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A B S T R A C T   

Hydrogel nanocomposites (HGNCs), with a hydrophobic inner hollows structure and a hydrophilic exterior, is often used to encapsulate the broadest range of guest 
molecules. Herein, we established a three-dimensional, nanocomposites, superabsorbent, malleable, and bioadhesive HGNCs via chemical crosslinker poly (ethylene 
glycol) diglycidyl ether (PEGDGE) to enhance the controlled release and bioavailability of Vitamin E (VE). β-cyclodextrin (β-CD) are integrated as multi-core units in 
the soy soluble polysaccharide (SSPS) polymer network in which the β-CD cavities act as carriers for (VE) by host-guest interaction. We have examined the detailed 
structures and morphology by FTIR, DSC, XRD, SEM, TEM, AFM, and CLSM. Overall, increasing the β-CD than SSPS in the reaction mixture (from 10 to 25%) led to 
enhance the crosslinking degree, improve the elastic behavior (G0>G00), increase the particle size (from 114.2 to 202.9 nm), and the hardness. Besides, decreasing the 
adhesiveness, pore size, and swelling. Our (HGNCs) did not rupture under compression up to 90% strain with (1.8 MPa) strength. The nanocomposites (1:1) exhibited 
less nanosized after pectinase and α-amylase hydrolysis (75 and 124 nm, respectively). Also, the (HGNCs) exhibited outstanding swelling-adsorption and sustained 
release (over 230 h) towards VE in vitro. It showed high encapsulation efficiency and loading capacity (79.10 and 16.04%, respectively). Additionally, the oral 
administration of VE-loaded HGNCs in rats resulted in a sustained increase of plasma VE levels over 12 h post-administration. The relative pharmacological 
bioavailability of VE was larger for VE-loaded HGNCs (reached to 7.5-fold increase) compared to free VE suspension. Keywords: Nanohydrogel; β-cyclodextrin; Soy 
soluble polysaccharide; Vitamin E; swelling; control release.   

1. Introduction 

Nanocomposites (NCs) can be classified into several classes, and one 
highly skillful type is the NCs based on biopolymeric hydrogels (Hussain 
& Mishra, 2018). Hydrogel nanocomposites (HGNCs) has shown inter-
esting suitable properties that play an essential role among drug delivery 
vectors. The enhancement of HGNCs that deliver vitamins, antioxidants, 
drugs, and dyes is a great strategy (Kaur & Jindal, 2019; Olad, Doustdar, 
& Gharekhani, 2018). Thus, a perfect design of the HGNCs would 
improve the incorporation of a large quantity of drugs, especially the 
hydrophobic one, with efficient and prolong release. The HGNCs has 
unique properties because it combines the characteristics of typical 
hydrogels, besides the features of nanoparticles (NPs), such as high and 
reactive surface area, which can significantly enhance the absorption 
capability in vitro and in vivo (Becher et al., 2018). Many hypothesis 
tried to solve the problems of the short term release and fast diffusion 
like microcapsules (Jiang et al., 2019), films (Zhu, Lee, & Yam, 2012), 
and electrospun bioactive glass hollow fibers, due to the coarse surface 
and tubular structure (Wu et al., 2011). Swelling controlled-release 

hydrogel (SCRH) is an innovative smart technology by which bioac-
tive composites released in a low emotion but controlled way (Li et al., 
2015; Shi, Xiong, Liu, Wang, & Zhao, 2016). swelling with 
pH-responsive is mostly important for oral and tumor delivery systems. 
In this application, the swelling of the hydrogels in the acidic media 
(stomach) is minor, and thus the drug is still entrapped and protected. As 
the hydrogels reached the intestinal tract anywhere the pH is neutral, 
and the network can be swell dramatically, permitting for quick drug 
diffusion (Mumper, Huffman, Puolakkainen, Bouchard, & Gombotz, 
1994). Such hydrogels have been industrialized using polymers with 
acidic functional groups; between them, the alginate (most commonly 
used) and the SSPS as a promising polymer used in this study. 

Many studies provided details of the chemical composition and 
physical properties of the SSPS as a biopolymer. However, they have not 
yet made enough improvement in its applications. A few research groups 
focused on SSPS as a shell material for bioactive ingredient delivery 
systems. For examples (Ding & Yao, 2013), formed the soy protein/SSPS 
complex as nanogel by high pressure homogenization (600 bar) fol-
lowed by heat treatment (90 �C) under acidic conditions to control 
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release of folic acid (FA) in PBS (pH 7.4) at 37 �C. Then, the results 
demonstrated a quick release for both free and encapsulated (FA). It was 
also described that SSPS can be used to form core-shell with soy protein 
nanoparticles as carriers for further sustained-release behavior of 
encapsulated curcumin (F.-P. Chen, Ou, & Tang, 2016). Chen et al. 
treated the SSPS with ethanol (40% v/v) under acidic conditions (pH 4) 
to denature the protein fraction of SSPS to interact with curcumin by a 
hydrophobic interaction with encapsulation efficiency (67.3%) and 
loading amount (4.49 μg/mg SSPS) (F. P. Chen, Ou, Chen, & Tang, 
2017). It was also found that the SSPS with low protein content (<5%) 
can be used to produce more degradable films than high protein content 
(mostly used as potential emulsifier) (D. Salarbashi, Bazeli, & Tafaghodi, 
2019). Furthermore, the SSPS is a highly branched globular shape 
(Hosny, Mosli, & Hassan, 2015), and this characteristic enables the 
particles to interact efficiently with cells with significant uptake, which 
may enhance the bioavailability of drugs (Chithrani, Ghazani, & Chan, 
2006; Lu, Zhao, Wu, Zhao, & Yang, 2019). On the other hand, the SSPS 
has some weakness such as low viscosity, and small mechanical prop-
erties, which can limit its uses in the industrial fields. Besides, it can 
interfere with the protein-protein interactions in wet conditions so it 
favorable to complex with saccharides (D. Salarbashi et al., 2019). 
Therefore, a promising area is to utilize the SSPS-based adhesive HGNCs 
with other polysaccharides or oligosaccharides to add some mechanical, 
rheological, and biological properties in food industry and pharmaceu-
tical applications. 

This restriction of the SSPS-based HGNCs can be solved by formu-
lating β-cyclodextrin (β-CD, 7- α-D-glucopyranose units) imbedded SSPS- 
based HGNCs. Additionally, this formula with β-CD can improve the 
inclusion complex (IC), stabilize the hydrophobic drugs, prevent drug/ 
drug interactions, enhance the mechanical and rheological properites 
(Yuan, Xu, Cui, & Wang, 2019), increase the bioavailability, convert oils 
and liquid drugs into amorphous powders or microcrystalline, increase 
the loading and control release. Besides, it has been recognized as a 
flavor carrier and preserver, at a level of 2% in several foodstuffs. 
Neverthless, the β-CD has some disadvantages like limited water solu-
bility resulting in precipitation of solid β-CD complexes from water, 
besides cannot be hydrolyzed by human salivary and pancreatic amy-
lases. It can be fermented by the intestinal microflora (colon), (Hedges, 
2009). Many ideas tried to increase the SSPS applications by using 
different materials like (Nano-clay Naþ, Zinc oxide, Titanium dioxide), 
but there are growing concern has elevated over the health risk of these 
NPs following possible transition into human foods. Which, should be 
evaluated before the massive applications in food (Davoud Salarbashi, 
Tafaghodi, & Bazzaz, 2018; Shaili, Abdorreza, & Fariborz, 2015). On the 
other hand, Vitamin E (VE) exhibits poor aqueous solubility and a high 
sensitivity to oxidation, resulting in loss of bioactivity. More especially, 
the best absorption site of VE is the small intestine. Therefore, devel-
oping a delivery system for encapsulating VE to develop its release, 
stability, and bioavailability is required. Various formulations have been 
demostrated to enhance the controlled release and bioavailability of VE. 
For example, polymeric electrospun nanofibers incorporating β-CD has 
been used to host several bioactive compounds like VE but with limited 
loading capacity up to 5% (w/w). Besides, it has some drawbacks like 
fast diffusion and no mechanical or rheological properties (Z. Aytac, 
Kusku, Durgun, & Uyar, 2016; Celebioglu & Uyar, 2017). Also, Cassano 
et al. determined the release rate of VE by using dextran -ferulic acid as 
swelling hydrogel polymers and noted that the released reached 65% in 
24 h with less than 15% VE-loaded (Cassano, Trombino, Muzzalupo, 
Tavano, & Picci, 2009). 

This study formulated elastic, bioadhesive, biodegradable, eco- 
friendly, and swollen HGNCs containing β-CD and SSPS as multi-core- 
shell nanocomposites, respectively based on the chemical cross-link. 
These ingredients were characterized by FTIR, DSC, XRD, SEM, TEM, 
AFM, and CLSM to recognize the structure-properties linking and how 
these two polymers could modify the adhesiveness, mechanical, rheo-
logical, and release properties of the HGNCs in vitro and in vivo (oral 

bioavailability). The β-CD core can be used to encapsulate the VE as 
water-insoluble drug (host-guest interaction) using the (SCRH) tech-
nique. While, the hydrophilic SSPS shell can be used to enhance the 
bioavailability, dispersibility, and impart functional characteristics to 
the HGNCs surface. In brief, the swelling and VE release rate increased 
with the quantity of SSPS than β-CD incorporated. Considerable research 
has performed on copolymer-based hydrogels, but no specific work has 
been done until now to characterize β-CD/SSPS together as HGNCs. 
Hopefully encouraging their applications as functional biomedical 
materials. 

2. Materials and methods 

2.1. Materials 

β-cyclodextrin (�97%, molecular weight (MW) 1134.98 g/mol, was 
dried at 80 �C over three days before use, Sigma Aldrich, USA). Soy 
soluble polysaccharides obtained from Shanghai yuan ye Biotechnology 
Co., Ltd., purity �95%, galacturonic acid 18% (w/w), protein 3.05%, 
Moisture 0.5%, Ash 1.45%, and as reported before that the main back-
bone of SSPS contains (homogalacturonan and rhamnogalacturonan 
with branches of α-1,4-galactan and α-1,3- or α-1,5-arabinan chains) 
(Nakamura, Furuta, Maeda, Takao, & Nagamatsu, 2002). PEGDGE 
(cross-linker; poly (ethylene glycol) diglycidyl ether, Mn 500 g/mol, 
Aldrich). (þ)-α-Tocopherol (VE) from vegetable oil, Type V, ~1000 
IU/g, Sigma Aldrich, USA). 1-anilinonaphthalene-8-sulfonic (ANS) from 
Aladdin-reagent Co., Ltd. (Shanghai, China). Pectinase (30,000 U/g, 
from Aladdin company, Shanghai, China) and α-amylase from porcine 
pancreas type VI- B (enzyme activity ≥ 10 units/mg solid, 
Sigma-Aldrich). The water used from a Millipore Milli-Q ultrapure water 
system. 

2.2. HGNCs formation 

In this study, four types of HGNCs (β-CD/SSPS) formed by suspension 
chemical crosslinking. A typical procedure to prepare the hydrogels is as 
follows: SSPS (20%, w/v) and 10, 15, 20, and 25% of β-CD were dis-
solved in 1.5 mol L� 1 aqueous Sodium hydroxide solution (NaOH, 10 
mL) and left-over night for full hydration in 25 mL glass tubes. Next, 
1.075 g (2.15 mmol) of PEGDGE added dropwise to the solution under 
stirring at 25 �C for mixing. After that, the tubes were incubated at 60 �C 
for 4 h under 300 rpm. The resulting hydrogels were further immersed 
into enough deionized water and ethanol solution (1:1, v/v) for four 
days under shaking to reach the swelling equilibrium and until residual 
and unreacted materials wholly removed. Phenolphthalein dye used to 
notice the excess of NaOH removal inside the washing solution until it 
became colorless. The SSPS tested only as a reference, but not formed 
the expected gel. Finally, all the swelling hydrogels dried at 40 �C under 
reduced pressure and stored in a desiccator until use. The mass ratio 
between the two polymers (β-CD: SSPS), were varied to depict the effect 
of hydrogel compositions on its properties. The (β-CD: SSPS) ratio was 
fixed at 1:1 for some studies. The complexation of VE by native β-CD was 
performed according to the method of Koontz et al. (Koontz, Marcy, 
O’Keefe, & Duncan, 2009). 

2.3. FTIR spectra measurements 

The infrared spectra of the pure VE, β- CD, SSPS, and HGNCs, besides 
the β- CD/VE- IC, and HGNCs/VE complexes were obtained via a Fourier 
transform infrared spectrometer (FTIR) by a Nicolet 470 (Thermo Fisher 
Scientific, USA). The samples arranged as pellets by compressing with 
the background Potassium bromide (KBr) for the analysis. The scans (21 
min� 1) recorded between 4000 and 400 cm� 1 with a resolution of 2 
cm� 1 and The Omnic software obtained the spectra baselines. 
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2.4. X-ray diffraction (XRD) 

The examination was set by using D/max-RA, Rigaku, Tokyo, Japan 
(30 mA and 50 kV), Using Cu target and Kα (λ ¼ 1.54 Å), Ni filter, and 
radiation at room temperature. All scans performed in a 2θ range of 
3–40 at step size 0.02 s� 1 with scanning speed 10�/min. The analysis 
was conducted only for all the solid powder samples except for VE 
(Liquid form at room temperature). 

2.5. Differential scanning calorimetry (DSC) 

DSC and transition glass (Tg) performed on (DSC200F3, NETZSCH 
instrument, Germany) with 5 mg same samples. For dehydration and 
vaporization, our samples heated from 25 to 250 �C at a rate of 10 

�

C/ 
min under N2 atmosphere (flow rate 30 mL/min). For the transition glass 
(Tg) samples were equilibrated at � 90 �C and then heated to 25 �C at a 
heating rate of 10 

�

C/min. 

2.6. Scanning electron microscopy (SEM) analysis 

SEM apparatus Hitachi X-650 (Hitachi Ltd., Japan) was used to 
examine the microstructure of the hydrogel slices surface by using the 
razor to prepare samples. The water-swollen samples at 25 �C for 48hr in 
water used flash-frozen by liquid nitrogen for 3 min and rapidly 
lyophilized for 48 h. The samples immobile on aluminum stubs by using 
double-phase tape then covered with gold by using a microscope sputter 
coater Au–Pd (SC7620, UK). All samples examined under the acceler-
ating of 20 kV voltage. 

2.7. Transmission electron microscopy (TEM) and atomic force 
microscopy (AFM) 

Hitachi-7650 transmission electron microscope (Hitachi Ltd., Japan) 
operating at 110 kV. TEM samples were prepared by dropping 10 μl of 
(0.5 mg/mL) hydrogel dispersions onto carbon-coated copper grids and 
dried at room temperature for 24 h. However, the 2-D and 3-D 
morphology of the HGNCs (1/1) were characterized by atomic force 
microscopy (AFM) (Bruker Dimension Icon Nanoscope V, Germany). 
Briefly, freeze-dried HGNCs were diluted with water to obtain HGNCs 
concentration of 0.5 mg/mL. After dispersion by using ultrasonic, the 
solution (about 10 μL) was adsorbed onto a piece of freshly cleaved mica 
sheet and dried at 25 �C for 12 h before imaging. The imaging was 
conducted in a tapping mode with a scan rate of 0.5 Hz at room 
temperature. 

2.8. Rheological measurements 

The rheological analysis of the swelled hydrogels was evaluated in 
triplicate and carried out at 25 �C on a Discovery HR-2 Hybrid 
Rheometer machine (TA Instruments, USA) attached with parallel ge-
ometry sensor (60 mm diameter, Peltier plate Aluminum, and gap height 
1 mm). The oscillatory rheological analysis was done in the linear 
viscoelastic regime. The strain was kept at 0.1%, and a dynamic fre-
quency sweep started from 0.1 to 10 rad/s to measure the elastic 
modulus (G0), and viscous modulus (G00). The shear viscosity was 
considered by measuring flow curves recorded at shear rates from 2 to 
200 s� 1. Also, the influence of time on viscosity observed from (35- 700 
s� 1). 

2.9. Mechanical properties 

Compression and loading-unloading tests were performed at 25 �C 
by using CT3-Texture analyzer (Brookfield, Middleboro, MA). The 
hydrogel samples prepared as a cylinder shape with a height of 15 mm 
and diameter 20 mm (The diameter of the hydrogel was measured with a 
caliper (Digimatic Caliper, Liangju Co. Ltd., China). The compression 

rate was done at 20% min� 1 strain rate with a constant velocity of 5 mm 
min� 1. For the loading-unloading test, the compression rate was kept at 
a strain rate of 20% min� 1 to measure the hardness, adhesiveness, and 
the elastic modulus (Young’s modulus), which considered from the slope 
stress-strain curve. The high flexibility confirmed by the compression at 
90% strain with five loading/unloading cycles. 

2.10. Swelling behavior 

Hydrogel samples were prepared to investigate the properties of the 
swelling equilibrium in water. 100 mg sample was soaked at 25 �C for 
24 h, and the equilibrium ratio of the swelling is calculated as follows: 

ðEquilibrium swelling ratio ; %Þ¼
WðsÞ  –  WðdÞ

WðdÞ
� 100 (1)  

where W(s) and W(d) is the calculated weights of the swollen and dried 
samples, respectively. 

2.11. Dynamic light scattering (DLS), ζ- potential and surface 
hydrophobicity (H0) measurements 

The DLS and ζ- Potential were achieved on (Zetasizer Nano ZS series, 
Malvern Instruments, UK) at 25 �C. The DLS measurements were done 
with a scattering angle of 173�, and the apparent (Z-average) hydro-
dynamic diameter (Dh) was reported as the intensity. We used the native 
β-CD and SSPS solutions, besides the dispersions of the HGNCs freeze- 
dried samples with and without VE at a concentration of 0.1% (w/v) 
aqueous solution. The ζ potential was determined with the SSPS and 
HGNCs (1/1) with and without VE aqueous dispersion solutions, the ζ 
potential samples were prepared by adjusting the stock solutions to the 
chosen pH values and then separately diluted to 1 mg/mL for HGNCs 
and 5 mg/mL for SSPS with the same pH value. For the (H0) analysis, 
samples were measured using 8-anilino-1-naphthalene sulfonic acid 
(ANS) as a fluorescence probe (Alizadeh-Pasdar & Li-Chan, 2000; Xiong 
et al., 2016). The ANS solution obtained by preparing 8 mM of ANS 
powder in 10 mM phosphate buffer (PB). Moreover, 25 μL of 8 mM ANS 
was added to 5 mL sample solutions which contain 1 mg/mL dispersed 
samples. After keeping away from light for 8 min at 25 �C, the fluores-
cence intensities of ANS/(HGNCs) and (HGNCs/VE) dispersions were 
recorded using a fluorescence spectrophotometer (Shimadzu 
RF-5310PC, Japan). The excitation wavelength was 390 nm, and the 
emission spectrum were taken between 400 and 650 nm. The excitation 
and emission slit widths were both 5 nm, with 700 V, and the scan speed 
was 1200 nm/min. The area of the fluorescence spectrum corrected by 
taking the solvent area, and (H0) expressed as the sample area. 

2.12. HGNCs polysaccharide enzyme hydrolysis (pectinase and α- 
amylase) 

We also confirmed the core-shell structure by using enzymes as fol-
lows: the SSPS on the freeze-dried HGNCs surface was hydrolyzed by 
pectinase. So, for tracking the size change by real-time DLS measure-
ment, the hydrolysis was performed at pH 4.0 and 25 �C. And to achieve 
the DLS measurement, 10 μL of 0.1% (30 units/ml) pectinase enzyme 
solution was added to a polystyrene cuvette containing 0.5 mg/mL of 
the HGNCs dispersion. The solution diluted with 5 mL of pH 4.0 aqueous 
solution, and the size was measured every 10 min (Ding et al., 2013). 
The β-CD on the HGNCs was hydrolyzed by α- Amylase and for moni-
toring the size change by real-time DLS measurement, the hydrolysis 
was performed at pH 7.0 and 25 �C. Also, to do the DLS measurement, 
10 μL of 0.1% (16 units/ml) α- Amylase solution was added to a poly-
styrene cuvette containing 0.5 mg/mL HGNCs dispersion. The solution 
diluted with 5 mL of pH 7.0 aqueous solution, and the size was measured 
every 10 min (Y. Wang, Luo, et al., 2018). 
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2.13. Confocal laser scanning microscopy (CLSM) 

Nile Blue and Nile Red solutions (0.1 mg/mL) were prepared using 
deionized water and ethanol as solvents, respectively. A total of 0.005 g 
of β-CD/VE- IC and HGNCs/VE were immersed in 20 μL of Nile Blue and 
20 μL of Nile Red solutions and kept in the dark overnight (P.-P. Wang, 
Luo, & Peng, 2018). The sample slide was prepared and measured at the 
excitation wavelengths of 488 and 633 nm by CLSM (Olympus FV1200, 
Japan), respectively. 

2.14. In vitro VE complexation and dynamic release by swelling technique 

The abilities of the HGNCs to host VE as a guest molecule by swelling 
was estimated by the following procedure: each hydrogel sample (100 
mg) was placed into 25 mL pure water containing VE ethanol solution 
(25%, w/w) at a 50-mL tube. After the addition of VE, a stable white and 
cloudy dispersion was formed (emulsion form). Next, the tubes were 
capped and placed in a shaker under 150 rpm oscillation at 25 �C, and 
after 48 h the hydrogel samples were out from the solution and washed 
with water/ethanol (1/1) to remove the VE from the hydrogel surface. 
Then, the hydrogels were crashed by spatula and sonicated in the 
presence of absolute ethanol. The tubes were left under magnetic stirrer 
for another 48 h to be sure that all the complexed VE extracted by the 
pure ethanol. Finally, the extract was filtrated and measured on 
UV–Visible spectrophotometer (UV-1700, Shimadzu, Japan) at 295 nm. 
The concentrations of VE were determined by using a calibration curve. 
The added of VE concentration was estimated from the highest weight 
β-CD content inside the hydrogel by using theoretical conversion of a 1:1 
ratio of β-CD and VE. The complexation efficiency (CE) of each hydrogel 
and loading capacity (LC) toward VE were calculated by these Eqs. (2) 
and (3). 

ðCE; %Þ¼
Complexed  VE  inside  the  hydrogel

The  total  amount  of  VE
 �   100 (2)  

  ðLC;%Þ¼Complexed  VE  inside  the  hydrogel
Total  weight  of  the  hydrogel

 �   100 (3) 

While, the release rate of VE from the HGNCs was evaluated by using 
a 0.05 M phosphate buffer saline (PBS) solution at pH 7.4. In order to 
improve the solubility of the unrestricted VE in aqueous media, the 
release solution contained Tween-20 (0.5% w/v) (Butt et al., 2019; X.; 
Chen, Lee, Zhu, & Yam, 2012). 100 mg of dried (HGNCs/VE) samples 
were incubated in the release media at 25 �C under shaking with a speed 
of 150 rpm. The hydrogels swelled up and turned from the glassy state to 
rubbery state, and at the scheduled time, 1 mL was withdrawn from the 
release media and replaced with another 1 mL fresh buffer solution. 
Cumulative VE released was measured using UV- absorbance measure-
ment at 295 nm. We used the hydrogels without VE and the release 
buffer as a control and blank, respectively. It should be noted that the in 
vitro model cannot precisely simulate the complex processes happening 
within a living gastrointestinal tract, but it is suitable for speedily 
screening diverse samples and for identifying chief physicochemical 
mechanisms. 

2.15. In vivo VE bioavailability and pharmacokinetics study in rats 

A total of thirty-six SPF Albino Westar rats weighing approximately 
(200–220 g) were purchased from Wanqian Jiaxing Biotechnology Co., 
Ltd (Wuhan, China). The rats were housed in cages under a 12 h light/ 
dark cycle at 22 � 1 �C and 55% relative humidity. All experimental 
performance was following the National Institutes of Health guide for 
the care and use of laboratory animals (NIH Publications No. 8023, 
revised 1978), and supervised by (Huazhong Agricultural University 
Ethics Committee of Care and Use of Laboratory Animals). After one- 
week acclimatization, the rats were randomly assigned into six 
following groups (6 rats per group): the control group with only HGNCs 

without VE (labeled as “Control”), the free Vitamin E (25%, w/w) with 
2% (Tween 20) group (labeled as “free VE suspension”), the HGNCs/VE 
complex groups (labeled as “(10/20), (15/20), (20/20), and (25/20) %, 
respectively”). Before the experiment, the animals were fasted (16 h) 
with water ad libitum. In the next early morning, the rats of each treated 
group were oral administered. The same dose (100 mg) of HGNCs or 
HGNCs/VE was ensured for each rat with 3 mL water. At zero time and 
subsequent each hour interval until 24h, 200 μl of a blood sample from 
each rat was collected from the tail vein and placed into heparin sodium 
anticoagulant tubes. Next, the plasma was separated from the whole 
blood by centrifugation at 4000 rpm for 10 min and stored at � 80 �C 
until further analysis. The concentration of plasma VE was analyzed 
using plasma VE assay kit (colorimetric method) (Nanjing Jiancheng 
Biological Engineering Institute Co. Ltd; China). A washout period of one 
week between two successive experimental administrations was allowed 
to remove any effect of the prior dose. The pharmacokinetics parameters 
like maximum plasma concentration (C max), the time of maximum 
plasma concentration (T max), elimination rate constant (Ke), and area 
under the curve (AUC0-t and AUC0-∞) were determined (Zhang, Huo, 
Zhou, & Xie, 2010). The percent relative bioavailability (BA, %) was also 
calculated by using this formula: 

ðBA; %Þ¼
  AUC  ð  HGNCs=VEÞcomplex  

AUC  ð  free  VE  suspensionÞ
 �   100 (4)  

2.16. Statistical analysis 

Measurements performed on three or more samples, and the results 
are given as means � standard deviations, using the statistical software 
SPSS (SPSS Inc., Chicago, IL, USA). 

3. Results and discussion 

Poly (ethylene glycol) diglycidyl ether (PEGDGE) can be used to 
fabricate a biodegradable, soft, stretchable, and tough hydrogels with 
smart swelling properties (Salvekar et al., 2017). On the other hand, 
recently some studies showed that using PEG low molecular weight 
(400–1000 g/mol) had well interaction with nanopolymers and nano-
fillers than high molecular weight, which improved the flexibility of the 
materials (Faradilla, Lee, Sivakumar, Stenzel, & Arcot, 2019). Besides, it 
can quickly be degraded and released from the body after taken (Jokerst, 
Lobovkina, Zare, & Gambhir, 2011; Zhao et al., 2019). The PEGDGE 
used as reactive polymeric cross-linker for β-CD and SSPS in aqueous 
strong alkaline media (Fig. 1), the PEGDGE have the ability to crosslink 
between the hydroxyl and amine groups that further react between the 
polymers group, and this process leads to the formation of a 
three-dimensional polymer network and may be used for the prepara-
tion of different hydrogels (Kono, Onishi, & Nakamura, 2013), the 
biopolymers possess nucleophilic attack between the two equivalents of 
an alkoxy anionic polysaccharide species, which is created under basic 
circumstances to form the ether cross-linkage (Rodriguez, 
Alvarez-Lorenzo, & Concheiro, 2003). With this reaction, HGNCs pre-
pared by simple preparation method in an aqueous solution without VE. 
This chemical reaction strongly depends on the reaction parameters. 

3.1. The FTIR analysis 

The (Fig. 2a) showed the Infrared-spectroscopy of lyophilized puri-
fied HGNCs different ratios. It was noted that by increasing the β-CD 
content inside the reaction mixture, some bands appeared with 
increasing intensity like (3400, 2919, 1643, 1106, and 1033 cm� 1), 
respectively as ordered in the figure. To confirm the HGNCs formation, 
the absence of the band at 1106 cm� 1 in the β-CD IR-spectrum (Fig. 2b), 
and presence in the HGNCs confirm the chemical cross-linking between 
the two biopolymers, which related to the single bond stretches like 
(C–C (SP3), C–O, and C–N), besides the (1033 cm � 1) band represent the 
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stretching vibration of C–O–C bond (Fig. 2a). Analyses of β-CD, VE and 
β-CD/VE-IC were carried out to investigate the presence of VE in the 
HGNCs samples besides the SSPS as a copolymer inside the gel (Fig. 2b). 

For β-CD/VE-IC and HGNCs/VE complexes, the characteristic absorp-
tion peaks noticed at around 1029, 1055, 1081, 1156, 1243, 1366, 1414, 
1644, 2929, and 3388 cm� 1 are related to the single bond stretching 

Fig. 1. Schematic illustration of the HGNCs formation with the adhesiveness property.  

Fig. 2. (a) FTIR-spectra of HGNCs with increasing β-CD content (b) FTIR-spectra of β-CD, pure VE, β-CD/VE –IC and HGNCs/VE complex in full range (4000-500 cm- 
1) (b,1 and b,2) showed the expanded range from fig. b (1500–2000 and 3600-2400 cm-1). The ratio of β-CD: SSPS fixed at (1:1). 
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vibration (C–C) and asymmetric C–O, asymmetric stretching vibration of 
the glycosidic bond C–O–C and alkyl aryl ether R-O-R, H–OH bending 
(alcohol, carboxylic acid, amine group N–H, water adsorption, C–H 
stretching vibrations, and O–H stretching vibrations, respectively. The 
characteristic peaks of VE has shown at 1086 cm� 1 assigned for 
stretching vibration of sp3 C–O in the heterocyclic benzene, 1460 cm� 1 

due to C––C stretches in the aromatic ring and for the symmetrical 
methyl bending, 2860 and 2926 cm� 1 corresponded to symmetric and 
asymmetric stretching of aliphatic hydrocarbon sp2 and sp3 C–H groups, 
respectively. With addition of the VE, a slight decrease in the absorbance 
intensity and the area under the peak detected; this can be attributed to 
the Host-Guest interaction, which causes covering the (-OH) groups like 
1643 cm� 1 with the HGNCs/VE complex and shifted to be 1746 cm� 1 

which noted with β-CD/VE-IC and HGNCs/VE complex, besides 
increasing the intensity at 2919 cm� 1 band which related to the (-CH 
alkane groups) like C–H vibrations, C–H groups, C–C, and all these 
groups formed the glucopyranose ring of the β-CD and VE, which 
observed in the complexation. The characteristic peaks of VE presence 
inside the β-CD-IC and HGNCs/VE complex in some regions like (1746, 
and 2860 cm� 1) were magnified in (Fig. 2b1 and b2), and it is noticeable 
that the intensity increased with the addition of VE. In conclusion, these 
results confirmed the IC. 

3.2. XRD studies 

XRD is a useful technique for the recognition of cyclodextrin 
complexation in powder or microcrystalline states (Michalska et al., 
2017). It has been reported that the appearance of new peaks and 
disappearance of characteristic peaks are all evidence of the formation 
of (IC) (Celebioglu et al., 2017; Trindade et al., 2019). As indicated in 
(Fig. S1). 

3.3. DSC analysis 

DSC is a fast and dependable technique to prove the (IC) between the 
guest molecules and host CDs (Celebioglu et al., 2017; L. X. Song, Bai, 
Xu, He, & Pan, 2009; Trindade et al., 2019). For example, the absence of 

thermal transitions such as glass transition temperature (Tg) of a guest 
molecule in a CD-IC is generally taken as evidence of the proper (IC). In 
DSC thermogram of the pure VE, we can notice that the (Tg) around 
� 58.3 �C, which corresponds to the transition from glassy state to a 
supercooled liquid (Fig. 3b) (Koontz et al., 2009). On the other hand, 
there is no Tg recorded for VE in the case of β-CD-IC and the HGNCs/VE 
complex suggesting that the VE in the β-CD and HGNCs matrix abso-
lutely complexed within the β-CD cavity (Zeynep Aytac & Uyar, 2017; 
Celebioglu et al., 2017). Also, the total enthalpy change (ΔH in J/g) 
formed in the DSC thermograms is due to the dehydration of β-CD 
molecules, and the ΔH differences between pure β-CD and β-CD/VE-IC 
can demonstrate the complex formation (Veiga, Merino, Fernandez, & 
Lozano, 2002). As it is known, guest molecules compete with water 
molecule which exists in the β-CD cavity during the complexation. 
Therefore, ΔH value obtained as a replacement of water molecules will 
be lower in (IC) with the β-CD and HGNCs structure compared to pure 
β-CD. Here, the ΔH and peak temperature were determined in the range 
of 25–250 �C for the samples by performing the calculation using the 
NETZSCH- Instruments Software program as presented in (Fig. 3a). The 
ΔH values were calculated as (249.5, 187.8, � 27.58, 17.42, 28.97, and 
� 5.88 J/g), and the peak temperature values were determined as 
(189.0, 160.0,174.0, 122.1, 90.1, and 176.0 �C) for β-CD, β-CD/VE-IC, 
pure VE, SSPS, HGNCs, and HGNCs/VE complex, respectively. Finally, 
the apparent decrease in ΔH value and different peak temperatures 
supported also the (IC) formation. 

3.4. Morphology study (SEM) 

The SEM showed the surface morphology of the HGNCs in (Fig. 4). 
Our HGNCs exhibited a uniform three-dimensional (3D) network 
structure. The pore size of the HGNCs was much bigger when its β-CD 
addition was 10%, while the HGNCs whose β-CD addition was 25% 
showed the smallest pore size with condensing. Results got from 
swelling can approve the SEM image very well. We attributed the higher 
swelling and bigger pore size of HGNCs (10/20)% is due to the higher 
weight ratio of SSPS in aqueous solutions (Chivero, Gohtani, Ikeda, & 
Nakamura, 2014), and that is why our HGNCs with a higher amount of 

Fig. 3. DSC thermograms of β-CD, pure Vitamin E, β-CD/Vitamin E –IC and HGNCs/VE in a temperature range (25–250 �C) (a) and Transition glass (Tg) from (-90- 
25 �C) (b). 
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SSPS got less strength and low mechanical properties but having a good 
adhesiveness than others. The SEM reveals that the pore size of the 20% 
and 25% β-CD were decreased in comparison to the 10% and 15%, 
which leads to the enhancement of the mechanical properties and sup-
ported the slow-release properties. The images exhibited that the HGNCs 
equipped with an open and interconnected porous structure because of 
the loss of water during the freeze-drying process. Also, the significant 
differences in the thickness, smoothness, and roughness of the pore walls 
were observed, which indicate that the combination with the SSPS had a 
significant effect on the microstructure. 

3.5. TEM and AFM analysis 

The TEM imaging was used to further study the size distribution and 
morphology of the obtained HGNCs (Fig. 5a). The TEM images showed 
spherical nanoparticles (SNPs) with homogeneous and uniform size 
distribution. The average size of the SNPs observed in the TEM different 
than DLS measures (�53 nm difference). The TEM images of HGNCs (1/ 
1) in the dry state prepared in 0.1 wt % aqueous dispersion reveals 
uniform particle morphology with a mean size of (Dh,120.4 � 21 nm) 
and polydispersity index (17.98%) as analyzed by using Gaussian fitting 
with size distributions (Fig. 5c). All the particles ranged from 48.4 nm as 
a minimum size and 173.4 nm as a maximum size from the total sum 
around 72 NPs appeared in the TEM image (Fig. 5a). On the other hand, 
the size on wet state increased to an average diameter of 174.3 � 3 nm, 
as mentioned in the DLS section. The intended volumetric (de)-swelling 
ratio defined as (Dh dry/Dh swollen)3, while the (Dh dry ¼ hydrody-
namic diameter under dry conditions, and Dh swollen ¼ hydrodynamic 
diameter for extremely swollen HGNCs in water) with averages 0.329 
(Saunders & Vincent, 1999). Thus, the HGNCs exhibit outstanding 
swelling properties in water up to more than one time (1.4) than their 
original size (Fig. 5 b). showed that all the SNPs related to (HGNCs/VE) 
were formed with a dark black central part, which suggested that the VE 
sited in the HGNCs core compared with the HGNCs without VE, and this 
also confirmed by CLSM pictures. The nanosized of the (HGNCs/VE) 

particles was found to be 123.4 � 11.8 nm, but this results also opposite 
to the DLS measurements (245 � 6 nm), which can be attributed to the 
fact that this technique measures the NPs in a dry state under the TEM 
vacuum (dehydrated form), while the DLS measures them in an aqueous 
environment and confirmed that our HGNCs can absorb much water and 
swollen (Fig. 5 d and e). represents the 2- and 3-D AFM images of the 
HGNCs (1/1), which confirmed that the HGNCs are dispersible and 
spherical nanoparticles. The thickness and the size of the HGNCs were 
found to be (3.4 and 122 nm), respectively, which confirmed the TEM 
results and indicates the formation of the HGNCs. Besides, from the TEM 
and AFM images we can notice that most of the SNPs were not aggre-
gated, which could be indicator that the outer surface of the particles has 
negative charge (galacturonic acid), which give electrostatic repulsion 
force between them, and make another evidence that the SSPS is the 
shell. 

3.6. Rheological measurements 

The viscoelastic behaviors of a hydrogel can be determined by the 
rheological test where the variations of elastic modulus (G0) and viscous 
modulus (G00) are used to monitor the internal structure changes during 
its formation where the G0 curve intersected with a G00 curve at the gel 
point (Yu, Yan, Han, & Huang, 2013; Zhou et al., 2020). As G0 becomes 
higher than G00, a dominant elastic hydrogel with a crosslinking structure 
is formed. Here, the viscoelastic differences were further quantified by 
dynamic rheological measurements of the elastic modulus (G0) and the 
viscous modulus (G00) as a function of angular frequency (rad/s) 
(Fig.6A-F). Samples with 10% of β-CD concentration showed the G0-G00

crossover around (1 rad/s) and both moduli are very close to each other, 
and after that the G00 became over the G0, which suggests that the 
hydrogel acted as an entanglement network and the sample was 
attending to be viscous rather than elastic (fluid-like). At 15% of the 
β-CD concentration, both G0 and G00 increased together in a straight line, 
and their values came close at high frequencies (>1 rad/s), indicating a 
transition to more gel-like viscoelastic behavior. When the β-CD 

Fig. 4. (a–d) SEM images of different lyophilized HGNCs quenched with liquid nitrogen: (a–d) HGNCs formed from the weight ratio (10/20), (15/20), (20/20), (25/ 
20) % (β-CD/SSPS), respectively in aqueous solution. 
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concentration was further increased to 20 and 25%, G0 exceeded G00 over 
the entire angular frequency range established in the examination, 
indicating that the hydrogel is highly network structured. On the other 
hand, the strength of the colloidal forces is reflected by tan (δ)¼ (G00/G0). 
In both 20 and 25% β-CD concentration have a tan (δ) less than 1, which 
suggests that the particles are highly associated due to the colloidal 

forces and sedimentation could occur, while the 10 and 15% β-CD 
concentration refer to a stable gel system, due to the tan δ is approxi-
mately equal 1 (Yu et al., 2013). The effect of β-CD different concen-
trations with SSPS on the hydrogel viscosity was also investigated, and 
to evaluate the basic fluid property of the hydrogel different formula, the 
effect of shear rate on the viscosity was investigated (Fig. 6G). All the 

Fig. 5. a) displays the TEM image of the HGNCs (1:1) 
as SNPs. It is obvious that the HGNCs appeared as 
Nanonetwork structure (the β-CD as multiple small 
core materials (assigned by yellow arrow) coated by 
SSPS as single shell material). b) HGNCs (1:1)/VE 
complex c) TEM size distribution with Gaussian 
fitting of the HGNCs (1:1). d and e) show the 2-D (in 
form of white patches) and 3-D (in form of spikes) of 
AFM images of HGNCs (1:1), respectively. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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Fig. 6. (A–D) The elastic modulus G0 and viscous modulus G00 were plotted logarithmically against angular frequency (0.1 (rad/s), at 25 �C) of the corresponding 
HGNCs samples (E) Flow curve from low to high shear rates (2–200 s� 1) (F) show a time-dependent change in viscosity. 
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concentrations exhibited Non-Newtonian behavior or shear-thinning 
(pseudoplastic) over the entire shear rate range because of the viscos-
ity of samples decreased with increasing the shear rate, and this property 
supports the sustain drug delivery system of this hydrogel (Bradley et al., 
2015). On the other hand, the HGNCs formed by only SSPS (20%) 
exhibited Newtonian behavior as shown by the independence of the 
viscosity with increasing the shear stress. Also, the influence of time on 
the viscosity of all the HGNCs was investigated (Fig. 6H). The charac-
terization of the rheological properties of SSPS based HGNCs without 
β-CD was also carried out to make sure that the SSPS has low viscosity 
and can’t form the HGNCs alone, so the results showed that the material 
exhibited viscous than elastic due to the G00 became over the G0 and the 
tan δ value increases above 1, as shown in (Fig. 6F). Also, we tested the 
effect of VE inside the HGNCs structure and found by complexing the VE 
with the HGNCs the G0 slightly increased from 23.30 to 26.05 (Pa) 
(Fig. 6E). And as reported previously that by increasing the VE from 1.25 
to 2.5% at a polymer concentration of 8 wt% gave a 1-fold increase in 
the storage modulus (G0) (Lee, Ng, Gao, Hedrick, & Yang, 2014). Other 
researchers tried to enhance the SSPS rheological properties by using 
monovalent and divalent ions such as (Mgþ2, Kþ, Naþ), and they 
concluded that Mgþ2 form amore stable and uniform gel network 
structure than (Kþ and Naþ) as confirmed by G0 and tan (δ). Due to, the 
Mgþ2 can reduce the repulsion force between the SSPS chains (S. Wang 
et al., 2019). Now, incorporation of the β-CD into the SSPS NPs makes 
the HGNCs a better candidate for biomedical applications. 

3.7. Mechanical and adhesive properties 

The viscoelastic materials have unique properties, which exhibited 
viscous and elastic behavior when exposed to compress and loading, 
therefore we cannot define ideal mechanical characteristics for the 
hydrogels, because it depends on the site of application. Due to the 
strong interaction between the β-CD and SSPS in the HGNCs network, 
our hydrogel has mechanical properties (Fig. 7c). shows the compres-
sion strain at (20%) for all samples. The final compression stress 
increased with increasing β-CD content, being 0.005 MPa (1.58 N), 0.01 
MPa (3.13 N), 0.0164 MPa (5.12 N), and 0.025 MPa (7.89 N) from low to 
high β-CD content, and for (HGNCs (1/1)/VE) and SSPS (20%), being 
0.015 MPa (4.89 N) and 0.00036 MPa (0.063 N), respectively. Our re-
sults are in accordance with those of (Yuan et al., 2019), who examined 
the impacts of different kinds of CDs on the texture of the к-carrageenan 
(KC)/konjac glucomannan (KGM) compound gels. Also, Liu et al., found 
that by increasing the SSPS than kudzu and lotus starches the hardness 
and elasticity of the gel decreased (Liu, Li, Fan, Zhang, & Zhong, 2019). 
Additionally, Our HGNCs performed as viscoelastic materials under 
loading with an elastic linear region followed by plastic deformation 
(relaxation). (Fig. 7d), showed all the HGNCs with superelastic 
behavior, that the HGNCs with or without VE was able to complete re-
covery to its native shape when uncompressing, also (Fig. 7a), illustrated 
the pliability and flexibility of the HGNCs, which could be compressed 
and released many times without any damage or fracture, which has also 
been confirmed by doing 5 cycles loading/unloading with 90% strain 
(Fig. 7e). On the compressive loading-unloading cycle, the area of the 
hysteresis loop (dissipated energy), were different from each other and 
enhanced with increasing the amount of β-CD, due to the improved 
cross-linking degree of the network resulted in increasing the hardness 
and modulus of elasticity (Young’s modulus, Fig. 7f). Also, proved that 
the β-CD and SSPS macromolecule chains were entangled with the 
crosslinker (PEGDE) and formed strong chemical crosslink (Dong et al., 
2013). Notably, by using the inclusion complex interaction with VE we 
can notice that the mechanical properites (compression, 
loading-unloading cycle, hardness, and young’s modulus) slightly 
changed due to the lipids (VE) are not capable to form cohesive sub-
stances, especially with polysaccharides. On the other hand, the HGNCs 
with adhesiveness would be used in biomedical applications, including 
tissue repair, and bio-glue. It could be adhesive to different solid surfaces 

by chemical or physical bonds. However, the physical interactions are 
worth to design multi-purpose and reusable adhesive hydrogels (Yuk, 
Zhang, Lin, Parada, & Zhao, 2016). To prepare the adhesive hydrogel, 
SSPS was introduced into the HGNCs formation to improve the balance 
of cohesion and adhesion (Fig. 1) (Liu et al., 2019). The SSPS contains an 
amount of soy protein which having essential and acidic amino acids, 
besides the negative charge from the carboxylic groups (galacturonic 
acid, 18%) in the main building structure of the SSPS. All these groups 
can provide physical crosslinking via hydrogen bonding, hydrophobic 
interaction, metal binding, and other synergistic interactions. The 
HGNCs driven by SSPS exhibited an excellent adhesive property, which 
can adhere to the surface of several solids as exposed in (Fig. 7b). This 
adhesive also may be described by the foundation of (IC) between the 
β-CD and the hydrophobic protein moieties that are available at the 
HGNCs surface. 

3.8. Swelling behavior 

Hydrogels with a uniform nanostructure can hold much water 
resulting in a higher water capacity (Li et al., 2015; Panja et al., 2016). 
Our (3 D) HGNCs absorbed water and became transparent hydrogel 
especially in low concentrations than higher concentrations due to the 
cross-linking density as appeared in (Fig. 8A). We also can observe in 
(Fig. 8B) the HGNCs diameter changed after swelling from 20 mm to 35 
mm with a 1.5-time increase in the (HGNCs,1/1) as confirmed in the 
TEM section (de)-swelling, which recorded as 1.4-times increase. The 
maximum reswelling of the hydrogels after first washing and drying 
recorded after 24 h. Besides, The HGNCs absorbance exhibited that the 
swelling increased with decreasing the β-CD content (10%) to SSPS 
(20%) with water absorbency 2017 � 11.9 g/g hydrogel. On the other 
hand, the swelling of the HGNCs with higher β-CD content (25%) 
showed the lowest swelling property compare to others, which specifies 
that the entanglement of hydrogel was curbed by β-CD molecules 
reached to 679 � 25 g/g hydrogel. Also, the morphology study (pore 
size) of the hydrogels can confirm these results. Besides, The presence of 
SSPS polymer chains, as well as the cross-linker (PEGDGE) on the 
HGNCs structure increased the hydrophilicity of the network. However, 
the absorbancy decreased by incorporating a high proportion of β-CD 
inside the network structure because of the steric effect of the β-CD 
molecules, (Fig. 8C). 

3.9. Dynamic light scattering (DLS), zeta potential (ζ), and surface 
hydrophobicity (H0) measurements 

The prepared HGNCs was characterized in aqueous dispersion by 
dynamic light scattering (DLS; Fig. 9A). The low β-CD content (10%) in 
the HGNCs with high SSPS content 20% leads to particle dispersions 
with a multimodal, large size distribution over length scales (Fig. 9A and 
b). And this corresponds to the multimodal size distribution curve of the 
SPSS (Fig. 9A, a). The multimodal distribution obtained confirms that 
there were some aggregates present by the hydrophobic interactions of 
the SSPS protein. By increasing the β-CD content to SSPS concentration 
of (10/20), (15/20), (20/20), and (25/20) %, we have obtained uniform 
particles with narrow size distribution besides, increasing the hydro-
dynamic diameter (Dh) from 114.2 � 4 to 134.3 � 2 and further to 174.3 
� 3 and 202.9 � 12, respectively. Obviously, the β-CD supports and 
stabilizes the formation of more uniform structures, and subsequently 
chemically cross-links the HGNCs as shown in the TEM image. On the 
other hand, the (HGNCs/VE) complex showed higher nanosized (245 �
6 nm) than others. The zeta potential (ζ) of the SSPS and HGNCs with 
and without VE was measured at different pH (3, 7, and 9) with values 
(� 3.3 � 0.24, � 1.2 � 0.36, and � 0.80 � 0.11 mV) at pH 3, (� 10.93 �
0.757, � 9.38 � 0.45, � 8.01 � 0.40 mV) at pH 7, and (� 15.76 � 0.90, 
� 10.73 � 0.80, � 9.57 � 0.08) at pH 9 for SSPS, HGNCs, and HGNCs/VE, 
respectively as shown in (Fig. 9B). We noted that by increasing the pH 
value the negative charge of SSPS and HGNCs increased dramatically, 
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Fig. 7. (a) Schematic representation of the compress and release of soft and flexible (β-CD/SSPS) HGNCs (b) Adhesion between different adherends and hydrogels, 
including plastics, human skin, glasses, stainless steel, polypropylene, and rubbers (from left (top) to right (bottom) (c) The compressive stress-strain curves at 20% 
strain (d) Compression loading/unloading curves and corresponding stress of HGNCs with a different ratio between β-CD and SSPS (e) five loading/unloading cycles 
on HGNCs (1/1) at 90% strain (f) the corresponding Hardness, Adhesiveness, and Elastic modulus (Young’s modulus) of the different HGNCs. 
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which confirmed that the surface of the gel-coated with the SSPS poly-
saccharides and the difference between them due to the incorporation of 
the SSPS chains into the gel network structure. The (ζ) values changed 
slightly after the VE loaded compare with before loading. However, 
there was significant size increase with VE uploading, which indicates 
that the VE was not adsorbed to the surface due to washing the gels with 
ethanol but entrapped inside the gel structure. The surface hydropho-
bicity (H0) is an indicator of the wide variety of hydrophobic groups on 
the surface of different materials like protein (F.-P. Chen, Ou, et al., 
2016). Heat treatment of the SSPS during the HGNCs formation resulted 
in a considerable increase in (H0) of the hydrogel surface, but the extent 
of increase varied with different β-CD concentrations. The (H0) value of 
10 > 15>20 > 25%, manifesting that by increasing the weight ratio 
between the two polymers the interaction covered some of the hydro-
phobic groups of soy protein which gave decrease exposure of hydro-
phobic groups onto the surface, meanwhile the SSPS has highly 
branched chains some branches still exposed outside and gave some 
hydrophobicity appeared also in adhesive analysis (Ding et al., 2013). 
Also, we examined the H0 with the HGNCs (1/1)/VE complex and found 
small changes in the intensity between them confirming that the SSPS 
represent the shell and the β-CD is the core with trace of VE molecules on 
the surface, (Fig. 9C). 

3.10. HGNCs polysaccharide hydrolysis 

To further confirm the structure of the composites (core and shell), 
polysaccharide (SSPS) and oligosaccharide (β-CD) hydrolysis were 
achieved by using pectinase and α-amylase, respectively (Nakamura, 
Yoshida, Maeda, Furuta, & Corredig, 2004). The hydrolysis of diluted 
HGNCs dispersion solution with enzymes was done at pH 4.0 and 7.0 for 
pectinase and α-amylase, respectively at 25 �C, and the DLS measure-
ment was recorded in required real-time. Before the addition of pecti-
nase and α-amylase, the size was 371 � 11.85 and 176 � 4.40 nm, 

respectively (Fig. 10 a, and b). We attributed the large HGNCs size in 
acidic media than the neutral one due to the assemblage of the NPs by 
the hydrophobic protein inside the SSPS which confirmed also that the 
HGNCs has the SSPS as the outer phase (Ding et al., 2013). After the 
addition of pectinase enzyme, the size started to decrease gradually to 
reach 75 � 1.90 nm after 120 min. While, in the case of α-amylase 
enzyme the size began with 176 � 4.40 nm and by the degradation time 
reached to 119 � 2.12 nm, and suddenly increased to 121 � 1.90 and 
124 � 2.40 nm after 120 min and this could be happened after the β-CD 
hydrolysis and the SSPS molecules started to make conglomerates with 
themselves by electrostatic interaction. From these results, we can 
imagine that the HGNCs have the SSPS as the outer surface. 

3.11. Confocal laser scanning microscopy (CLSM) 

The CLSM images of β-CD/VE-IC, uncompressed and compressed 
HGNCs samples, respectively are showed in (Fig. 11). Firstly, VE in 
ethanol could be stained by Nile Red, while β-CD and HGNCs could be 
stained by Nile Blue. The β-CD/VE-IC stained after the (IC) formed, and 
the (HGNCs/VE) stained as mentioned by swelling technique (section 
2.14). The samples incubated with the dyes overnight in a dark place 
and showed under 633 and 488 nm wavelength laser irradiation, 
respectively. The β-CD/VE-IC exhibited in the combined channel a 
fluorescence yellow spots concentrated in the central area of the (IC) 
under the superimposed channel (Fig. 11C), which could be attributed to 
the presence of VE inside the β-CD cavities. Furthermore, we have got a 
confirmed image in the case of uncompressed HGNCs with VE (Fig. 11F), 
which make sure that the β-CD centered in the middle of the gel as a core 
and the SSPS covered it as a shell, and we can notice the yellow fluo-
rescence of the VE molecules appeared from the center. Besides, to 
detect the (IC) inside the HGNCs we compressed it between the micro-
scope slides and noted that the VE found in the center of the β-CD cavity 
(Fig. 11I), which confirmed our previous results and demonstrated a 
good HGNCs with flexible network structure that can invite hydrophobic 
molecules like drugs and vitamins. 

3.12. Complexation and dynamic release of VE by/from HGNCs in vitro 

Swollen HGNCs do improve in the loading and release of the drugs 
depend on their swellability degree, nanosized, polymer density, mesh 
size, and flexibility structure (Münster, Cap�akov�a, Fi�sera, Ku�ritka, & 
Vícha, 2019). Chen et al. prepared a hydrogel electrospun fiber by using 
chitosan and polyvinyl alcohol (PVA), and they found that the drug 
release rate of the desferioxamine (DFO) increased by increasing the 
water content, thus the drug release was over 92.7% after 72 h (H. Chen, 
Ou, et al., 2016). Since our HGNCs could absorb much water (showed in 
section 3.8), which could be an effective way to increase the surface area 
and active the functional cavities of the β-CDs. We used this property to 
absorb the VE in the aqueous media as a hydrophobic drug model with 
ethanol as an emulsifier. In this work, VE (25% w/w) diluted with the 
alcohol and added to the HGNCs in water. The addition of the VE is 
observed directly from the decrease of transparency through the for-
mation of white cloud. The tubes sealed so that the alcohol would not 
evaporate and keep the emulsion stable. During the swelling of the 
HGNCs, the hydrophobic VE molecules go through the hydrogel pours 
with water and bind to the hydrophobic interior surfaces of covalently 
embedded β-CD. The effect of varying β-CD/SSPS weight ratios on the 
VE entrapment efficiency (EE) % and loading capacities (LC)% were 
calculated and the results showed in Table 1. Herein, we can say that the 
VE distributed inside the cavities of the β-CDs in the middle of the 
HGNCs structure and the SSPS covered the molecules as a shell to protect 
the vitamin and support the slow release property as confirmed in the 
TEM and CLSM images. Comparing with others, wang et al., prepared 
hydrogel beads by using (4 wt%) soybean hull polysaccharides and (0.2 
M) CaCl2 as a cross linker to encapsulate the isoflavone (hydrophobic 
compound). The values of (EE) % and (LC) % were 66.90% and 4.67%, 

Fig. 8. (A) shows the difference between low and high concentrations between 
the (β-CD/SSPS) ratios (B) The diameter of the hydrogel was measured using a 
caliper. (C) Water absorbency of the (β-CD/SSPS) HGNCs in deionized water. 

M. Eid et al.                                                                                                                                                                                                                                      



Food Hydrocolloids 104 (2020) 105751

13

respectively during 24 h (S. Wang et al., 2020). 
Vitamin E dispersed in the glassy HGNCs after drying, and when the 

polymer network subjected into an aqueous solution, it undergoes a 
transition from glassy state to a rubbery state. The release mechanism 
depends on both the characteristics of the polymeric network and the 
drug. When the polymer and the drug such as (VE) interact via non-
covalent interactions (i.e., electrostatic or hydrophobic), the release of 
such hydrogels depends on the dissociation rate of the drug from the 
polymer matrix (Vermonden, Censi, & Hennink, 2012). We have 
investigated the release kinetics of VE from the HGNCs with different 
β-CD concentrations, and the amount of the release was quantified in the 
incubation solution. Overall, by increasing the crosslinking between the 
two polymers resulted in a decreased in VE release rate (Fig. 12). The 
hydrogel samples with 10% and 15% of β-CD have nearly 51 and 47%, 
respectively of VE were released within 13 h but after increasing the 
time to 230 h, the release reached to nearly 94 and 69%, respectively. 
On the other hand, when the β-CD concentration increased to 20 and 
25%, within the first 13 h, only 28 and 24% VE were released, respec-
tively and after 230 h the release became 48 and 44%, respectively. This 
mechanism of release agreed with Chen et al. that they formed photo 
cross-linked gelatin hydrogel (Gelma) for releasing the (DFO) drug and 
found that the Gelma exhibited swelling burst release until 16 h and 
turned to slow emotion of release after 48 h in PBS at 37 �C (Hao Chen, 
Ou, et al., 2016). And to be sure that the swelling property was 

responsible for the controlled release of the VE not the diffusion or 
erosion of the gel, the VE release profiles were analyzed using mathe-
matical model recognized in the previous hydrogel drug release studies 
(Peppas, 2014). The details showed in the supporting information with 
(Figs. S2 and S3). 

3.13. In vivo VE bioavailability and pharmacokinetics study in rats 

Recently, it is reported that the SSPS can promote the absorption of 
some chemical drugs (Lu et al., 2019). Thus, we speculated that SSPS 
with β-CD as HGNCs may improve the absorption of VE in rats due to the 
bioavailability of VE is limited (Duhem, Danhier, & Preat, 2014). The 
overall bioavailability (BA) of VE can be defined as the fraction that 
eventually reaches the systemic circulation in an active form, which can 
be described by the following expression: (BA) ¼ (B) � (A) � (T). Now, 
(B) is the fraction of VE solubilized in the mixed micelle phase (bio-
accessibility), (A) is the fraction of VE absorbed by the epithelium cells 
(absorption), and (T) is the fraction of the VE in a bioactive form after 
passage through the epithelium cells (transformation) (Duhem et al., 
2014; Yang, Xiao, & McClements, 2017). In our in vivo study the overall 
relative bioavailability (BA)% was obtained after the HGNCs (different 
compositions) orally administrated. The results are summarized in 
Table 2. In general, the increase in C max indicates that our HGNCs was 
effectively enhancing the absorption of VE. The HGNCs with low β-CD 

Fig. 9. A) DLS-measurements in aqueous dispersion at 25 �C; size distributions of SSPS (a) and HGNCs with different β-CD content 10, 15, 20, 25% (b, c, d, and e, 
respectively) and size distribution of HGNCs/VE complex in aqueous dispersion (f). B) ζ potentials of SSPS, HGNCs, and HGNCs/VE complex at different pH values. 
The Hydrogels was produced with a concentration of 5 mg/mL and sonicated for 1 min. C) surface hydrophobicity of HGNCs different concentrations with and 
without Vitamin E (VE), Each value represents the peak area mean with �SD. 
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Fig. 10. a) Real-time DLS result of the (β-CD/SSPS) HGNCs during the polysaccharide hydrolysis by pectinase at pH 4.0 at different times b) Real-time DLS result of 
the (β-CD/SSPS) HGNCs during the polysaccharide hydrolysis by α-Amylase at pH 7 at different times. 

Fig. 11. CLSM images with three channels (green, red, and combined): (A–C) β-CD/VE- IC, (D–F) Uncompressed HGNCs/VE complex, (G–I) Compressed HGNCs/VE 
showed the (IC) under 633 and 488 nm wavelength superimposed laser channels. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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content (10 and 15%) with higher SSPS concentration (20%) had a 
higher AUC0-∞ (106.18 and 87.53 μg h/mL, respectively, which proved 
a 7.5 and 6.2- fold increase in the bioavailability) than the free VE 
suspension. While, the HGNCs with β-CD content (20 and 25%) had a 
higher AUC0-∞ (65.78 and 33.75 μg h/mL, respectively, which proved a 
4.6 and 2.4- fold increase in the bioavailability) (Fig. 13). Our results are 
higher than other researchers like Song et al. that they exposed the 
sustained release of VE encapsulated by Ca-pectinate using an in vivo 
animal study. And the area under the curve (AUC) for the micro-
encapsulated VE increased by about 118% when compared to free VE 
(Y.-B. Song, Lee, & Lee, 2009). Our outcomes suggested that the SSPS as 
a shell material is effective at increasing the bioavailability of VE, which 
has important implications for designing effective HGNCs delivery sys-
tem for the hydrophobic drugs. The high swelling property was applied 
to develop the intestinal retention system that can remain the HGNCs in 
the digestive system due to its large size after swelling (3D structure). 
Moreover, as the SSPS is anionic polysaccharide it can protect the 
HGNCs from the release in stomach due to the low network swelling in 
the acidic media (pH 1–3), the data is not shown (F.-P. Chen, Ou, et al., 
2016), besides it can protects the VE from the harsh conditions and 
enzymes (gastric lipases and proteases). As a result, at pH 6.8, the 
network became ionized with a higher swelling resulted in increased VE 
release than in the gastric fluid. And due to the high surface area, high 
polarity (SSPS), and the increased volume (3D), the HGNCs were able to 

stick to the intestinal gut wall mechanically (mucoadhesive) and deliver 
the incorporated VE directly to the gut wall. On the other hand, we 
attributed the differences in bioavailability between the HGNCs for-
mations due to the variations of interaction between the two bio-
polymers as confirmed in the SEM morphology and in vitro release 
study. Also, Sun et al. found that by increasing the crosslinking degree 
between the two polymers, the hydrogel became more stiffness and the 
diffusion and release of nutrients through the porous structure decreased 
(Sun et al., 2018). Moreover, as the β-CD cannot be degraded in the small 

Table 1 
Represented the Encapsulation Efficiency (EE)% and Loading Capacity (LC)% of 
the (β-CD/SSPS)-HGNCs samples. Each value represents mean � SD (n ¼ 3).  

(HGNCs) (%) (EE) % (LC) % 

(10/20) 79.10 � 0.67 16.04 � 0.27 
(15/20) 67.24 � 0.56 14.39 � 1.31 
(20/20) 46.99 � 0.39 8.52 � 0.007 
(25/20) 37.22 � 0.32 6.33 � 0.007  

Fig. 12. In vitro kinetic release profiles of VE from (β-CD/SSPS) HGNCs in 5 mM PBS (pH 7.4, containing 5 mg/mL Tween 20). Each data point is the means and 
standard deviations (n ¼ 3). 

Table 2 
Pharmacokinetics (PK) Parameters of free VE suspension and HGNCs/VE different composites (%) administrated orally in rats a.  

Samples (%) C max (μg/mL) T max (h) K e (h� 1) AUC 0-t (μg h/mL) AUC 0-∞ (μg h/mL) BA (%) 

VE suspension 3.06 � 1.01 4 0.094 � 0.01 13.74 � 0.54 14.05 – 
(10/20) 12.30 � 1.77 6 0.143 � 0.02 105.83 � 8.20 106.18 755.72 
(15/20) 9.48 � 1.90 6 0.147 � 0.02 87.40 � 3.60 87.54 623.06 
(20/20) 7.27 � 2.00 6 0.150 � 0.03 65.64 � 3.66 65.78 468.18 
(25/20) 4.20 � 1.00 6 0.151 � 0.03 33.68 � 2.55 33.75 240.21  

a Each value represents mean � SD (n ¼ 3). C max: maximum plasma concentration; T max: time to reach maximum plasma concentration; Ke: the elimination rate 
constant; AUC: area under plasma concentration� time curve; BA (%) the percent relative bioavailability. Data were collected using non-compartmental analysis. 

Fig. 13. Plasma concentration (μg mL� 1) of Vitamin E (VE) versus time (h) after 
oral administration as a free suspension and complexed with HGNCs different 
compositions. Each value represents mean � SD (n ¼ 3). 
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intestine the VE release is affected mostly by the swelling degree and the 
network flexibility. So, we can advise here using a high amount of β-CD 
with SSPS to release other specific bioactive components to the colon, 
where colonic fermentation destroys the β-CD (Hedges, 2009). Finally, 
our in vivo study may provide some strategies to enhance the overall 
oral bioavailability of hydrophobic ingredients. 

4. Conclusions 

In summary, this work aimed to evaluate and exploit the application 
potential of the HGNCs as dynamic carriers and drug control release. For 
this, a high amount of β-CD and SSPS were selected to act as core-shell 
bionanomaterials, respectively to host the VE as a model of hydrophobic 
compounds. Due to, its applications in nutrition is still limited due to the 
low aqueous solubility, low bioavailability, and high sensitivity. The 
core-shell structure confirmed by surface hydrophobicity (H0), TEM, 
CLSM, adhesiveness, zeta potential, enzyme hydrolysis, and XRD. The 
whole preparation procedure is introduced in one step. Our hydrogels 
are prepared in alkaline aqueous solution with PEGDGE as suspension 
cross-linking by incorporating the β-CD domains in the polymer back-
bone of SSPS via covalent (ether bond) and noncovalent bonding be-
tween the hydroxyl (-OH), Amine (-NH2), and Carboxyl (-COO) groups 
of SSPS and (-OH) groups of the β-CD units. Furthermore, their several 
nanometers can be controlled by β-CD content, as an increasing of β-CD 
concentration in the reaction mixture (from 10 to 25%), leads to an 
increase of size (from 114.2 to 202.9 nm, respectively) and the hardness 
(from 0.005 to 0.025 MPa) under 20% strain. Besides, Integrating the 
SSPS (as a shell), and its small hydrophobic protein with β-CD yielded a 
HGNCs with high swelling, prolonged-release, elasticity, shear-thinning 
behavior, surface hydrophobicity (H0), and adhesiveness. Also, the SSPS 
enabled the HGNCs to completely recover its shape when compressed by 
90% strain with (1.8 MPa) strength due to its controllable and layered 
structure as skin. Overall, after taking the in vitro and in vivo studies 
into consideration, it can be concluded that our HGNCs would be used 
for delivering VE to its favorable absorption site (small intestine) with 
7.5-fold increase than free VE suspension. 
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