of ovalbumin 
[30], crosslinking of chitosan into microsphares for encapsulating the 
cell protein antigen of Helicobectar pylori [34], crosslinking of chitosan 
to yield nontoxic in situ injectable hydrogels for sustained release of 
curcumin [50], layer-by-layer self-assembly of chitosan into microcap-
sules for the spontaneous loading of heparin [47], and precipitation of 
chitosan for the formulation of microspheres loading different steroidal 
anti-inflammatory drugs [7]. 

However, these anionic substances are not recognized as safe by the 
U.S FDA. Therefore, the present research was based on ionic gelation of 
chitosan polymer with sodium bisulfate producing chitosan nano-
particles/nanocapsules for possible applications in nanoencapsulation 
using the ultrasonication process. Ultrasonication is one of the physical 
methods employed for encapsulation of bioactive compounds in 
different polymeric materials [33]. The high intensity ultrasound waves 
with frequencies in the range of 20 to 100 kHz produce cavitation, which 
is responsible for biomaterial surface destruction and internalization of 
bioactive compounds from the medium into the polymeric material 
[33,49]. Sodium bisulfate is commonly used as a food additive in 
different bakery products, meat and poultry. Being reported for the first 
time, it would be interesting to know the physical, chemical, structural, 
antioxidant and antiproliferative properties of the chitosan nano-
particles encapsulating HT. 

2. Materials and methods 

2.1. Chemicals and reagents 

Chitosan (Moisture 11.5% & Degree of deacetylation ≥ 75%) and 
sodium bisulfate (≥99%) were purchased from HiMedia India. Dulbec-
co’s Modified Eagle Media - high glucose (DMEM), Dulbecco’s Buffered 
Saline (DPBS) and Hydroxytyrosol (≥98%) were purchased from Sigma 
Aldrich. All other chemicals and reagents used in this research were 
analytical grade and purchased either from either Sigma Aldrich or 
HiMedia India. 

2.2. Nanoencapsulation of HT 

Chitosan solution (1.5% w/v) was prepared by dissolving chitosan in 
1% (v/v) glacial acetic acid solution. After complete dissolution, the 
solution was centrifuged at 4000 rpm for 5 min to clear any heteroge-
neous impurities in the solution. Simultaneously, 0.75% (w/v) solution 
of sodium bisulfate was prepared in double distilled water. A 1 mg/mL 
solution of HT was prepared in double distilled water and added drop by 
drop to chitosan solution under continuous stirring using a magnetic 
stirrer. The stirring was continued for 10 min before adding the sodium 
bisulfate solution slowly into the chitosan-HT mixture and the stirring 
was continued for 1 h at ambient temperature (25 ± 1 ◦C). Finally, the 

solution containing HT nanocapsules was ultrasonicated for 5 min at 40 
kHz and frozen to − 18 ◦C before subjecting it to freeze drying (BIOBASE, 
BK-FD10P). The control sample was prepared without including HT in 
the nanocapsules. The HTS1 and HTS2 samples included 5 mg/g and 20 
mg/g of HT in the finally dried nanoencapsulated powders, respectively. 
All the freeze dried samples were sealed in air tight containers and 
stored at − 18 ℃ till further analysis. 

2.3. Particle size distribution and ζ-potential 

The powder material (10 mg/mL) was suspended in 1% acetic acid 
solution and sonicated for 30 min at 35 kHz. The dynamic light scat-
tering (DLS) measurements including particle size distribution and 
ζ-potential were taken at 90◦ spectral angle in Litesizer 500 (Anton Paar) 
at ambient temperature (25 ± 1 ◦C). 

2.4. Attenuated total reflectance-fourier transform infrared spectroscopy 

Attenuated total reflectance-fourier transform infrared spectroscopy 
(ATR-FTIR) of the nanocapsules was performed in the wavelength range 
of 450–4000 cm− 1 using an ATR-FTIR spectrophotometer (CARY 630, 
Agilent Technologies, USA). 

2.5. X-ray diffraction 

The X-ray diffraction (XRD) of the nanocapsules was performed on a 
diffractometer (Rigaku, SmartLab 3 kW-BD67000130, Tokyo, Japan). 
The parameter settings of the equipment include 40 kV and 30 mA. The 
scanning of the samples was performed through diffraction angle of 5◦ to 
90◦ at the rate of 5◦/min. The relative crystallinity (RC) of the samples 
was calculated by using equation (i). 

RC(%) =
Acr

Acr + Aam
× 100  

Where, Acr and Aam included area under the crystalline and amorphous 
peaks of the diffractogram, respectively. 

Size of the crystallites was calculated using the Hall-Williamson 
equation (ii). 

D =
kληsinθ
βcosθ  

Where, D is the crystallite size, β is the full width half maximum (FWHM) 
of the diffraction peak, k is the shape factor (=0.89), λ is the wavelength 
of the X-ray radiation, η is the strain in the crystallite and θ is Bragg’s 
diffraction angle. 

2.6. Differential scanning calorimetery 

The thermal characterization of the samples was performed using the 
differential scanning calorimetery (DSC) equipment (Mettler-Toledo, 
Staresystems, Switzerland). Briefly, the sample (5 mg) was loaded in a 
platinum crucible, sealed properly and submitted to the equipment 
chamber for analysis. The temperature of the system was programmed to 
rise from 25 ◦C to 350 ◦C at the rate of 10 ◦C/min in an inert atmosphere 
under a continuous supply of nitrogen flowing at the rate of 40 mL/min. 
Interpretation of data into the characteristic thermal parameters 
including onset temperature (To), peak temperature (Tp), completion 
temperature (Tc) and enthalpy (ΔH) was performed after analyzing the 
data in the system software of the instrument. 

2.7. Field emission scanning electron microscopy 

The morphological properties of the powder samples were evaluated 
through field emission scanning electron microscopy (FESEM) (Gem-
iniSEM 500 8203017193, UK/GB). The samples were mounted on the 
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grid and coated with gold before taking the FESEM images at 30000x 
magnification. 

2.8. Packing characteristics of nanocapsules 

2.8.1. Theoretical loading capacity 
The theoretical loading capacity (LCT) of the wall material for HT 

was calculated using the equation (iii). 

LCT(%) =
Amount of HT added

Amount of wall mateial
× 100  

2.8.2. Encapsulation efficiency 
The encapsulation efficiency (EE) of HT encapsulated nanocapsules 

was performed according to the method described by Ahmad and Gani 
[2] with slight modifications. Briefly, 100 mg nanoencapsulated powder 
was suspended in 30 mL of 10% ethanol followed by centrifugation at 
4000 rpm for 10 min. The supernatant was discarded followed by 
addition of 5 mL of 10% ethanol for resuspending the mixture and was 
sonicated at 35 kHz for 1 h. The mixture was centrifuged at 4000 rpm for 
10 min and the spectrophotometric absorbance (eppendorf Bio-
spectrometer 6135D0701977, S-W-Version- 4.3.5.0) of the supernatant 
was taken at 280 nm. The quantification of HT was performed from the 
standard calibration curve of the pure compound (y = 0.012x − 0.000; 
R2 = 0.977) using the equation (iv). 

X =
A
∊L  

Where, X is concentration, A is absorbance at 280 nm, ∊ is the molar 
absorptivity coefficient and L is path length of the quette. 

Finally, the EE was calculated using the equation (v). 

EE(%) =
Amount of HT encapsulated

Amount of HT added
× 100  

2.8.3. Loading capacity 
The loading capacity (LC) of the wall material for HT was calculated 

according to McClements and Li [38] using the equation (vi). 

LC(%) =
Amount of HT encapsulated

Amount of wall material
× 100  

2.9. In vitro release behavior 

2.9.1. Gastric digestion 
In order to mimic the gastric digestion, the encapsulated powder was 

digested in simulated gastric juice (SGJ) prepared from porcine pepsin 
as per the method described by Feng et al. [22]. Briefly, 0.9 g NaCl and 
0.15 g pepsin was dissolved in 0.01 mL HCl and the pH was adjusted to 
2.0 using 0.1 M HCl. The sample powder (100 mg) was added to 10 mL 
of SGJ and allowed to incubate in the dark for 1 h at 37 ◦C with inter-
mittent shaking. Sampling for the release of HT was done periodically 
after 30 min. and 1 h. Quantification of HT released from the nano-
capsules was performed by using the equation (iv). After the completion 
of gastric digestion, the mixture was centrifuged at 4000 rpm for 5 min 
to recover the sample pallet for the subsequent intestinal digestion. 

2.9.2. Intestinal digestion 
The intestinal digestion of the encapsulated powder was performed 

in simulated intestinal juice (SIJ). Briefly, 0.3 g pancreatin and 1.0 g bile 
salt was dissolved in 100 mL phosphate buffered and the pH was 
adjusted to 7.5. The pallets recovered from gastric digestion were 
dispersed in 10 mL of SIJ and incubated in the dark for 2 hr at 37 ◦C with 
intermittent shaking. In order to check the release of HT, periodic 
sampling was performed after each hour. The HT released from the 
nanocapsules during the intestinal digestion was quantified by using the 
equation (iv). 

2.10. Antioxidant properties 

2.10.1. Sample preparation 
The nanocapsules were subjected to simulated gastrointestinal 

digestion in order to validate the effect of the encapsulation process. 
Briefly, the sample powder (600 mg) was added to 3 mL of SGJ and 
allowed to incubate in the dark for 1 h at 37 ◦C with intermittent 
shaking. Following gastric digestion, 3 mL of SIJ was also added to it and 
incubated in the dark for 2 h at 37 ◦C with intermittent shaking. The 
mixture was centrifuged at 4000 rpm for 10 min and the supernatant 
recovered was stored at − 18 ◦C till further analysis. For comparison, free 
HT equal to the concentration used in HTS2 was also subjected to in vitro 
digestion. 

2.10.2. 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity 
The DPPH radical scavenging activity was performed according to 

the method described by Matthus [37]. Briefly, methanol (2720 μL) was 
added to the sample (80 μL) before adding the DPPH solution (0.05%, 
200 μL). The contents were mixed thoroughly in a vortex shaker before 
allowing the reaction mixture to incubate for 30 min. in the dark at 
ambient temperature. Spectrophotometric absorbance was measured at 
515 nm and the results were expressed as inhibition percent as described 
by the equation (vii). 

Inhibition(%) =

(

1 −
Absorbance of sample
Absorbance of control

)

× 100  

2.10.3. Lipid peroxidation inhibition 
The lipid peroxidation inhibition (LPI) was performed according to 

the method described by Wright, Colby, & Miles [59]. Briefly, a reaction 
mixture (2 mL) containing linoleic acid (1 mL), ferric nitrate (20 mM, 
0.2 mL), ascorbic acid (200 mM, 0.2 mL) and hydrogen peroxide (300 
mM, 0.2 mL) was added to the sample (100 µL) and mixed thoroughly in 
a vortex shaker. The reaction mixture was incubated for 1 h at 37 ◦C 
followed by stopping the reaction using trichloroacetic acid (10% w/v, 
1 mL) and thiobarbituric acid (10% w/v, 1 mL). The reaction mixture 
was again incubated for 20 min at 100 ◦C followed by centrifugation at 
5000 rpm for 10 min. The spectrophotometric absorbance was measured 
at 535 nm and the results were expressed as inhibition percent as 
described by the equation (vii). 

Inhibition(%) =

(

1 −
Absorbance of sample
Absorbance of control

)

× 100  

2.11. Antiproliferative properties 

Antiproliferative properties of the nanoencapsulated HT was evalu-
ated using the MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) against two cancer cell lines including 
adenocarcinomic human alveolar epithelial cells (A549) and human 
breast cancer cells (MDA-MB-231). The cells were cultured in Dulbec-
co’s Modified Eagle Media - high glucose (DMEM) containing 5 % FBS +
0.1% penicillin and streptomycin. The cells were cultured in 96 well 
plates and incubated in a humidified chamber (Galaxy 170S, Eppendorf, 
Hamburg, Germany) at 37 ◦C and 5% CO2. After 60–70 % confluency of 
the adherent cells, the media was removed. Then the wells were treated 
with 100 μL DMEM (5 % FBS + 0.1% penicillin and streptomycin) 
containing the compounds at 0 to 6 μg/mL in triplicates. To determine 
the antiproliferative properties at 24, 48 and 72 h post treatment (hpt), 
plates were incubated (37 ◦C and 5% CO2) for 24, 48 and 72 h, 
respectively. After incubation for 24 h, media in the wells was aspirated 
and cells were washed two times with DPBS. Then 100 μL of MTT re-
agent in DMEM (0.5 mg/mL) was added to the wells. After incubation 
for 4 h, 100 μL of solubilizing solution (10 % Sodium dodecyl sulfate in 
0.01 M HCl) was added and kept overnight to dissolve formazan crystals. 
These plates were then checked for optical density (OD) at 570 nm in a 
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multimode microplate reader (Biotek, Cytation™ 3, Winooski, VT, 
USA). Same procedure was followed for 48 and 72 hpt. Control wells (0 
% compound) and blank wells (without cells) were utilized for calcu-
lating the cell viability by using the equation (ix). 

Cellviablity(%) =
Sample absorbance − Blank absorbance
Control absorbance − Blank absorbance

× 100  

2.12. Statistical analysis 

The data presented are means of triplicate determinations and were 
compared for the analysis of variance (ANOVA) through SPSS statistical 
software (IBM Statistics 21.0, Chicago, IL, USA) using the Duncan’s test 
(P ≤ 0.05) at 5% level of significance. Microsoft excel was used for 
making the histograms. The graphing software (OriginPro 8.5) was 
employed to plot the data into the graphical representations. The IC50 
for all the antiproliferative measurements was calculated using AAT 
Bioquest, Inc. online (https://www.aatbio.com/tools/ic50-calculator) 
accessed in March 2021. 

3. Results and discussion 

3.1. Particle size distribution and ζ-potential 

The results of particle size analysis and ζ-potential of HT nano-
capsules are provided in Table 1. The smallest particle size was found in 
the control nanocapsules (119.50 nm), which increased significantly (P 
≤ 0.05) upon increasing the concentration of HT in the encapsulation 
process. The polydispersity index of the nanocapsules ranged between 
35% and 38%. The smaller polydispersity index indicates the higher 
level of control over the process of nanocapsule formation [1]. The 
nanodimensional size and smaller polydispersity indices in the different 
nanocapsules formed could be because of the ultrasonic cavitation 
process that maintains a similar set of particles in the solution [25]. 
However, aggregated nanoparticles still persist because of negligible 
impact of nanoparticles on the process of cavitation [60]. The zeta po-
tential of the nanocapsules varied between 17.50 mV and 18.09 mV with 
insignificant (p ≥ 0.05) difference among the nanocapsules. Because of 
the presence of –NH3

+ (-ammoniumyl) groups on the surface, a high 
positive zeta potential (56.48 ± 3.25 mV) is characteristic to chitosan 
polymer [46,55]. Upon ionic gelation with sodium bisulfate, the zeta 
potential of the nanocapsules is reduced. The probable reason for the 
similar zeta potential in all the nanocapsules is the same proportion of 
the chitosan polymer and sodium bisulfate used in the ionic gelation 
process. The high zeta potential values of the nanocapsules formed 
indicate their better stability to aggregation into still larger particles due 
to the repulsive forces exerted by the positive surface charge of the 
particles [3]. 

3.2. Packing characteristics of nanocapsules 

The packing characteristics of chitosan nanocapsules encapsulating 

HT including theoretical loading capacity (LCT), encapsulation effi-
ciency (EE) and loading capacity (LC) are provided in Table 1. As one of 
the most powerful bioactive compounds discovered so far, we encap-
sulated HT at two different concentrations in chitosan nanoparticles 
ionically cosslinked with sodium bisulfate. In the treatment HTS1, HT 
was mixed with the wall material at a concentration of 3.06 mg/g while 
as, the concentration of HT was raised to 14.11 mg/g of wall material in 
case of HTS2. Because of its high bioactive potential [57], HT was 
encapsulated at low theoretical loading capacities of 0.30% and 1.41% 
for HTS1 and HTS2, respectively. Consequently, the amount of HT 
loaded in HTS2 (0.56%) was significantly (p ≤ 0.05) higher than in HTS1 
(0.14%). The higher concentration of HT in HTS2 results in enhanced 
packaging of the HT molecules within the chitosan nanocapsules as 
compared to a less initial concentration of HT used in case of HTS1. 
Under these circumstances both HTS1 and HTS2 showed very high EE. 
The EE of HTS1 (77.13%) was significantly (p ≤ 0.05) higher than HTS2 
(56.30%). Various researchers have observed lowering of EE upon 
increasing the drug load to wall material ratio [6,14]. 

3.3. Morphology 

The morphology of HT nanocapsules analyzed through field emission 
scanning electron microscopy (FESEM) is presented in Fig. 1. The 
nanosize of the capsules revealed through DLS measurements is also in 
coherence with the real time images of the nanocapsules. Ionic gelation 
of chitosan with sodium sulfate resulted in spherical to irregular shaped 
nanocapsules. The surface of these nanocapsules showed groves and 
ridges as compared to the pure HT crystals, which showed smooth 
sheeted crystal structures. Therefore, there are ample possibilities that 
the HT crystals are encapsulated in the cavities or the ridges of the 
nanocapsules. Similar morphology has been reported in ionically gelled 
chitosan-tripolyphosphate nanoparticles treated with ultrasonication 
[25]. However, the existence of aggregated nanoparticles is because of 
their inconsiderable impact on the process of cavitation during the 
ultrasonication process [60]. 

3.4. Attenuated total reflectance-Fourier transform infrared spectroscopy 

The different materials involved in this research were evaluated 
through ATR-FTIR analysis for analyzing the functional groups of 
structural significance (Fig. 2). The stretch in sodium bisulfate at 1027 
cm− 1 corresponds to sulfate (-SO4) group (Fig. 2a). The stretches at 
1650 cm− 1 to 3500 cm− 1 correspond to –OH stretching of hydrogen 
sulfate (-HSO4) group. The stretch at 1650 cm− 1 also corresponds to the 
hydroxyl (–OH) group of water. In case of HT, the functional region 
comprising of the aliphatic and aromatic (–OH) groups is exactly super 
imposable when compared to the ATR-FTIR spectrum of pure water. 
Therefore, evaluation of HT rich aqueous solutions after extraction of HT 
from HTS1 and HTS2 were offset for confirmatory studies in this 
research. For the chitosan polymer, the ATR-FTIR spectrum showed the 
characteristic (–OH) group at 3350 cm− 1 (Fig. 2a). The free amino 
(–NH2) group of glucosamine was observed at 1027 cm− 1 to 1214 cm− 1. 
The stretch for Amide I was seen at 1644 cm− 1 and the Amide III stretch 
at 1304 cm− 1. The carbonyl (–CO) group of the pyranose was observed 
at 1151 cm− 1 to 1200 cm− 1. The results are in accordance with previous 
studies on chitosan polymer [61]. The ATR-FTIR spectrum inferences for 
control, HTS1 and HTS2 did not show any prominent difference in 
chemistry thereby, showing no prominent molecular differences 
(Fig. 2b). Therefore, in a multi component system involving chitosan 
and sodium bisulfate displaying the same functional stretches as in case 
of HT, the ATR-FTIR spectral analysis can be used for point information 
only. However, as compared to the pure chitosan polymer, the (–OH) 
stretch was observed at 3357 cm− 1. The stretch of (–NH2) shifted be-
tween 1103 cm− 1 to 1235 cm− 1, which might also include the sulfate 
(-SO4) group initially found at 1027 cm− 1 in case of sodium bisulfate. 
The stretch for Amide I was observed at 1650 cm− 1 and the Amide III at 

Table 1 
Particle size, zeta potential, and packaging characteristics of HT nanocapsules.  

Parameter Particle 
size (nm) 

PI 
(%) 

ζ-potential 
(mV) 

LCT 
(%) 

EE (%) LC (%) 

Control 119.50 ±
47.24a 

35 17.50 ±
0.34a 

- - - - - - 

HTS1 323.35 ±
80.79b 

37 18.09 ±
0.52a 

0.30 ±
0.00a 

77.13 ±
11.45b 

0.14 ±
0.02a 

HTS2 365.21 ±
134.00b 

38 17.68 ±
0.60a 

1.41 ±
0.00b 

56.30 ±
8.11a 

0.56 ±
0.08b 

Values are presented as Mean ± Standard deviation. 
Means with different superscripts are significantly (p ≤ 0.05) different. 
PI = Polydispersity index, LCT = Theoretical loading capacity, EE = Encapsu-
lation efficiency and LC = Loading capacity. 
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1297 cm− 1. Meanwhile, the (–CO) group of the pyranose shifted be-
tween 1138 cm− 1 to 1241 cm− 1. The major chemical shift was observed 
between 1138 cm− 1 to 1241 cm− 1 of the encapsulated powders that 
might be due to the formation of gel between the chitosan polymer and 
sodium bisulfate. Similar results were reported by Jothimani, Sure-
shkumar, & Venkatachalapathy [29] on chitosan nanoparticles and Du 
et al. [18] on chitosan-tripolyphosphate nanoparticles encapsulating 
peptides from egg white. 

3.5. X-ray diffraction 

The XRD analysis of the individual wall material components and the 
nanoencapsulated HT powders is presented in Fig. 3. Sodium bisulfate 
showed the characteristic peaks at the 2θ of 14.68◦, 19.48◦, and 28.86◦. 
Over the years, research on the XRD pattern of sodium bisulfate has 
revealed the three characteristic peaks at the 2θ of 12.87◦, 17.08◦, and 
around 27◦ [35,20]. As also reported in our previous research, the 
crystalline regions of chitosan are observed at the 2θ of ≈ 20◦ and the 
amorphous regions are observed at the 2θ of ≈ 9◦ with a relative crys-
tallinity of 74.54% [55]. The most prominent diffraction peaks of the 
ionically crosslinked nanopowder materials were observed at 2θ of 
22.66◦, 23.64◦, 25.58◦, 31.86◦ and 34.06◦. Upon the ionic gelation of 
chitosan with sodium bisulfate, the crystallinity of control, HTS1 and 
HTS2 nanopowders was recorded as 15.48%, 12.34% and 12.95%, 
respectively. Therefore, the nanoencapsulated powder materials pre-
pared in the present research were fairly amorphous in nature. Upon 
ionic gelation, the characteristic chitosan peaks decreased drastically in 
magnitude. The typical sodium bisulfate peak shifted slightly to the 2θ of 
23.64◦ with prominent increase in intensity. The crystallite size of the 
encapsulated powders calculated according to the Hall-Williamson 
analysis was recorded in the range of 20 nm to 27 nm. Reduction of 
crystallite size in the encapsulated powder with respect to the parent 
wall materials depicts the tendency to yield nanoparticles through 

reduction in the growth of the particle size [45]. chitosan nanoparticles 
are readily formed through the ionic gelation process [21,13]. More-
over, the acoustic cavitation bubbles formed from intense ultrasound 
waves also result in reducing the growth of nanoparticles by initiating 
the polymer chain formation and the subsequent breakage of the 
resulting chain through the shearing forces resulting from the collapse of 
the bubbles [33]. 

3.6. Differential scanning calorimetry 

Results of the differential scanning calorimetery (DSC) for the 
different samples analyzed in this research are presented in Fig. 4. The 
DSC for sodium bisulfate shows an endothermic peak at 71.02 ◦C that 
represents its melting behavior. The melting point of sodium bisulfate is 
around 58.5 ◦C, which is close to the onset of the melting peak. Another 
endothermic peak for sodium bisulfate at 185.18 ◦C represents the 
boiling of the compound. At elevated temperatures, sodium bisulfate is 
decomposed to sodium pyrosulfate (Na2S2O7). The two endothermic 
peaks correspond to respective enthalpy changes (ΔH) of − 177.39 Jg− 1 

and − 38.18 Jg− 1. In case of chitosan, the first endothermic peak 
(69.35 ◦C) represents the dehydration of the polymer. The glass transi-
tion temperature of chitosan was recorded at 149.93 ◦C. The glass 
transition temperature of chitosan is reported between 140 ◦C and 
150 ◦C [17]. This is followed by the exothermic peak (307.23 ◦C) of the 
material that represents the melting of the polymer followed by 
decomposition. Chitosan decomposition is characterized by degradation 
of D-glucosamine and then N-acetyl glucosamine [55]. The dehydration 
peaks of control (67.07 ◦C), HTS1 (70.68 ◦C) and HTS2 (67.07 ◦C) 
resemble that of the chitosan polymer. The glass transition temperature 
of control, HTS1 and HTS2 increased around 191.43 ◦C, which is 
because of the crosslinking during ionic gelation that reduces the 
mobility and free volume of the resulting nanoparticles [16]. The final 
endothermic peaks of control (249.15 ◦C), HTS1 (247.97 ◦C) and HTS2 

Fig. 1. Field emission scanning electron microscopy (FESEM) images of (a) HT, (b) control nanocapsules, (c) HTS1 nanocapsules, and (d) HTS2 nanocapsules.  
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(249.15 ◦C) represent melting of the samples with corresponding ΔH of 
− 0.16 Jg− 1, − 2.55 Jg− 1 and − 0.16 Jg− 1, respectively. The DSC curves of 
chitosan polymer, control nanocapsules, HTS1 and HTS2 continuously 
moving upwards at the end of the melting phases represents the 
decomposition of these materials upon further rise in temperature. 
Because very minute amount of HT was incorporated on a percent basis 
in the nanocapsules, there is no marked difference between the nano-
capsules on the basis of the amount of HT incorporated. 

3.7. In vitro release behavior 

There is a general consensus among scientists that encapsulation 
safeguards bioactive compound against deleterious reactions inside and 
outside the biological system [54]. Encapsulation enhances the bioac-
tivity of compounds through improvements in aqueous solubility and 
absorption upon the delivery at the targeted colonic region of the 
alimentary canal [53]. As a free molecule, the bioactive potential of HT 
is not completely realized owing to its low bioavailability. As a result, 
only a small concentration of HT is found in the blood stream post 
consumption [41]. Upon consumption, an extremely small maximum 
plasma concentration (4.4 ng/mL) of free HT is reached within just 15 
min [42]. This necessitates the encapsulation of free HT for preventing 
the molecule from being exposed to the harsh gastrointestinal acid and 
enzymatic conditions as well as releasing it at the intestinal absorption 
sites. 

HT nanoencapsulated in the form of HTS1 and HTS2 were subjected 
to simulated gastrointestinal release studies and the results are provided 
in Fig. 5. While subjecting the nanoencapsulated HT to simulated gastric 
digestion (SGD), its release was monitored after 30 min and 60 min. The 
release of HT from the nanocapsules during simulated intestinal diges-
tion (SID) was monitored hourly for 2 h. The release of HT after 30 min 
of SGD in HTS1 and HTS2 was 28.32% and 10.90%, respectively. This 
amount of HT is probably the non-encapsulated HT present on the sur-
face of the capsules. As the SGD is continued to 1 h, there was signifi-
cantly (p ≤ 0.05) more release of HT from both HTS1 (37.80%) and 
HTS2 (38.55%), considering the initial releasing point of the two sam-
ples. The release of a lesser amount of HT from HTS1 during SGD is 
probably due the small amount of HT encapsulated in it as compared to 
HTS2. After 1 h of SID, the release of HT from HTS2 reached up to 
60.00% and HTS1 up to 42.02%. Besides, the cumulative release of HT 
from 42.02% to 58.89% after 2 h of SID ensures a delayed and sustained 
release of HT from HTS2. While as, it was 60.00% to 67.12% in case of 
HTS1. At the end of SID, HTS2 delivered up to 67.12% and HTS1 up to 
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Fig. 2. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 
spectra of (a) HT, schitosan polymer, & sodium bisulfate and (b) control 
nanocapsules, HTS1, & HTS2. 
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Fig. 3. X-ray diffraction (XRD) diffractograms of of chitosan polymer, NaHSO4, 
control nanocapsules, HTS1 and HTS2. 
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58.89% of HT. Therefore, the HT nanocapsules were able to retain most 
of the HT after the SGD for possible uptake at the intestinal and colonic 
sites towards the end of the digestion process. 

3.8. Antioxidant potential 

The antioxidant potential of nanoencapsulated HT was carried out 
against the free HT after subjecting them to in vitro simulated gastro-
intestinal digestion (SGID). The antioxidant potential analyzed through 
DPPH radical scavenging activity and lipid peroxidation inhibition (LPI) 
is presented in Fig. 6. The DPPH radical scavenging activity is often used 
for relatively rapid evaluation of the antioxidant activity. In DPPH 
radical scavenging activity, the radical accepts an electron or hydrogen 
radical to become a stable diamagnetic molecule with corresponding 
change in color. The concentration of free HT used in this study corre-
sponds to the encapsulation efficiency of HTS2. This confirmed the 
validity and requirement of the nanoencapsulation process for the 
bioavailability of HT post SGID. The DPPH radical scavenging activity of 
HTS2 (71.59%) was significantly (p ≤ 0.05) higher than both the HTS1 
(13.10%) and the free HT (3.36%). In fact, the free HT showed the 
lowest (p ≤ 0.05) DPPH radical scavenging activity. The DPPH radical 
scavenging activity of HT is attributed to its catechol nucleus [57], 
which could be reduced due to possible destruction of HT in the acidic 

and enzymatic conditions during the SGID. On the other hand, the LPI 
evaluates the free radical mediated antioxidant potential by monitoring 
the inhibition of a possible chain initiation, propagation and/or termi-
nation of linoleic acid peroxidation [39]. The LPI was undetectable for 
the free HT and HTS1. However, HTS2 (8.07%) showed small amount of 
LPI. Therefore, it is evident from the results that LPI might also depend 
on the concentration of the available bioactive compound. The analysis 
of radical scavenging activities using different solvent media and nature 
of chemicals reveal the antioxidant potential in the heterogeneous bio-
logical system through a complex set of possible variations in the 
interactive mechanisms involved during the reaction of the radicals with 
the biological system [40,26]. Over all, these results confirm the need 
and importance of the nanoencapsulation process for HT delivery and 
achieving a substantial amount of antioxidant activity at a very low 
concentration. 

3.9. Antiproliferative properties 

Antiproliferative properties of the nanoencapsulated HT against 
adenocarcinomic human alveolar epithelial cells (A549) and human 
breast cancer cells (MDA-MB-231) is presented in the form of IC50 values 
(Fig. 7) over a period of 72 h. The alveolar epithelial cells line the lung 
alveoli and play a key role in carrying out the gaseous exchange process 
inside the lungs [52]. In the present investigation, free HT showed high 
antiproliferative activity against A549 cell line over the 72 HTP. The 
IC50 values for HT reduced from 230.60 μM to 149.36 μM over the entire 
study (Fig. 7a). However, the nanoencapsulated HT showed significantly 
(p ≤ 0.05) higher antiproliferative properties than the free HT over the 
complete 72 HTP. For HTS1, the IC50 values reduced from 199.18 μM to 
60.74 μM, while in case of HTS2, the IC50 values reduced from 125.28 
μM to 56.31 μM, over the 72 HTP. The antiproliferative effect of HTS2 on 
A549 cell line was higher than HTS1 for 24 HTP and did not differ 
significantly over the next two time periods. To the best of our knowl-
edge, there are no reports on antiproliferative properties of nano-
encapsulated HT against the A549 cell line. However, Calderon- 
Montano et al. [10] reported an IC50 value of 147 ± 16.5 μM for free 
HT against the A549 cell line, which is consistent with the present 
research. 

The triple negative MDA-MB-231 is a highly aggressive form of 
breast cancer, which lacks oestrogen and progesterone receptor ex-
pressions, as well as the human epidermal growth factor receptor 2 
amplification [36,12]. Therefore, the MDA-MB-231 cell line is particu-
larly employed to analyze the activity of different active compounds 
with potential antiproliferative properties. The IC50 value of free HT 
against MDA-MB-231 cell line increased from 107.17 μM to 183.65 μM 
during the 72 HTP (Fig. 7b), which depicts the reduction in the effec-
tiveness of free HT with respect to time. However, the IC50 value for 
HTS2 was significantly higher than HTS1 throughout the 72 HTP. This 
depicts the dose dependent relationship of the antiproliferative activity 
as well as the application of nanoencapsulation on the effectiveness of 
HT against the MDA-MB-231 cell line. To the best of our knowledge, 
there are no reports on antiproliferative properties of nanoencapsulated 
HT against the MDA-MB-231 cell line. However, Benot-Dominguez et al. 
[5] demonstrated the antiproiferative effect of olive leaf extract con-
taining HT against MDA-MB-231. Tavolaro, Catalano, & Tavolaro [51] 
also showed the antiproiferative activity of extra virgin olive oil (a 
source of HT) against MDA-MB-231 cell line. The antioxidant potential 
(DPPH radical scavenging activity) showed a negative correlation with 
A549 (R = -0.82) and MDA-MB-231(R = -0.71). This depicts that upon 
increase in the antioxidant activities, the concentration required for IC50 
is decreased. 

4. Conclusion 

In conclusion, ionic gelation of chitosan polymer with sodium 
bisulfate using ultrasonication in tandem produced spherical to irregular 

0 20 40 60 80 100 120 140 160 180 200
0

10

20

30

40

50

60

70

80

90

100
)

%( esaeler evitalu
mu

C

Time (min)

 HTS1  HTS2

Fig. 5. In vitro release of HT from HTS1 and HTS2 post simulated gastric 
digestion (0–60 min) and simulated intestinal digestion (60–180 min). 

Fig. 6. Antioxidant properties (DPPH radical scavenging activity and lipid 
peroxidation inhibition) of nanoencapsulated HT. 
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shaped amorphous nanocapsules that encapsulated HT. The nano-
encapsulated HT was protected against the acidic and enzymatic con-
ditions during the gastrointestinal simulations to release the free HT 
slowly and particularly in the colonic site, where its absorption mainly 
takes place. The nanoencapsulated HT (HTS2) exhibited better antiox-
idant and antiproliferative properties than the free HT in a dose 
dependent manner. The nanoencapsulated HT (HTS2) could be utilized 
in various food formulations and other medical applications as a pre-
ventive medicine. The prepared nanocapsules could be utilized for the 
oral delivery of sensitive bioactives and drug compounds in various food 
formulations and other medical applications. 
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