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release of allicin and its cytotoxicity
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Abstract

Allicin is an organosulfur compound found in garlic, which is well known for their anticancer properties, however, its application
was limited due to its instability towards light, heat, and alkaline conditions. In order to improve the bioavailability and stability
of allicin, allicin was loaded into the garlic straw nanocellulose hydrogels and its physiochemical properties and toxicity towards
normal hepatocyte cells (L02) and cancerous cells (HepG2) were evaluated. Initially, garlic straw was used as raw material to
extract cellulose (GSC) and the garlic straw nanocellulose (GSNC) with a particle size of 168.0 + 0.65 nm was prepared. Then,
GSNC hydrogels were further prepared. The swelling rate of hydrogels in various medium was also determined. Finally, allicin
was loaded into the hydrogels. The results showed that GSNC hydrogels had the porous structure, high pH sensitivity and the
swelling rate in simulated intestinal fluid was 3054.24%. The drugloading capacity of allicin was 166.4 mg/g and the entrapment
efficiency of allicin in GSNC hydrogel was 83.20%. The release rate of allicin-GSNC hydrogel was the highest in simulated
intestinal fluid, and it could release allicin slowly. Moreover, the allicin-GNSC hydrogel were non-toxic towards L02 cells and

had obvious toxicity towards HepG2 cells.
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Practical Application: Garlic straw nanocellulose hydrogels could improve the bioavailability and stability of allicin.

1 Introduction

Allicin (Diallyltrisulfide) is a special constituent of sulfur
compounds found in garlic. It is a complex of multiple sulfur
compounds (Fufa, 2019). The main components are diallyl
sulfide (DAS), diallyl disulfide (DADS), diallyl trisulfide
(DATS) (Melguizo-Rodriguez et al., 2022). It has significant cell
inhibition and apoptosis promoting effect towards a variety of
tumor cells (Schultz et al., 2020; Rosas-Gonzalez et al., 2020;
Salehi et al., 2019; Shang et al., 2019). The mechanism of action
of allicin towards the cancerous cells are inhibition of cell
proliferation and growth, induction of apoptosis, and prevention
of angiogenesis, invasion and migration (Batiha et al., 2020).
Though allicin has a wide range of pharmacological applications
such as antibacterial, anticancer and antioxidant activities, due
to their physiochemical nature such as low solubility in aqueous
solution and their sensitivity towards light, heat and alkaline
conditions (Salehi et al., 2019) as well as irritation in human
mucous membranes and low bioavailability, the utilization of
allicin in various medicinal applications are still limited. Studies
suggested that the bioavailability of allicin could be utilized
via encapsulating it with many drug delivery systems, such as
microcapsules (Wang et al., 2018), liposomes (Lu et al., 2014)
or nanoparticles (Soumya et al., 2018).

Hydrogel is a hydrophilic three-dimensional polymer
network prepared by mixing cross linked polymers with water
or other biological fluids. It has the capacity to swell in water
and it undergoes a gel-sol phase transition in response to certain
physical and chemical inducements (Yi et al., 2021). Hydrogels
have wider application in the field of drug release (Lou et al.,
2020; Xie et al., 2021; Zhang et al., 2020). The polymers used
to prepare hydrogels can be obtained from synthetic or natural
sources. In terms of pharmaceutical applications many researchers
preferred to use the polymers from natural sources such as
alginate, chitosan, cellulose, dextran, guar gum, hyaluronic acid
okra gum, pullulan, xanthan etc. in the preparation of hydrogels
as they could easily adhere to the biomembrane, penetrate into
the mucus layers and get digested in vivo. Moreover it is non-
toxic (Hanafy et al., 2020).

Cellulose is a kind of abundant natural polymer and its
main structural unit is - D-glucopyranosyl, where it linked
with each other through 1, 4- glycoside bond and it leads
to form a linear polymer (Dai et al., 2019b). It has several
advantages such as good biocompatibility, biodegradability,
environmental friendliness and non-toxicity (Thakur & Thakur,
2014). Nanocellulose is a modified form of cellulose with
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nanostructures that has high strength, high crystallinity, high
transparency and strong hydrophilicity (Kargarzadeh et al., 2017).
The surface of nanocellulose contains a large number of hydroxyl
groups, which further form the network structure through the
hydrogen bond between the hydroxyl groups and their structural
existence is very stable (Dias et al., 2021; Thakur et al., 2021).
Thus, nanocellulose are widely used in the pharmaceutical field
as biomaterials (Kamel et al., 2020; Nicu et al., 2021).

Garlic has a long history of use as a plant for both medicine
and food. It has been found to be beneficial in adjuvant treatment
of tumors, heart diseases, metabolic diseases, anti-inflammatory
and anti-bacterial (Arslaner, 2020; Liu et al., 2022). It has been
developed into a variety of products, such as Laba garlic, black
garlic, etc (Lishianawati et al., 2022; Setiyoningrum et al., 2021;
Gao et al., 2019a). But in garlic planting industry, mostly garlic
straws are considered as waste, only a small part was used as
fodder and most were burnt (Kallel et al., 2016). In this study,
garlic straw as one of the wastes in garlic food processing industry
was comprehensively utilized. It was conducive to guide the
transformation of agricultural waste resources to green and high
output value, which could not only improve economic benefits,
but also effectively solve the environmental pollution caused by
it. It was of great significance to the efficient utilization of food
industry waste resources. The extracted cellulose (GSC) was
converted to nanocellulose (GSNC) and further processed to
form hydrogels (GSNC hydrogels). Fourier-transformed infrared
spectroscopy (FTIR), scanning electron microscopy (SEM),
X-ray diffractometer (XRD), texture profile analysis (TPA) and
in vitro release techniques were used to evaluate the properties
of the hydrogels. Then the compound, allicin was loaded into
the hydrogels and their bioavailability, entrapment efficiency
and drug loading capacity were evaluated. Additionally, the
cytotoxicity of allicin, hydrogels and allicin loaded hydrogels were
evaluated against normal hepatocyte L02 cells and cancerous
cells (HepG2).

2 Materials and methods
2.1 Materials and chemicals

Garlic straw was purchased from the market (Shandong,
China); Allicin (SA8721, HPLC grade), Pepsin (2500 U/mg),
Trypsin (1500 U/mg) 3-(4, 43 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT), Acrylamide (AM, purity
>98.0%) and Methylene-Bis- Acrylamide (MBA, purity > 99.0%)
were purchased from Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China); Sodium Chlorite (NaClO,), Sodium
Hydroxide (NaOH) and Acrylic acid (AA, purity > 99.0%) were
obtained from Adamas beta Reagent Co., Ltd (Shanghai, China);
DMEM and fetal bovine serum (FBS) were obtained from
Biological Industries Ltd. IATT (Israel Advanced Technology
Industries). Penicillin-streptomycin solution was purchased from
HyClone Co. (Utah, USA). All other chemicals and reagents
were purchased locally and were analytical grade.

2.2 Extraction of cellulose and nanocellulose from garlic
straw

Preparation of garlic straw cellulose

Garlic straw cellulose (GSC) was extracted according to
the method by Dai and Huang with minor modifications (Dai
& Huang, 2016). The garlic straw was crushed by a pulverizer
and passed through a 100 mesh sieve. Then 100 g of garlic
straw powder was soaked in 2 L of deionized water at 80 °C for
2 h to remove the water-soluble components. The garlic straw
powder filter residues were washed repeatedly with deionized
water to clarify and the residues were dried at 50 °C overnight.
Next, 1.2 L of 7.5% NaClO, solution (adjust pH value to 4.0 with
HCI solution) was added and kept in water bath at 75 °C for
2 h to remove lignin and bleach the filter residues. Further,
filtered and washed the residues with deionized water to neutral.
Then washed residues with 95% ethanol, dried them at 50 °C
overnight. The residues were treated with 1.2 L of 10% NaOH
solution in a shaker at room temperature for 12 h and then
ultra-sonicated thrice for 20 min to remove hemicellulose and
impurities. The residues were finally washed with deionized
water for neutralization, then washed them with 95% ethanol
for dehydration and freeze-dried. 17.9 g of GSC was obtained.

Preparation of garlic straw nanocellulose

Garlic straw nanocellulose (GSNC) was prepared according
to Dai et al. with few modifications (Dai et al., 2019a). Briefly,
all GSC obtained in the previous step were treated with 30%
H,SO,, and then H,SO, was added drop by drop and the mixture
was continuously mechanically stirred (500 rpm) until the final
concentration of concentrated sulfuric acid reached 60%. Next it
was sonicated (600 w) for 15 min and repeated 3 times. Then, the
reaction was terminated with 10 times the volume of anhydrous
ethanol to obtain white flocculent precipitate, washed them with
deionized water to pH 7.0, and subjected to freeze-dry. 14.56 g
of garlic straw nanocellulose (GSNC) was obtained.

2.3 Prepared the GSNC hydrogels

Initially, 4 g of GSNC was mixed with 100 mL of deionized
water at room temperature and stirred until completely dispersed;
the solution was heated to 60 °C and purged with N, for 30 min,
then 0.1 g of APS (Ammonium Persulfate) as the initiator was
added to GSNC solution, stirred at 60 °C for 15 min and then
20 mL of AA (Acrylic acid, 70% neutralization degree), 4 g of AM
(Acrylamide) and 0.12 g of MBA (Methylene-Bis-Acrylamide)
was added to the solution, respectively. The whole reaction should
be carried out in N, atmosphere, subsequently, the mixture was
stirred at 70 °C for 10 min to obtain GSNC hydrogels. After the
GSNC hydrogels was cooled to room temperature, the residual
unreacted compounds were removed with 10% NaOH solution
and deionized water respectively and washed to pH 7.0, and
then the GSNC hydrogels were obtained.
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2.4 Characterization of GSC, GSNC and GSNC hydrogels
Zeta potential of GSNC

The GSNC sample was diluted 10 times in deionized water
with a total volume of 1 mL, and then the particle size was
analyzed at 25 °C. The particle size of GSNC was determined
using laser particle size analyzer (Malvern Zetasizer Nano ZS90,
Malvern Instruments, UK.).

FTIR spectroscopic analysis

Agate mortar was used for freeze-dried samples of GSC,
GSNC and GSNC hydrogels (¢ = 60) crushed and pass the
100 mesh sieve, then they were mixed with 100-200 mg of
dried KBr powder, respectively. The FTIR spectrum data of
each sample were recorded by KBr pressed pellet method using
FTIR spectrometer (tensor 27, Bruker, Germany) measured at
the resolution at 4 cm™ from 4000 to 500 cm™ (Ge et al., 2019).

Scanning Electron Microscope (SEM) microscopy

Freeze-dried the pre-swelling equilibrium GSNC hydrogels,
then quenched them with liquid nitrogen and pasted them on
the sample table with conducting resin and sprayed the samples
with gold. SEM images of the samples were observed using a
desktop scanning electron microscope (Phenom Pro, Phenom,
Netherlands). The samples were imaged at an accelerating
voltage of 15 kV.

X-ray Diffraction (XRD)

Each group of samples was crushed to powder and passed
through 320 mesh sieve (about 40 um) and weighed 3-5 g
powder for test. X-ray diffractometer data (XtaLAB Synergy,
Rigaku, Japan) was used to obtain XRD data of the samples by
Cu Ka radiation (A = 0.15406 nm), the diffraction angle (20)
was 4 ° to 40 °, the scanning speed was 2 °/min, and the voltage
and current were 40 kV and 40 mA, respectively.

2.5 Determination of swelling properties of GSNC hydrogels

The swelling properties of GSNC hydrogels were evaluated
according to the method described by Fattahpour et al. (2020).
The freeze dried material of GSNC hydrogels was cut into pieces
(Icm x 1 cm X 1 cm) and the weight was recorded. Then the
GSNC hydrogels were soaked in distilled water, simulate intestinal
fluid (SIF), simulate gastric fluid (SGF) and buffer solution (pH
5.5) at 25 °C. The GSNC hydrogels were removed at intervals
of 1 h, and the excess surface liquid was removed with the filter
paper, then the mass of GSNC hydrogels was recorded accurately.
The equilibrium swelling rate (ESR) of hydrogels was calculated
according to the Equation 1:

Wy —Wq
il

ESR (%)= x100 €]

Where W_(g) is the weight of swollen hydrogels, G, W, (g) is
the weight of dried hydrogels.

Food Sci. Technol, Campinas, 42, e43422, 2022

2.6 GSNC hydrogels Texture Profile Analysis (TPA)

Mechanical properties of GSNC hydrogels were determined
by the method in the literature (Yan et al., 2020). The GSNC
hydrogels was cut into 1.5 cm?® cube-shaped samples, and its
hardness, elasticity, cohesiveness, gumminess, stickiness and
recovery were measured using a texture analyzer (TA XT plus,
Stable Micro System, UK). Before measurement, the GSNC
hydrogels were soaked in deionized water for 48 h at 25 °C and
then the texture profile analysis (TPA) of GSNC hydrogels was
performed at room temperature using the TA XT plus texture
analyzer with a P/36R stainless steel probe at a test speed of
1 mm/s. Mechanical properties were measured in three replications.

2.7 Drug loading of allicin on GSNC hydrogels

The preparation of allicin-GSNC hydrogels sample was done
by the method described by Dai et al. with minor modifications
(Dai etal., 2019a). In this study, 50 mg of dried GSNC hydrogels
were immersed in 10 mL allicin solution (1 mg/mL, dissolved
in 30% ethanol solution) at 25 °C for 24 h. The GSNC hydrogels
were removed from the allicin solution and rinsed 3 times with
the 30% ethanol solution to remove free allicin and the loaded
hydrogels were freeze-dried for further study. The drugloading
content (DL) and encapsulation efficiency (EE) were calculated
according to the Equations 2 and 3, respectively.

Myp-M
DL(mg / g) :% )
H
EE (%) =ML ME 100 @)
T

Where M. is the total weight of allicin, M, is the weight of free
allicin, and M,, is the weight of GSNC hydrogels.

2.8 In vitro drug release

Simulated gastric fluid (SGF), simulated intestinal fluid
(SIF) and PBS buffer (pH5.5) was prepared. Initially, 1.64 mL
of HCI was added to 80 mL of deionized waterand then 1 g of
pepsin was mixed and diluted to 100 mL with deionized waterto
obtain SGF. For SIF, 0.68 g of potassium dihydrogen phosphate
(KH,PO,) was dissolved in 50 mL of distilled water, and the pH
value was adjusted to 6.8 with 0.1 M NaOH solution, then 1 g
of trypsin was added, mixed well, and diluted to 100 mL with
distilled water. The release study of allicin from GSNC hydrogels
was performed at 37 °C in different medium (SGE SIF and pH
5.5 of PBS) using diffusion technique (Eftaiha et al., 2010).
Allicin-GSNC hydrogels (5 mL, 1 mg/mL) solution was added
into the dialysis bag (molecular weight cut off 3500 Da) and
immersed in 50 mL medium (SGE, SIF or pH 5.5 of PBS) and
the whole set up was continuously stirred at a rotating speed
of 100 rpm. At regular intervals, 200 pL of the medium was
removed and replaced with the same amount of fresh medium.
The amount of released drug was determined using UV-Visible
spectroscopy at 210 nm. The drug release (DR) percentage was
calculated using following Equation 4:

DR(%)=x100 “)
0
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Where, M, and M, represent the amount of released and loaded
drug with time, t, respectively.

2.9 Cell culture and cytotoxicity assay

The cytotoxic effects of allicin, GSNC hydrogels and allicin-
GSNC hydrogels in HepG2 cells and L02 cells were evaluated
using MTT assay (Gao et al., 2019b). HepG2 cells and L02 cells
were obtained from the Cell Resource Center of the Shanghai
Academy of Sciences (Chinese Academy of Sciences, China).
Briefly, cells were cultured in DMEM medium with 10.0% FBS,
1% penicillin-streptomycin at 37 °Cin 5% CO, atmosphere. Cells
were seeded in the 96-well plates at the density of 1 x 10* cells/well.
Once the cells reached more than 80% confluence, a series of
concentration (10-1000 pg/mL) of samples were added to the
cells. All the samples were dissolved in fresh DMEM media with
0.05% DMSO. After 24.0 h, 20 uL MTT solution (5.0 mg/mL,
dissolved in PBS) was added to each well and incubated at
37 °C for 4 h. Then the supernatant was removed and 180 uL
of DMSO was added to each well. The absorbance reading was
measured at 490 nm using microplate reader (Tecan Infinite
Pro, M1000, Switzerland).

2.10 Statistical analysis

All the data were represented as Mean + SD. Data analysis
were performed using one way ANOVA followed by Dunnett
test in Graphpad prism software (Version 5). P < 0.05 was
considered to be statistically significant.

3 Results and discussion
3.1 Particle size and zeta potential of GSNC

The diameter and poly dispersity index (PDI) of GSNC
were measured using DLS mode at 25 °C via proper dilutions.
As shown in Figure 1, the average particle size of GSNC dispersed
in deionized water at 25 °C was 168.0 + 0.65 nm, and the PDI
value was 0.358 + 0.10 nm. PDI is an indicator of the particle size
distribution, and the value < 0.4 represents the particle possess
narrow distribution which is better for uniformity. Two normal
distribution peaks in the particle size distribution of GSNC
were obtained, which indicated that the GSNC was an aspheric
particle, and there were significant differences in particle sizes
in different directions, which was consistent with the shape
characteristics of cellulose. Overall, GSNC had small particle
size, uniform morphology, and it could be used in preparation
of in vivo and in vitro drug carriers.

3.2 Preparation process of GSNC hydrogels

The reaction process for preparing GSNC hydrogels
was shown in Figure 2. GSNC as the reaction model, APS as
reaction initiator, AA and AM as reaction monomer and MBA
as reaction crosslinking agent, the polymerization was carried
out by chemical initiation. Sulfate radicals were formed when
APS was at the temperature of the reaction, and then acted on
cellulose backbone to produce hydroxyl radicals. When AA and
AM were added, the free radicals formed in cellulose backbone
could attack C=C in AM and connect with it to achieve chain

30 ...................................... ;..................: ................... I ................... 3
0 U S, — A W S

L ST T TR T PP PP PP TP PP PPN \ .................. ‘. ............... ...................

Number (Percent)

1000 10000
Size (d.nm)

Figure 1. The particle size distribution of Garlic Straw Nanocellulose
(GSNC).

growth. During the chain growth, the terminal vinyl group of
MBA reacted with various polymer chains, and finally a cross-
linked structure was synthesized.

3.3 FTIR analysis of GSC, GSNC and GSNC hydrogels

The FTIR spectra of GSC, GSNC and GSNC hydrogels
were shown in Figure 3. The broad peaks observed at the region
of 3000 to 3600 cm™ were the stretching vibration absorption
peaks of ~-OH (Nasef et al., 2019). The broad band between
3410 cm™ and 2900 cm™ were the characteristic peaks of
cellulose, mainly formed by hydrogen bonds, the absorption
peak at 2901 cm™ was related to the stretching vibration peak
of -CH in methyl, methylene and methane (Valentim et al.,
2018); the peaks at 1427 cm™ and 1369 cm™ corresponded
to the bending vibration of -CH, (Hosseinzadeh et al., 2019).
The peak of 1161 cm™ was the asymmetric stretching vibration
of resonance C-O-C in cellulose; the peak of 1064 cm™ was the
stretching vibration of C-O group and the B-D glucoside bond
in the sample was characterized at 900 cm’, these data were
consistent with the study of Abidi et al. (2014). In the GSNC
hydrogels, the characteristic peak near 900 cm™ disappeared,
indicating that the p-D glucoside bond between the glucose
units of cellulose disappeared; the peaks at 3638 cm™ and
1050 cm™ were -OH stretching vibration and C=0 stretching
vibration; the O-H out of plane (OOP) vibrations appeared at
612 cm™, the peaks at 1651 cm™ and 1550 cm™ belonged to the
amide I band (The stretching vibration of C=0 in CONH, group)
and the absorption peak of amide II band (the bending vibration
of N-H in CO-NH) (Anirudhan & Rejeena, 2014; Huang &
Shen, 2014), the results implying that the GSNC was grafted
successfully with AM and MBA.

3.4 Crystalline structure of GSC, GSNC and GSNC hydrogels

XRD technique was used to characterize the crystallinity
of the polymer. The XRD patterns of GSC, GSNC and GSNC
hydrogels were compared in Figure 4. As shown in Figure 4,
the XRD data of GSC displayed three diffraction peaks at
20 =16.49°, 22.5° and 34.48° which corresponded to the (101),
(002) and (040) crystal planes, respectively, which belonged to
cellulose type I (Yan et al., 2020). In addition, GSC had a strong
diffraction peak at 20 = 24.67°, which was the characteristic peak
of hemicellulose, which might be due to cellulose containing
hemicellulose (Li et al., 2018).

Food Sci. Technol, Campinas, 42, e43422, 2022
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Figure 2. Mechanism of Garlic Straw Nanocellulose (GSNC) hydrogels formation. (1) The initiator APS was heated to decompose into sulfate anion
radical, and then captured a hydrogen atom from the hydroxyl group of GSNC chain to form Cellulose-O-, and acrylamide was further added to
realize the extension of GSNC chain; (2) Acrylic acid was further added to realize the extension of GSNC chain; (3) During the chain extension
period, the terminal vinyl of the crosslinking agent MBA reacts with the above two polymers to obtain a crosslinked structure (GSNC hydrogels).
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The XRD pattern of GSNC showed four peaks at 26 = 12.01°,
19.90°, 20.30° and 21.89°, which indicated a cellulose type II
crystalline structure (Dai & Huang, 2016). In addition, GSNC
also had diffraction peaks at 20 = 16.49°, 22.5° and 34.48°, but the
peak height was significantly lower than that of GSC. The results
showed that during the process of preparing nanocellulose, the
crystal structures of cellulose have been changed, and cellulose
type I and type II coexisted in GSC. Moreover, there was a
characteristic peak at 20 = 25.65°, which indicated that a six-
membered carbon ring structure existed in GSNC (Cheng et al.,
2019). It was proved that the crystal structure of GSC was
destroyed and the crystal planes changed significantly during
the processing of GSC into GSNC.
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In GSNC hydrogels, there were three diffraction peaks at
20 =12.50°,19.90° and 20.50°, which belonged to cellulose type
I1, and there were two weak diffraction peaks at 20 = 14.78° and
16.49°, which belonged to cellulose type I; a strong diffraction
peak appeared at 20 = 32.5°, and the diffraction peak disappeared
at 20 = 22.50°, which might be due to the hydrogen bonding

Relative intensity (a.u.)

2 theta (°)

Figure 4. XRD patterns of Garlic Straw Cellulose (GSC) (a), Garlic
Straw Nanocellulose (GSNC) (b) and GSNC hydrogels (c).

Freeze-dried
GSNC hydrogel

o R
L
Swollen GSNC

interaction between AM and MBA and GSNC. The grafting
of AM and MBA with GSNC destroyed the intermolecular
hydrogen bonding in GSNC.

3.5 Morphological analysis of GSC, GSNC and GSNC
hydrogels

Figure 5a-5c¢ are the macroscopic morphologies of GSC,
GSNC, and GSNC hydrogels, respectively. GSC was the white
short stick-like powder, and GSNC was the freshly prepared
nanocellulose with the white colloidal shape. Figure 5d-5f are SEM
micrographs of GSC, GSNC and GSNC hydrogels, respectively.
Due to the removal of part of lignin and hemicellulose, the
surface of GSC was smooth and has the appearance of sheet
structure (Figure 5d) (Yan et al., 2020). As shown in Figure 5e,
GSNC was filamentous shape with the large particle size, which
might be due to agglomeration of GSNC after freeze-dried.
From Figure 5f, the porous structure of GSNC hydrogels could
be observed. The results showed that this porous structure was
responsible for carrying water and showed good drug loading
capacity. Based on this rough and flufty structure, the good
swelling capacity was observed (Figure 5g-5h). Many studies
have shown that porous hydrogels were beneficial for swelling,
drug loading and drug release.

Figure 5. Morphology observation of Garlic Straw Cellulose (GSC), Garlic Straw Nanocellulose (GSNC) and GSNC hydrogels. (A) The macroscopic
morphology of GSC (a), GSNC (b), GSNC hydrogels (c); (B) SEM images (10000 x) of GSC (a), GSNC (b) and GSNC hydrogels (c); (C) Swelling

of GSNC hydrogels (a & b).
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3.6 Swelling studies of GSNC hydrogels

The swelling behavior of GSNC hydrogels was observed in
various mediums, and the pH values of various mediums were
different (SGF, SIE, pH 5.5 of PBS and distilled water), which
confirmed that GSNC hydrogels were responsive/sensitive to
pH (Figure 6). As shown in Figure 6, GSNC hydrogels could
swell in various mediums within 0-24 h. Within 24 h, GSNC
hydrogels had the best swelling performance in SIE, and the
ESR,, value was 3054.24%. In distilled water, PBS (pH 5.5),
and SGF were 2922.45%, 2499.79%, and 1175.43%, respectively.
The results proved that the sensitivity of GSNC hydrogels was
different in various pH values mediums. This might be due
to the -COOH in AA, the effects of intermolecular hydrogen
bond and hydrophobic bond limited the swelling of GSNC
hydrogels, leading to the swelling rate of GSNC hydrogels was
decreased (Gharekhani et al., 2017). In contrast, in weakly
alkaline medium, the increase in the swelling rate of GSNC
hydrogels was due to the enhanced electrostatic repulsion of
COO;, the repulsion between the same charges was stronger
than the attraction between different charges, which led to the
outward expansion of the hydrogels network (Dai et al., 2019a).
Therefore, GSNC hydrogels had good pH sensitivity. Under weak
alkaline conditions, the swelling rate was high and the swelling
equilibrium was quickly reached, which was beneficial to the
rapid absorption of drugs in the intestine.

3.7 Mechanical properties of GSNC hydrogels

The textural parameters of GSNC hydrogels were determined
by TPA. The results were shown in Table 1. The results showed
that the springiness of GSNC hydrogels was close to 1, indicated
that it was highly elastic, GSNC hydrogels had good mechanical
properties. Compared with the mechanical properties of the
hydrogels prepared by celery cellulose studied by Yan et al. (2020),
the data of hardness/g, gumminess, springiness, cohesiveness
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Figure 6. Swelling behavior of the Garlic Straw Nanocellulose (GSNC)

hydrogels. Data are expressed as mean + SD (n = 3). Different small
letters indicate a significant difference (P < 0.05).

Table 1. The mechanical properties of GSNC hydrogels in TPA test.

and resilience of GSNC hydrogels were several to dozens times
of that of celery cellulose hydrogels. The outstanding mechanical
properties of GSNC hydrogels were related to GSNC. Many
studies have shown that compared with cellulose, nanocellulose
has higher mechanical strength, higher young’s modulus and
stronger hydrophilicity. Therefore, nanocellulose could be used
as a biochemical material with great development potential.

3.8 Drug loading and encapsulation efficiency of GSNC
hydrogels

The drug loading content and the entrapment efficiency of
allicin into the GSNC hydrogels were determined using ultra-
centrifugation technique, and the percentage of entrapment was
determined using the UV absorption method. The drugloading
content and the percentage of entrapment efficiency of allicin-
GSNC hydrogels were 166.40 mg/g and 83.20%, respectively.
GSNC hydrogels had high drug loading capacity and better
encapsulation capacity for allicin, which was closely related to
the porous structures.

3.9 In vitro release studies

In order to evaluate the potential application of the drug
delivery system, the release characteristics of allicin in the GSNC
hydrogels were studied and the results were shown in Figure 6.
The drug release of allicin and allicin-GSNC hydrogels in SGF,
SIF and PBS (pH = 5.5) was detected by diffusion method
(Figure 7). As shown in Figure 7A, the release rate of allicin was
highest at pH 5.5 and that was lower in SIF, the release of drugs
in hydrogels was basically composed of two stages, including the
initial stage of a large outbreak and the subsequent slow release
stage (Nounou et al., 2006). After 5 h, the release curve of allicin
significantly decreased, which might be due to the degradation
of allicin in the mediums.

From the release curve of the allicin GSNC hydrogels
(Figure 7B), it could be seen that the allicin had a significant
sustained release effect and the stability of allicin has been
improved. The release rate of allicin-GSNC hydrogels after
30 h was the highest in SIE The release rate of allicin-GSNC
hydrogels in SIF was 83.8 + 1.22% and tended to be stable after
120 h. The cumulative release rate in SGF was 38.21 + 0.76%.
The cumulative release rate in the simulated tumor environment
(pH 5.5) was 55.38 + 0.87%, and it still showed an upward trend.
According to previous studies (Kim et al., 1992), drug release from
hydrogels was mainly controlled by drug-hydrogels interactions,
drug solubility, and hydrogels swelling capacity. It was observed
that the release curve of the hydrogels was consistent with the
swelling data, indicated a positive correlation between swelling
and the release of allicin.

Sample Hardness/g Springiness

Cohesiveness Gumminess Resilience

GSNC hydrogels 4449.275 + 23.230 0.926 +0.107

1.012 +0.190 3625.358 £ 12.980 0.692 +0.101

The values represent means of triplicate + SD.
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Figure 7. Release profiles in vitro of allicin (A) and allicin-Garlic Straw
Nanocellulose (GSNC) hydrogels (B). All values are expressed mean + SD
(n=3). Different small letters indicate a significant difference (P < 0.05).

3.10 Cytotoxicity evaluation of GSNC hydrogels

As a carrier, the biological material releases the drug into
the human body and play an important role in pharmacology,
thereby achieving the purpose of treatment. The interaction
between materials and the human body could usually cause
systemic reactions such as cellular reactions, tissue reactions,
and blood reactions, resulting in serious hazards such as
collective immunity and rejection (He et al., 2020; Qi et al,,
2020). In this study, standard MTT method was used to detect
the cytotoxicity of GSNC hydrogels and allicin-GSNC hydrogels
(Gao et al., 2019b). The cytotoxic potential of allicin-GSNC
hydrogels were determined against HepG2 cells and L02 cells.
As shown in Figure 84, allicin and allicin-GSNC hydrogels could
significantly inhibit the growth of HepG2 cells. Among them, the
maximum inhibition rate of allicin at 72 h was 91.54 + 0.81%,
and the IC, was 55.23 + 0.24 ug/mL. The maximum inhibition
rates of allicin-GSNC hydrogels at 24, 48 and 72 h were 42.37 +
0.54%, 82.31 £ 1.01% and 91.78 + 0.93%, respectively, and the
IC,, were 133.56 + 1.32, 70.58 * 0.39 and 52.30 # 0.22 pg/mL.
These results indicated that the GSNC hydrogels loaded with
allicin in this study showed significantly inhibitory effect on
HepG2 cells. Compared with the free allicin, the anticancer
effect of the hydrogels was obviously released slowly. HepG2 cells
were treated with allicin-GSNC hydrogels for 72 h, the IC_ value
was lower than that of allicin group, indicated that the GSNC
hydrogels could help the Allicin to enter the cell membrane
and increase the bioavailability of allicin and it significantly
enhance the inhibition on HepG2 cells proliferation. As shown
in Figure 8B, all the samples were non-toxic to L02 cells within
the concentration range of 10-1000 pg/mL. Therefore, it was

A HepG2 cells a
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Figure 8. Cytotoxic effects of allicin, Garlic Straw Nanocellulose (GSNC)
hydrogels and allicin-GSNC hydrogels against HepG2 cells (A) and
L02 cells (B). Data are expressed as mean + SD (n = 3), Different letters
indicate significant differences between groups (P < 0.05).

preliminary confirmed that the surface-modified nanocellulose
hydrogels is an ideal carrier in the target release system.

4 Conclusion

In this study, GSC were extracted from garlic stalks, and
GSNC hydrogels were synthesized to be used as a drug delivery
carrier. The structure of GSC, GSNC and GSNC hydrogels were
characterized using FTIR, XRD and SEM analysis. The morphology
of hydrogels showed that the hydrogels had a porous structure,
which was beneficial to water absorption and drug loading.
Then the bioactive compound from garlic, allicin was loaded
into GSNC hydrogels. The results revealed that GSNC hydrogels
could release allicin slowly and have pH sensitivity. Moreover,
allicin-GSNC hydrogels had the highest release rate of allicin in
simulated intestinal fluid, and also had a better release rate in
simulated tumor growth environment (pH 5.5). In cell-culture
study, allicin-GSNC hydrogels significantly showed selective
cytotoxicity in HepG2 cell proliferation and non-toxicity in normal
hepatocyte cells (L02 cells). Overall the study suggested that
allicin-loaded into GSNC hydrogels improved the bioavailability
and stability of allicin. GSNC hydrogels have good mechanical
properties and has the potential to become a carrier material
for drug delivery in vivo.
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