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A B S T R A C T   

This study explored the potential of garlic polysaccharides (GPs) as a carrier for synthesizing GP-Zn (II) com-
plexes to supplement Zn. According to the response surface analysis, the optimal preparation conditions were: 
mass ratio of GPs to Zn2+ 1:0.21, temperature 53 ◦C, pH 5.9 and time 148.75 min, with the maximum chelation 
rate of 90.11%. The chelation of GPs and Zn2+ involved O–H/C–O/O–C–O groups, increased crystallinity and 
altered absorption peaks of circular dichroism spectra, with a higher thermal stability, particle size and negative 
zeta potential. Compared with inorganic zinc salts, supplementation of GP-Zn (II) complexes showed enhance 
zinc supplementation effects in Zn-deficient mice model: increased body weight, organ index and Zn (II) levels in 
serum and liver, enhanced Superoxidedismutase (SOD) activity and alkaline phosphatase activity, decreased NO 
content and Malondialdehyde (MDA) content and improved colon and testicular morphology. Therefore, GP-Zn 
(II) complex can be used as a potential zinc supplement for Zn-deficient individuals.   

1. Introduction 

Zinc is an essential trace element widely present in the human body 
(Outten & O’Halloran, 2001). It is not only associated with metabolic 
processes (e.g. cell growth, division and proliferation) but also involved in 
the biosynthesis of >300 enzymes in the body, including superoxide dis-
mutase (SOD), alcohol dehydrogenase and alkaline phosphatase (ALP) 
(Yousef, El Hendy, El-Demerdash, & Elagamy, 2002). Studies have showed 
that zinc exhibits a variety of bioactive activities (e.g. antioxidant, anti-
cancer and immunity-enhancing effects) via direct and indirect mecha-
nisms (Hammermueller, Bray, & Bettger, 1987). However, zinc deficiency 
is prevalent worldwide according to the World Health Organization (Pra-
sad, 2013). 

Three types of zinc supplements are available on the market: 1) 
inorganic zinc salts (e.g. zinc sulfate and zinc nitrate), with extremely low 
bioavailability and severe side effects on the gastrointestinal tract; 2) 
improved inorganic zinc salts (zinc gluconate and zinc citrate), with 
improved bioavailability and decreased severe side effects, but still 
affecting gastrointestinal digestion; 3) biological zinc, with significant 
bioavailability and no toxicity and hazards, including polysaccharide 
chelated zinc, protein chelated zinc, polypeptide chelated zinc (Caetano- 

Silva, Netto, Bertoldo-Pacheco, Alegría, & Cilla, 2021). Compared with 
inorganic zinc, many natural substances may have the potential to be used 
(Zhong, Farag, Chen, He, & Xiao, 2022), natural polysaccharide-zinc 
complex has significant advantages as a biological zinc supplement. 
Prepared Athelia rolfsii exopolysaccharide-zinc complexes were more 
effective than inorganic and organic zinc supplements in treating zinc 
deficiency and improving antioxidant activities in vivo (Dong, Li, & Min, 
2018). Furthermore, Dictyophora indusiata polysaccharide–zinc com-
plexes were reported to have a significant anti-proliferative activity 
against a group of human cancer cell lines via activation of caspases-3, − 8, 
and − 9, mitochondrial dysfunction, and overproduction of reactive oxy-
gen species (ROS) (Liao, Lu, Fu, Ning, Yang, & Ren, 2015), this kind of 
biological activity is irreplaceable by inorganic zinc and organic zinc. 
Zhang et al. (2022) studied a seaweed polysaccharide-zinc complex, and 
after animal experiments found that modulating mucosal structure 
improved the intestinal physical barrier function and alleviated intestinal 
inflammation by inhibiting the TLR4/NF-κB signaling pathway. Zhang 
et al. (2020) synthesized the rattan polysaccharide zinc inclusion complex 
for the first time, and tested its antidiabetic activity on streptozotocin- 
induced diabetic rats. Pharmacological studies showed that T-CHO, TG 
and LDL-C levels decreased substantially, while HDL-C levels increased 
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with complex treatment. The rattan polysaccharide zinc inclusion com-
plex can be considered as a potential candidate for developing a func-
tional food ingredient of zinc supplement with hypoglycemic effect. 

Garlic polysaccharides (GPs) are a widely recognized prebiotic and 
have a (2 → 1)-linked β-D-Fruf backbone and (2 → 6)-linked β-D-Fruf 
branched chains (Qiu, Zheng, Zhang, Sun-Waterhouse, & Qiao, 2020). 
However, there are few reports on the chelation of GPs and zinc ions to 
improve the bioavailability and health effect of zinc. Considering that 
GPs have several biological activities (immune-enhancing, antiviral, 
antioxidant, mineral absorption-promoting, intestinal flora-regulating 
and liver-protecting effects). Therefore, we hypothesized that the syn-
ergy of GPs and Zn could improve the absorption of Zn while producing 
other good biological effects on the body. 

In this paper, the preparation process of GP-Zn (II) complexes was 
optimized based on response surface methodology. The resulting com-
plexes were structurally characterized based on a series of spectroscopic 
and chromatographic techniques. After in vitro simulated gastrointes-
tinal digestion was analyzed, their bioactivities as a zinc supplement in 
Zn-deficient mice was evaluated based on health status, enzyme activity 
and colonic morphology. The results are expected to indicate the high 
potential of these complexes in food and pharmacological applications. 

2. Materials and methods 

2.1. Materials and chemicals 

Fresh garlic was purchased from Laiwu (Shandong, China) and 
stored at − 2 ± 0.5 ◦C. The Zn-deficient feed was obtained from 
Xiaoshuyoutai Biotechnology Co., Ltd. (Beijing, China), and its compo-
sition was shown in Table S1. NO content determination kit, mouse ALP 
ELISA kit, malondialdehyde (MDA) content determination kit, mouse 
super oxidase dismutase (SOD) ELISA kit and zinc ion determination kit 
were provided by Shanghai Enzyme-linked Biotechnology Co., Ltd. 
(Shanghai, China). Zinc gluconate tablets (14.23 mg Zn/100 mg Table) 
were purchased from Hainan Pharmaceutical Factory Co., Ltd. (Hainan, 
China). All other chemicals were of analytical grade. 

2.2. Extraction and purification of GPs 

As described by Li et al. (2021) GPs were isolated from fresh garlic bulb 
via hot water extraction method at 60 ◦C for 180 min at a ratio of 1:10 (w/ 
v). The obtained crude polysaccharides were purified by Sevag reagent 
(chloroform: butyl alcohol = 4:1, v/v), precipitated by 4-fold volume of 
absolute ethanol, and then freeze-dried for subsequent experiments. 

2.3. Preparation of GP-Zn (II) complexes 

2.3.1. Synthesis of GP-Zn (II) complexes 
ZnSO4⋅7H2O was dissolved in distilled water to obtain zinc sulfate 

concentrate (20 g/L) and diluted to different concentrations (0.02–2 g/ 
L). Then, the ZnSO4 solution was mixed with GP solution (2 g/L) at a 
ratio of 1:1 (w/w) using a vortex mixer, and the pH was adjusted to 
3.0–8.0 using HCl solution or NaOH solution (0.5 mol/L). After reaction 
at 40–80 ◦C and 150 r/min for 30–150 min, 4-fold volume of absolute 
ethanol was added and left at 4 ◦C for 12 h. The obtained GP-Zn (II) 
complexes were washed with ethanol and freeze dried for further study. 
According to the content of zinc (II) in the supernatant measured by 
flame atomic absorption spectrophotometer, the chelation rate of GP-Zn 
(II) complexes was calculated as follows:   

2.3.2. Single-factor experiment 
The effect of chelation time, pH, temperature and mass ratio of GPs 

to ZnSO4 on the chelation rate were investigated by single-factor ex-
periments. First, 3 mL of GP solution was reacted with 3 mL of ZnSO4 
solution with the final mass ratios of 1:1, 1:0.5, 1:0.4, 1:0.3, 1:0.2, 1:0.1, 
1:0.05, 1:0.01 to obtain the optimal ratio. Then, GP-Zn (II) complexed 
(mass ratio of GPs to Zn (II) of 1:0.25) was prepared at different tem-
peratures (40, 50, 60, 70 and 80 ◦C) to analyze their effects on the 
preparation of complexes. Finally, the response of the chelation rate to 
the other factors was evaluated by changing the pH (3, 4, 5, 6, 7 and 8) 
and the reaction time (30, 60, 90, 120 and 150 min). 

2.3.3. Response surface experimental design 
As presented in Table S4, a Box-Behnken response surface design 

with four independent variables (A, chelation time; B, pH; C, tempera-
ture; D, mass ratio of GPs to ZnSO4) at three levels was performed based 
on the results of the single-factor tests. According to visualized surfaces 
and contour plots, statistical models and optimal points were obtained 
using the chelation rate of GP-Zn (II) complexes as the response. All 
described experiments were performed in triplicate, independently. 

2.4. Chemical composition of GP-Zn (II) complexes 

The total sugar content of GPs and their zinc complexes was deter-
mined by phenol-sulfuric acid method, with glucose as a standard. The 
protein content was analyzed by the Bradford method. The uronic acid 
was quantified by the m-hydroxybiphenyl colorimetric method, as glu-
curonic acid as a standard (Han et al., 2016). 

2.5. Scanning electron microscope (SEM) analysis 

The micro-morphological features of GPs and GP-Zn (II) complexes 
were observed by SEM. The powders of GPs and GP-Zn (II) complex were 
deposited directly on the specimen stub and sprayed with a thin gold 
layer. Under high vacuum conditions, their images were acquired at 
magnifications of 500× and 20000× and at a voltage of 5 kV. 

2.6. Structural characterization of GP-Zn (II) complexes 

2.6.1. Molecular weight analysis 
The molecular weights of GPs and GP-Zn (II) complexes were 

determined by high performance liquid chromatography coupled with a 
refractive index detector (HPLC-RID). The GPs and their zinc complexes 
were prepared as 5 mg/mL solutions and purified by 0.22 μm filters. 
Then, 20 μL of sample was injected into tandem chromatography col-
umns (Shodex OHpak SB-803HQ, Shodex OHpak SB-802.5HQ, Shodex 
OHpak SB-802HQ; 300×38 mm, 6 μm) and analyzed at 30 ◦C, with 0.3 
mol/L NaNO3 as the mobile phase at a flow rate of 0.3 mL/min (Li et al., 
2021). 

2.6.2. Monosaccharide composition analysis 
According to the method of Yang, Rainville, Liu, and Pointer 

(2021a), high performance anion exchange chromatography coupled 
with a pulsed amperometric detector (HPAEC-PAD, Thermo Fisher ICS- 
5000, USA) was used to measure the monosaccharide composition of 
GPs and their zinc complexes. Briefly, 10 mg polysaccharide powder was 
hydrolyzed with 2 mL of 2.0 mol/L trifluoroacetic acid (TFA) at 80 ◦C for 
4 h, and then treated with nitrogen flushing to remove the residual TFA. 
After the hydrolyzed samples were purified by Supelclean™ ENVI-18 
SPE tubes (500 mg/6 mL) (Supelco, USA) and 0.22 μm millipore 

Chelation rate (%) =
Initial Zn content (mg/L) − Non − chelated Zn content (mg/L)

Initial Zn content (mg/L)
× 100%   
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filters, the analysis was conducted using Dionex™ AminoPac™ PA10 IC 
column (Dionex, 3×250 mm) at 30 ◦C. The flow rate of 0.20 mol/L 
NaOH solution and 1.0 mol/L NaAC solution was set as 0.25 mL/min. 

2.6.3. Ultraviolet (UV) spectroscopy analysis 
The UV spectra of GPs and GP-Zn (II) complexes (2 mg/mL) were 

acquired from 190 nm to 800 nm using an UV-2450 spectrophotometer 
(Shimadzu, Japan) at room temperature (Mitić et al., 2011). 

2.6.4. Fourier transform infrared (FTIR) spectroscopy analysis 
The structural information of GPs and GP-Zn (II) complexes was 

recorded using a Thermo Nicolet IS10 FTIR spectrometer equipped with 
a universal ATR accessory (Thermo Fisher Scientific Inc., USA). Two 
powder samples (3 mg) were placed directly on a conic accessory plate 
and then scanned 64 times in the wavenumber range of 4000 to 400 
cm− 1 at a resolution of 4 cm− 1, in triplicate. After background spectra of 
air was scanned, the results were analyzed using OMNIC 8.2.0.387 
software (Fauziee, Chang, Mustapha, Nor, & Lim, 2021; Yu et al., 2022). 

2.6.5. X-ray diffraction (XRD) analysis 
The XRD patterns of GPs and GP-Zn (II) complexes were analyzed by 

an EMPYREAN X-ray diffractometer (Panalytical B.V., Netherlands). 
The data were produced in the diffraction angle (2θ) range of 5◦–80◦ at 
25 ◦C with a step rate of 1◦/min (Ji, Hou, Yan, Shi, & Liu, 2020). 

2.6.6. Circular dichroism (CD) spectroscopy analysis 
Chirascan ACD (Applied Photophysics, UK) was used to produce CD 

spectra of polysaccharide samples in the range of 180–450 nm. The 
sampling time of a single data point was 0.5 s and the bandwidth was 1 
nm. 

2.6.7. Thermal analyses 
The thermodynamic behaviors of GPs and GP-Zn (II) complexes were 

evaluated by an STA 6000 simultaneous thermal analyzer (PerkinElmer, 
Waltham, Massachusetts, USA). Two polysaccharide samples were 
transferred to a standard aluminum pan and hermetically sealed, fol-
lowed by heating from 30 ◦C to 600 ◦C at a rate of 10 ◦C/min. The ni-
trogen gas was provided at a flow rate of 20 mL/min. 

2.6.8. Particle size, polymer dispersity index (PDI) and zeta potential 
The Malvern NANO-Z Zetasizer (Malvern Instruments Limited, 

Malvern, UK) was used to evaluate the particle size, PDI and zeta po-
tential of GPs and GP-Zn (II). The polysaccharide samples were prepared 
as solutions and then determined at 25 ◦C (Abodinar, Smith, & Morris, 
2014). 

2.7. In vitro simulated gastrointestinal digestion of GP-Zn (II) complexes 

As described by Yang et al. (2021b), GP-Zn (II) complexes were 
subjected to simulated gastrointestinal digestion, with slight modifica-
tions. First, the polysaccharide solutions were mixed with the same 
volume of artificial saliva, followed by incubation at 37 ◦C for 3 min. The 
obtained mixture was sampled for zinc ion assay. Then, the residual 
samples were treated with artificial simulated gastric juice at 37 ◦C for 5 
h. An aliquot of 5 mL sample was taken every 30 min for compositional 
analysis. Finally, the oral and gastric digestion samples were incubated 
with artificial simulated intestinal fluid at 37 ◦C for 3 h. During the 
simulated digestion, 5 mL of the mixture was sampled for the determi-
nation of dissolution rate of Zn (II). 

2.8. Effect of GP-Zn (II) complexes on Zn-deficient mice 

All animal experiments were approved by Institutional Animal Care 
and Use Committee of Shangdong Agricultural University (Approval 
No2021-04). SPF-grade male Kunming mice (11 ± 0.2 g, 3-week-old) 
were obtained from Jinan Pengyue Laboratory Animal Breeding Co., 

Ltd. (Shandong, China). All mice were housed in cages (cleaned with 
EDTA solution) of standard animal laboratory with a relative humidity 
of 60 ± 5% and a temperature of 23 ± 1 ◦C, and received their assigned 
diet and water ad libitum. After 7 days of acclimatization feeding, mice 
were randomly divided into seven groups: normal control group (fed 
with a normal mouse diet), model group (fed with a Zn-deficient diet) 
and five treatment groups (fed with a Zn-deficient diet supplemented 
daily by gavage with GPs [128.19 mg/kg body weight], Zn(SO)4 [6.96 
mg Zn/kg body weight], Zinc gluconate [6.96 mg Zn/kg body weight], 
GP-Zn (II) complexes at a low dose [3.48 mg Zn/kg body weight], GP-Zn 
(II) complexes at a high dose [6.96 mg Zn/kg body weight]). The zinc 
dose for each experimental group is shown in Table S5. During three 
weeks of the experiment, these mice were provided with deionized 
water and observed daily for body weight, food intake and health status 
(Huang et al., 2020). At the end of the experiment, mice in each group 
were fasted for 12 h and anesthetized with pentobarbital sodium (50 
mg/kg) by intraperitoneal injection. The blood was collected from the 
eyeballs and centrifuged at 2000 rpm/min for 10 min at 4 ◦C to obtain 
serum. The serum was stored at − 80 ℃. Zn content, MDA content, NO 
content, ALP activity and SOD activity within the serum were deter-
mined using a commercially available detection kit. 

Finally, mice were sacrificed by cervical dislocation. The liver, renal, 
spleen and testis were removed and washed repeatedly with normal 
saline. After the excess water was dried with absorbent paper, the organ 
wet weight was obtained. Sections of colon and testis tissue were fixed 
overnight in 4% paraformaldehyde and subjected to pathological anal-
ysis by Hematoxylin Eosin (H&E) staining. In addition, other liver and 
kidney tissues were homogenized (1:9, w/v) with normal saline (0.9%, 
w/v) and centrifuged (6000 g, 4 ◦C, 15 min), and the supernatant was 
used for the determination of Zn content, MDA content, NO content, ALP 
activity and SOD activity. 

2.9. Statistical analysis 

All experimental results were determined in triplicate and expressed 
as mean ± standard deviation (SD). One-way ANOVA was used for 
statistical analysis using SPSS statistical software at P < 0.05. 

3. Results and discussion 

3.1. Preparation of GP-Zn (II) complexes 

3.1.1. Effect of different factors on the chelation rate of GP-Zn (II) 
complexes 

As shown in Fig. S1A, the ratio effects of GPs to Zn(II) (1:0.4, 1:25, 
1:0.2, 1:0.1, 1:0.05 g/g) on the zinc content of GP-Zn (II) complex were 
researched, as well as fixing other factors (extraction time 120 min, 
extraction temperature 50 ◦C and pH 6). As the mass ratio of garlic 
polysaccharides to Zn2+ decreased, the chelation rate showed a trend of 
increasing first and then decreasing. The maximum chelation rate was 
achieved (89.4%) at the mass ratio of garlic polysaccharides to Zn2+ of 
1:0.2. Further increase in the mass ratio would lead to a decrease in the 
chelation rate. This might be due to the fact that the binding of a hy-
droxyl group on polysaccharides with Zn2+ was bounded in the higher 
viscosity system (Demchenko, Rusyn, & Saburova, 1989). 

It can be seen from Fig. S1B when the temperature of the system 
gradually increased from 30 ◦C to 70 ◦C, the chelating effect of garlic 
polysaccharide on zinc gradually increased and reached the maximum 
value (83.4%) at 50 ◦C. However, after 50 ◦C, with the increase of tem-
perature, the chelating rate of garlic polysaccharide decreased, dropping 
to 80.63% at 70 ◦C. It is speculated that the rising stage may be due to the 
continuous loosening of the broken groups of garlic polysaccharides, 
which may collide and combine with the free Zn2+ in the system. In the 
descending stage, the free ions in the system vibrate violently with the 
rapid increase of temperature, and zinc ions at the original binding site 
fall back into the free system(Treanor, Rich, & Rehm, 1968). 
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The chelation rate of the GP-Zn (II) complexes reached the highest 
level (87.94%) at pH 6.0 (Fig. S1C). The strongly acidic conditions were 
not favorable for both the binding of zinc ions to –OH on polysaccharide 
chains and the stabilization of the GP structure ((2 → 1)-linked β-D-Fruf 
backbones alone or linked by the (2 → 6)-linked β-D-Fruf branched 
chains). It may also be related to the autocatalytic reaction of poly-
saccharides in weak acidic environments to obtain more hydroxyl 
groups (Chan et al., 2011). Although the chelation rate increased with 
increasing pH of the system under alkaline conditions, this might be due 
to the formation of Zn(OH)2 precipitations (Morcali, 2015). Therefore, 
6.0 was considered to be the optimal pH. 

Fig. S1D shows that chelation time also affects the chelation rate. 
With the extension of time, reaching As time goes by, the chelation rate 
is increasing, and the chelation rate reaches 87.27% at 120 min. How-
ever, after 120 min, the chelation rate did not increase with the exten-
sion of time but showed a trend of slow decline. Because the 
combination of garlic polysaccharide and Zn2+ was unstable and uneven 
in a short time, however, too long time will produce other unnecessary 
by-products, so the chelation rate slowly decreases (87.27%-84.72%). 

3.1.2. Optimization of synthesis conditions for GP-Zn (II) complexes 
Table S6 showed the Box-Behnken design matrix and its response 

values for the chelation rate of GP-Zn (II) complexes. A total of twenty- 
nine independent variable combinations was produced, with chelation 
rates ranging from 66.42% to 90.11%. According to the multiple 
regression analysis of the experimental results, the fitted polynomial 
equation was obtained as follows: 

Y = 84.32 − − 1.10A − 1461B − 4.66C + 0.99D+ 0.60AB − 4.57AC
+ 0.45AD+ 2.29BC − 0.50BD+ 3.39CD − 2.65A2 − 9.72B2

− 10.19C2 − 0.35D2.

From the regression coefficients, the quadratic effects of three factors 
(pH, temperature and mass ratio) were highly significant (P < 0.01), 
while the coefficient of quadratic effect of time to the chelation rate of 
GP-Zn (II) complexes was significant (P < 0.05). Meanwhile, the primary 
term (temperature) and interaction terms (pH and mass ratio) on the 
chelation rate was highly significant (P < 0.01), and the primary term 
(pH and mass ratio) and interaction terms (temperature and mass ratio, 
mass ratio and time) were significant (P < 0.05). As shown in Table S7, 
the P value of the model was < 0.001 and the fitting value was >0.05, 
indicating that the predictive quadratic regression model could suffi-
ciently represent the actual chelation rate of GP-Zn (II) complexes, 
which could be used to optimize the preparation conditions of GP-Zn (II) 
complexes. 

Three-dimensional response surface plots and contour plots could 
directly reflect the effects and interactions of the four factors on the 
chelation rate of GPs-Zn (II) complexes. As shown in Fig. S2A, the steep 
response surface and dense contour lines suggested that the effect of 
temperature on the synthesis of GP-Zn (II) complexes was the most 
significant, and the response of the chelation rate to mass ratio and pH 
was more pronounced than that of the time. Furthermore, there were 
significant interactions between pH and mass ratio on the GP-Zn (II) 
complexes (elliptical contour lines), followed by mass ratio with tem-
perature and time. However, no obvious interactions were present in pH 
and temperature, pH and time, temperature and time. Based on the 
response surface analysis, the optimal preparation conditions for GP-Zn 
(II) complexes were as follows: mass ratio of GPs to Zn2+ of 1:0.21, 
temperature 53 ◦C, pH 5.9 and time 119.75 min, with the maximum 
chelation rate of 90.11%. The verification tests showed that the actual 
chelation rate was 90% under the optimal synthesis conditions, with no 
significant difference between the predicted value and the experimental 
value at a 5% level of significance. Therefore, the proposed model and 
equations were accurate and reproducible, which could guide the pro-
cessing of GP-Zn (II) complexes. 

3.2. Physicochemical property 

The total sugar content of GPs and their zinc complexes was 91.23% 
and 89.41%, respectively. The protein content and uronic acid content 
of GPs were 2.30% and 3.75%, respectively, which were 1.69% and 
1.37% for GP-Zn (II) complexes. According to inductively coupled 
plasma mass spectrometry, GP-Zn (II) complexes contained 5.15% Zn 
(II). 

3.3. Morphological characteristics 

Fig. 1 showed the surface morphological images of GPs and GP-Zn 
(II) complexes. After freeze-drying, GPs were light yellow powder, 
while GP-Zn (II) complexes were white powder. They both had no spe-
cific irritating odor. SEM images with different magnifications provided 
micro-morphological characteristics of the dried polysaccharide sam-
ples (Kacurakova, Capek, Sasinkova, Wellner, & Ebringerova, 2000). 
Both polysaccharide polymers were composed of thin sheets with rela-
tively flat surfaces, but the GP-Zn (II) complexes looked more complete 
and rough. Under higher magnification (10,000×), some irregular pro-
trusions appeared on the surface of GP-Zn (II) complexes. In contrast, the 
surface of GPs was relatively flat. The difference of surface morphology 
might be partly due to the structural characteristics. 

3.4. Structural characterization 

3.4.1. Monosaccharide composition and molecular weight analyses 
Table 1 summarized the monosaccharide composition and molecular 

weights of GPs and their zinc complexes. Fructose and glucose were the 
dominant monosaccharides in two polysaccharide polymers. Although 
arabinose and galactose were also detected, they had low abundance 
(<2.0 %) and might be derived from residual traces of pectin. Two 
polysaccharide samples differed in mass ratios, where GP-Zn (II) com-
plexes had a higher proportion of fructose. Furthermore, the Mw of GPs 
increased from 3684 Da to 6448 Da after chelation with Zn (II). How-
ever, the polydispersity index (Mw/Mn) value decreased from 2.12 to 
1.53. Therefore, GP-Zn (II) complexes had higher Mw and more 
concentrated distribution, which might be due to the binding of some 
polysaccharides after the chelation with Zn (II). 

3.4.2. Particle size, PDI and zeta potential 
As shown in Table 1, GP-Zn (II) complexes had a larger particle size 

and more concentrated distribution compared with GPs. Furthermore, 
the zeta potential of GP-Zn (II) complexes was decreased greatly from 
− 1.81 mV to − 9.30 mV. This might be due to the fact that the binding of 
GPs and Zn caused a greater electrostatic repulsion between the particles 
and led to a stronger dispersion than aggregation, which made the GP-Zn 
(II) complex solution more stable (Griesser et al., 2017; Subasi, Xiao, & 
Capanogluo, 2021). 

3.4.3. UV and FTIR spectral analyses 
Fig. 2A showed that there were no obvious absorption peaks between 

260 nm and 280 nm. Combined with the results of the physicochemical 
indicators, two polysaccharide samples contained little protein. FTIR 
spectra could reflect the structural characteristics of both polysaccharide 
samples (Zhu, Li, Ma, Xu, Zhou, Jia, Zha, Xue, Tao, Xiong, Yuan, & Chen, 
2020). As shown in Fig. 2B, GPs and GP-Zn (II) complexes had typical IR 
bands of polysaccharides: 3300–3200 cm− 1 (O–H stretching vibrations 
of hydroxyl groups), 2930 cm− 1 (C–H stretching vibrations), 1590 
cm− 1 (anti-symmetrical C––O stretching vibrations of ionic carboxyl 
groups) and 1400 cm− 1 (symmetrical C––O stretching vibrations of ionic 
carboxyl groups), 1200–800 cm− 1 (O–C–O and C–O–C stretching 
vibrations of glycosidic linkages and rings or C–O–H stretching vi-
brations). However, some slight changes were observed after chelation 
of GPs and Zn (II). For example, the bands representing O–H stretching 
vibrations of hydroxyl groups shifted from 3257 cm− 1 for GPs to 3290 
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cm− 1 for GP-Zn (II) complexes, accompanied by a slight decrease in the 
intensity of this signal. This indicated that the chelation of poly-
saccharides and Zn (II) might occur at the hydroxyl groups. Further-
more, the obvious change in the number and signal intensity in the range 
of 1200–800 cm− 1 suggested that the chelation of polysaccharides and 
Zn (II) affected the O–C–O/O–C–O stretching vibrations (Yan et al., 
2021). 

3.4.4. XRD analysis 
Fig. 2C showed the XRD patterns of GPs and GP-Zn (II) complexes. 

The wide diffraction peak at 2θ 22.34◦ indicated the semi-crystalline 
nature of GPs, which was similar to that of Ganoderma lucidum poly-
saccharides (Li et al., 2019). After chelation with Zn (II), the intensity of 
this diffraction peak was increased significantly, and three sharp peaks 
(which were weak in GPs) became very obvious. Therefore, the forma-
tion of GP-Zn (II) complexes altered the original structure of the poly-
saccharides, and their significantly enhanced crystallinity might be due 
to the non-covalent interactions of the hydroxyl groups of GPs and Zn 
(II). 

3.4.5. CD analysis 
CD spectra could be used to study the structure of sugars (Johnson, 

1987). It could be seen from Fig. 2D that the absorption peaks of GPs and 
GP-Zn(II) complexes appeared after 190 nm, indicating the typical 
characteristics of sugars. The changes in ellipticity can be used to 
distinguish the complex equilibrium of individual asymmetric mono-
saccharides freely taken in solution, the ovality of the two after 246 nm 
fluctuates up and down the X axis, indicating that neither has a spiral 
structure (Johnson, 1987). Compared with GPs, the absorption peaks of 
the zinc complexes of GPs were significantly shifted, indicating the 
changes in chemical bonding. 

3.4.6. TG and DTG analysis 
The stability of drugs, especially thermal stability, is one of the most 

important indicators for the development of health care products and 
drugs (Gao, Zhu, Liu, Cui, & Abd El-Aty, 2021). The DTG curves reveal 
the temperatures exhibited by GPs and GP-Zn(II) at the maximum mass 
loss rate, and the TG curves show the changes in the percentage of mass 
loss of GPs and GP-Zn(II) over the decomposition temperature range 
(Chang, Yu, Ma, & Anderson, 2011). As presented in Fig. 2E and Fig. 2F, 
thermodynamic behavior of GPs and GP-Zn (II) complexes showed 
greater similarities and smaller differences. In TG profiles, the thermal 
decomposition of two polysaccharide samples contained two stages: the 
loss of moisture and volatiles in the range of 28–150 ◦C (GP-Zn (II) 

Fig. 1. Surface morphological images of garlic polysaccharides (A) and their zinc complexes (B).  

Table 1 
Monosaccharide composition and molecular weight of garlic polysaccharides 
(GPs) and GP-Zn(II) complexes and their particle size, PDI and Zeta potential.   

GPs GP-Zn (II) complexes 

Monosaccharide composition   
Fucose (%) – – 
Rhamnose (%) – – 
Arabinose (%) 1.003 1.23 
Galactose (%) 0.358 0.845 
Glucose (%) 16.84 10.08 
Mannose (%) – – 
Xylose (%) – – 
Fructose (%) 82.76 89.35 
Galacturonic acid (%) – – 
Glucuronic acid (%) – –  

Molecular weight   
Mn (Da) 1737 4205 
Mw (Da) 3684 6448 
Mz (Da) 6415 8794 
Mw/Mn (Da) 2.12 1.53 
Particle size (nm) 86.93 ± 3.55 94.18 ± 2.88 
PDI 0.363 ± 0.0235 0.304 ± 0.0359 
Zeta potential (mV) − 1.81 ± 0.79 − 9.30 ± 1.72  
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complexes had a higher rate of mass loss than GPs), and decarboxylation 
and thermal decomposition of the polysaccharide structure (64.15% and 
74.34% for GPs and GP-Zn (II) complexes, respectively) (Mothé & de 
Freitas, 2013). In DTG curves, there were great differences between GPs 
and GP-Zn (II) complexes. The first endothermic peak was 128.66 ◦C for 
GP-Zn (II) complexes, which was significantly higher than that of GPs. 
Furthermore, the maximum decomposition rates appeared at 243.0 ◦C 
and 281.57 ◦C for GP-Zn (II) complexes, while was only 230.63 ◦C for 
GPs. According to the above results, the modification of Zn (II) could 
significantly enhance the thermal stability of GPs. This is related to the 
increase in the crystallinity of GP-Zn obtained from X-diffraction anal-
ysis (D’Amico, Manfredi, & Cyras, 2012). 

3.5. In vitro simulated gastrointestinal digestion of GP-Zn (II) complexes 

In this experiment, the zinc release of GP-Zn (II) complexes, zinc 
gluconate and ZnSO4 during simulated gastrointestinal digestion was 
analyzed by simulated saliva, gastric fluid and intestinal fluid. As shown 
in Fig. S3, the Zn(II) release rates of GP-Zn(II) complexes (0.148%), zinc 
gluconate (2.141%) and ZnSO4 (2.035%) in simulated saliva digestion 
for 30 min, indicating that all of three zinc supplements are very stable 
in saliva. In the process of simulating digestion of gastric juice, zinc 
gluconate compared with GPs-Zn(II) complex, zinc (II) release rate is 
higher, gastric juice after 4 h zinc release rate reached 38.746%. The 
zinc release rate of ZnSO4 was 52.509% in the stomach for 0.5 h, and the 

Fig. 2. UV (A) and FTIR (B) spectra of garlic polysaccharides and garlic polysaccharide-Zn (II) complexes;X-ray diffraction pattern (C) and CD analysis (D) of garlic 
polysaccharides and garlic polysaccharide-Zn (II) complexes; thermodynamic analysis of garlic polysaccharides(E) and garlic polysaccharide-Zn (II) complexes (F). 
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zinc release rate in the simulated gastric juice and intestinal fluid after 
that was almost unchanged. The highest Zn(II) release rates of GP-Zn(II) 
complex (23.09%) and zinc gluconate (45.97%) occurred in the simu-
lated intestinal fluid. GP-Zn(II) enters the intestine more stably, 
achieving the purpose of sustained-release zinc. GP-Zn(II) may release 
Zn(II) due to degradation of oligosaccharides by gut microbes when 
entering the body (Rossi et al., 2005). 

In simulated intestinal fluid, a slight decrease in the rate of GP-Zn(II) 
release of complexes and zinc gluconate may be due to the absorption of 
complex components in the digestive juice, such as proteases, free 
peptides or esters. During the assay, they are removed by alcohol pre-
cipitation. In vivo ingestion, Zn (II) could be absorbed in a variety of 
ways, with free diffusion through the small intestine wall being the most 
important (Maares & Haase, 2020). Therefore, the dissociated free zinc 
ions would diffuse rapidly into the small intestinal cells once they were 
released from GP-Zn (II) complexes and zinc gluconate. Some of the 
released Zn (II) was also be absorbed by the intestinal wall along with 
small peptides. 

3.6. Effect of GP-Zn (II) complexes on the health of Zn-deficient mice 

3.6.1. Effect of GP-Zn (II) complexes on body weight and organ index 
After a period of dietary intervention, mice in the Zn-deficient group 

had a dull coat color, accompanied by hair loss, fur clutter, soiling and 
bleeding between the toes. Furthermore, mental fatigue and persistent 
fogging were observed for most of the Zn-deficient mice. However, 
supplementation of GP-Zn (II) complexes and zinc gluconate alleviated 
these symptoms caused by zinc deficiency, and improved the coat con-
dition (shiny, intact and clean) and mental status (lively) of mice. As 
shown in Table 2, the body weight of the mice in the normal group 
increased significantly from 11.11 g to 28.26 g (P < 0.05), but almost no 
changes were found for Zn-deficient mice after 21 d of feeding (P >
0.05). This was due to the fact that zinc deficiency adversely affected the 
sense of smell and thus the appetite of mice (Shay & Mangian, 2000). 
Consuming GP-Zn (II) complexes and zinc gluconate led to a significant 
increase in body weight (P < 0.05), and the body weight of mice sup-
plemented with GP-Zn (II) complexes at the high-dose was significantly 
higher than the other treatment groups, with no significant difference 

from the normal group (P < 0.05). Compared with these two zinc sup-
plements, no significant weight gain was observed in Zn(SO)4-treated 
group (P > 0.05). Dietary zinc had important effects on organ devel-
opment. The liver, spleen, kidney and testicular indices of mice in the 
normal group were 45.30, 4.21, 13.19 and 10.27 mg/g, which were 
significantly reduced to 37.25, 2.10, 12.17 and 8.36 mg/g in the mice of 
model group (P < 0.05). The administration of GP-Zn (II) complexes at 
the high-dose could significantly increase the liver and testicular indices 
of mice (P < 0.05). Therefore, GP-Zn (II) complexes could be used as a 
good zinc supplementation to promote the development of these three 
organs. It was worth noting that the differences were not significant (P 
> 0.05), although the liver and testicular indices of mice treated with 
GP-Zn (II) complexes at the low-dose were increased. In addition, sup-
plementation of Zn(SO)4 had no effect on organ indices of mice. 

3.6.2. Effect of GP-Zn (II) complexes on Zn (II) level in mice 
As presented in Fig. 3A, zinc levels in serum and liver were lowest in 

the zinc-deficient group of mice. After the intervention of GP-Zn (II) 
complexes and zinc gluconate, the levels of zinc in serum and liver were 
greatly increased, but only the difference in the GP-Zn (II) complex- 
treated groups was significantly different (P < 0.05). Furthermore, 
supplementation of Zn(SO)4 was only effective for the recovery of zinc 
contents in the liver (P < 0.05), and zinc contents in the serum of the Zn 
(SO)4-treated group and GP-treated group were basically the same as 
those of the model group, which was consistent with the previous results 
(Rojas et al., 1995). Therefore, GP-Zn (II) complexes were effective in 
improving zinc levels in serum and liver, and its effect was superior to 
that of the inorganic Zn-treated group. 

3.6.3. Effect of GP-Zn (II) complexes on ALP activity 
Zinc levels affect the synthesis pathway of ALP in vivo, and there is a 

positive correlation between them (Storrie & Stupp, 2005). Therefore, 
ALP activity can indirectly reflect the level of zinc in mice and evaluate 
the effect of zinc supplementation. As presented in Fig. 3B, zinc defi-
ciency resulted in a significant decrease in ALP activity in serum and 
liver of mice, compared with the control group (P < 0.05). However, 
supplementation of GP-Zn (II) complexes could effectively reverse this 
damage. In serum, mice in the GP-Zn (II) complex-treated group had the 
highest ALP activity (0.045–0.048 IU/g), which was significantly higher 
than that of the model group and Zn(SO)4-treated group. In the liver, the 
highest ALP activity occurred in the control group (0.056 IU/g), but the 
intervention of GP-Zn (II) complexes could restore the ALP activity of 
mice to normal levels (0.046–0.053 IU/g). In contrast, zinc gluconate 
and zinc sulfate were not sufficient for the supplementation of ALP ac-
tivity in Zn-deficient mice. 

3.6.4. Effect of GP-Zn (II) complexes on NO content, SOD activity and 
MDA content in serum, liver and kidney 

NO has been proven to be an important inflammatory mediator with 
a potential role in gastrointestinal diseases, and its level is closely related 
to zinc contents in the body (Xu, Yin, Li, & Liu, 2010). Fig. 3C suggested 
that the mice in the Zn-deficient group had the highest NO contents in 
serum (0.49 μmol/L) and liver (48.21 μmol/L). After the administration 
of GP-Zn (II) complexes at the high-dose, NO levels in serum and liver 
were significantly reduced by 36.73% and 38.50%, respectively (P <
0.05), exhibiting the lowest NO content. Notably, supplementation of 
GPs and Zn(SO)4 could also significantly alleviate NO levels in serum 
and liver (P < 0.05), but the changes induced by zinc gluconate treat-
ment were not significant (P > 0.05). 

Zinc levels also affect significantly redox homeostasis, SOD activity 
and MDA content in vivo (Kloubert & Rink, 2015). SOD is one of the 
major enzymes foe scavenging radicals in the human body, but zinc 
deficiency could reduce SOD activity and induce cell apoptosis by 
damaging the steric structure of SOD proteins and catalytic cycling 
function (Kara et al., 2010). As shown in Fig. 3D, the SOD activity in 
serum and kidney of mice in the normal group was 2839.06 U/g and 

Table 2 
Body weight changes and organ indices of mice in each group.  

Groups Weight (g) Organ index (mg/g) 

Original 
weight 

Final 
weight 

Liver Spleen Renal Testis 

Normal 
group 

11.11 ±
0.88 

28.46 
±

0.97# 

45.30 
±

0.01# 

4.21 ±
0.034# 

13.19 
±

0.02# 

10.27 
±

0.019# 

Zinc 
deficiency 
group 

10.81 ±
0.40 

11.02 
± 0.94 
* 

37.25 
± 0.02 
* 

2.10 ±
0.001* 

12.17 
± 0.02 
* 

8.36 ±
0.026* 

GPs 11.55 ±
0.55 

12.04 
± 0.93 
* 

35.93 
± 0.02 
*,# 

1.92 ±
0.002* 

11.68 
± 0.03 
* 

8.50 ±
0.017* 

Zn(SO)4 11.30 ±
0.73 

12.78 
± 0.99 
* 

37.55 
± 0.03 
* 

1.99 ±
0.003* 

11.71 
± 0.02 
* 

8.19 ±
0.044* 

Zinc 
gluconate 

11.20 ±
0.37 

18.43 
± 0.73 
*,# 

37.64 
± 0.02 
* 

1.82 ±
0.002* 

12.06 
± 0.02 
* 

9.15 ±
0.028# 

GP-Zn (II) 
complexes 
at the low- 
dose 

10.95 ±
0.43 

18.20 
± 0.83 
*,# 

39.46 
± 0.05 

1.89 ±
0.001* 

11.33 
± 0.04 
* 

8.90 ±
0.013* 

GP-Zn (II) 
complexes 
at the high- 
dose 

11.38 ±
0.55 

21.50 
±

0.91# 

41.96 
±

0.036# 

2.11 ±
0.003* 

11.34 
± 0.03 
* 

9.36 ±
0.022#  

* P < 0.05, compared with normal control group. 
# P < 0.05, compared with zinc deficiency group. 
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2493.43 U/g, respectively, which was significantly decreased to 
1798.71 U/g and 1794.95 U/g due to zinc deficiency (P < 0.05). The 
administration of GP-Zn (II) complexes at the high-dose could signifi-
cantly increase SOD activity to normal levels (P < 0.05). Similar pro-
tective effects were observed in serum of mice supplemented with GP-Zn 
(II) complexes at the high-dose or Zn(SO)4, but the increase in SOD 
activity in the kidney caused by them was not significant (P < 0.05). 
MDA is a major oxidative stress product. Fig. 3E indicated that Zn- 
deficient mice had the highest MDA levels (157.58 nmol/L and 
159.89 nmol/L in serum and kidney, respectively). However, MDA 
levels were decreased significantly in serum due to the administration of 
GP-Zn (II) complexes at the low-dose and high-dose (P < 0.05), as well as 
in kidney due to the treatment of GP-Zn (II) complexes at the high-dose 
(P < 0.05). Notably, supplementation of GPs led to a 25.38% and 
22.10% decreases in the MDA contents in serum and kidney (P < 0.05), 
which might be due to the probiotic effect of GPs through the regulation 
of intestinal flora. This indicated that GP-Zn (II) complexes could play a 
role as a prebiotic apart from being a good zinc supplement. Accord-
ingly, GP-Zn (II) complexes could effectively alleviate oxidative stress 
levels by supplementing zinc levels and acting as a prebiotic. 

3.6.5. Effect of GP-Zn (II) complexes on colonic morphology 
Zinc plays an important role in maintaining the integrity of epithelial 

cells and tissues. In the intestine, zinc promotes the repair of the small 
intestinal epithelium, and facilitates the reabsorption of sodium and 
water from the intestinal mucosa (Sunuwar, Medini, Cohen, Sekler, & 
Hershfinkel, 2016). H&E-staining suggested a small amount of infiltra-
tive changes in the intestinal mucosal barrier and a slight disruption of 
the intestinal mucosal structure in Zn-deficient mice (Fig. 4A). Although 
the distribution of intestinal mucosal cells was ordered, some cells were 
changed. After supplementation of GP-Zn (II) complexes at the high- 
dose, these damages were effectively alleviated: the intestinal mucosal 
cells were neatly distributed and their ultrastructure was not altered, 
with no infiltrative changes. In contrast, the improvement caused by GP- 
Zn (II) complexes at the low-dose was not significant as in the high-dose 
group. It was reported that common zinc supplements were irritating to 
the gastrointestinal tract (Pories, Henzel, Rob, & Strain, 1967). As 
shown in Fig. 4(A), there was an obvious disruption for mucosal cells 
and intestinal mucosal ultrastructure when zinc gluconate and Zn(SO)4 
were provided, especially in the zinc gluconate-treated group. There-
fore, GP-Zn (II) complexes at the low-dose and high-dose could not only 

Fig. 3. Zinc content, ALP activity, NO content, SOD activity and MDA content in serum, liver and kidney of mice. 1: Normal group, 2: Zinc deficiency group; 3: GP- 
treated group; 4: Zn(SO)4-treated group; 5: Zinc gluconate-treated group; 6: GP-Zn (II) complex-treated group at a low dose; 7: GP-Zn (II) complex-treated group at a 
high dose. 

Fig. 4. H&E-stained of the colon(A) and testes(B) in each group. a: Normal control, b: Zinc deficiency group; c: GP-treated group; d: Zn(SO)4-treated group; e: Zinc 
gluconate-treated group; f: GP-Zn (II) complex-treated group at a low-dose; g; GP-Zn (II) complex-treated group at a high dose. 
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effectively supplement Zn (II), but also avoid the irritating damage of 
zinc ions to the intestinal tract. 

3.4.6. Effects of GP-Zn (II) complexes on testicular morphology 
Zinc plays an extremely important role in the sexual development of 

the human body, especially in the testes of males and ovaries of females 
(Prasad et al., 1967). As indicated in Fig. 4(B), the cross-sectional profile 
of the germinal tubules was uneven and irregular in the testes of mice in 
the zinc-deficient group, with some structural deformation and in-
clusions in the germinal epithelium. Although the number of primary 
and secondary spermatocytes was not observed around the germinal 
tubules, their number should be reduced and it was difficult to produce 
spermatocytes and spermatozoa (Hafiez, El-Kirdassy, El-Malkh, & El- 
Zayat, 1990). After supplementation of GP-Zn (II) complexes and zinc 
gluconate, the testicles of mice were well developed, with spermatogo-
nial cells near the epithelial lumen of the spermatogonia. Therefore, 
these two zinc supplements effectively promoted the development of 
sexual organs in zinc-deficient mice. 

4. Conclusions 

In this study, the preparation process of GP-Zn (II) complexes was 
optimized by response surface method, and their effects on the health 
characteristics of Zn-deficient mice were evaluated after physicochem-
ical and structural characterization was performed. The obtained GP-Zn 
(II) complexes that were prepared under optimal conditions were 
composed of fructose and glucose, with an Mw of 6448 Da and Zn (II) 
content of 5.15%. Structural characterization suggested that the chela-
tion of Zn (II) and GPs likely involved hydroxyl groups and O–C–O 
structures, and this modification enhanced the crystallinity of GPs and 
thermal stability. In intro simulated gastrointestinal digestion, the GP-Zn 
(II) complexes meet sustained-release requirements. After 21 days of 
intervention, GP-Zn (II) complexes could effectively alleviate the dam-
age caused by zinc deficiency, including the increase in body weight and 
organ indices, Zn (II) level, ALP activity and SOD activity, the decrease 
in the NO content and MDA content in serum, liver and kidney, as well as 
mitigation of damage of colonic and testicular tissue. Therefore, GP-Zn 
(II) complexes had great potential as a good zinc supplement. Howev-
er, whether it is due to the complete change in the absorption mode of 
trace elements, such as nanoparticles directly into the blood to be 
absorbed, or because polysaccharides can play a colon-targeted delivery 
effect to directly deliver zinc ions into the intestine to be absorbed, it 
remains to be further discussed and studied. 
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Santaniello, E. (2011). Synthesis, physicochemical and spectroscopic 
characterization of copper (II)-polysaccharide pullulan complexes by UV–vis, ATR- 
FTIR, and EPR. Carbohydrate Research, 346(3), 434–441. https://doi.org/10.1016/j. 
carres.2010.12.011 

Morcali, M. H. (2015). Reductive atmospheric acid leaching of spent alkaline batteries in 
H2 SO4/Na2 SO3 solutions. International Journal of Minerals, Metallurgy, and 
Materials, 22(7), 674–681. https://doi.org/10.1007/s12613-015-1121-z 
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