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A novel biochar‑based composite 
hydrogel for removing heavy 
metals in water and alleviating 
cadmium stress in tobacco 
seedlings
Fu Du 1,2, Liping Liu 1,2, Yong Pan 1, Chuang Wu 1, Ronghao Wang 1, Zeyu Zhao 1, Wenpeng Fan 1, 
Hao Song 1, Youzhi Shi 1* & Jian Wang 1*

A novel composite hydrogel (AM/CMC/B) synthesized from peanut shell biochar effectively adsorbs 
heavy metal Cd in water and reduces its toxicity to tobacco seedlings. The hydrogel, prepared via 
hydrothermal polymerization using acrylamide (AM), carboxymethyl cellulose (CMC), and peanut 
shell biochar (B), exhibited a maximum adsorption capacity of 164.83 mg  g−1 for  Cd2+ and followed 
a pseudo‑second‑order kinetic model. In pot experiments, the application of exogenous AM/CMC/B 
mitigated the inhibitory effects of Cd‑contaminated soil on tobacco seedling growth. Addition of 
10 mg  kg−1 Cd resulted in improved phenotype, root system development, enhanced photosynthetic 
capacity, stomatal conductance (Gs), stomatal number, and increased antioxidant activity while 
reducing MDA content and leaf cell death. These findings highlight the potential of AM/CMC/B as an 
environmentally friendly adsorbent for Cd removal from water and for reducing Cd stress toxicity in 
tobacco and other plants.

Heavy metal contaminants and metalloids, such as Cd, Pb, Hg, As, and Se, are increasingly problematic for the 
environment  worldwide1. Soil heavy metal contamination, in particular, is a global  issue2–4. Among these heavy 
metal pollutants, cadmium (Cd) is one of the most common and toxic pollutants in  soil5,6, which has been 
identified as a severe threat to human, animal, and plant  health7,8. Cd enters the environment mainly through 
industrial processes and phosphate fertilizers, and can accumulate in crops before eventually transferring to the 
food  chain9. When consumed through food, Cd can enter human bodies, causing considerable kidney and bone 
 damage10. Cd stress primarily affects plant growth as well as physiological and biochemical  processes11, including 
inhibiting root system  growth12, reducing nutrient  absorption13, and impeding chlorophyll  synthesis14, which, in 
turn, hinders photosynthesis. Cd stress also causes inhibitions of antioxidant enzymes, which scavenge  ROS15. 
Currently, reducing cadmium pollution in plants is a hot topic in research. In situ stabilization of heavy metals 
in soils with amendments is regarded as a promising, cost-effective, and environmentally friendly remediation 
 approach16.

Hydrogels are cross-linked polymers with a network structure and hydrophilic groups, enabling them to 
absorb large amounts of water without  dissolving17,18. Due to their diverse functional groups and three-dimen-
sional network structure, hydrogels have emerged as efficient adsorbents for removing heavy metal ions from 
 wastewater19,20. Chemical-based hydrogels have been extensively used for the removal of heavy metal pollut-
ants16. Previous researchers have achieved remarkable results by preparing hydrogels to adsorb pollutants in 
water. For example, Maciel et al.21 created magnetic nanocomposite hydrogels using carrageenan and maghemite, 
which removed approximately 40% and 30% of each heavy metal contaminant. Qu et al.22 demonstrated the 
effectiveness of hydrogels in removing  Pb2+,  Cd2+, and  Cu2+ from water. Perumal et al.23 discovered that chi-
tosan/gelatin hydrogels could remove  Cd2+,  Pb2+,  Hg2+, and  Cr3+ from water at a removal rate of approximately 
73–3.94%. Similar results have been obtained by many  researchers24. Hydrogels have also shown promise in 
removing soil  pollutants25. Liu et al.26 developed a ferrous sulfide (FeS) nanoparticle@lignin hydrogel composite, 
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which significantly reduced the total, surfactant-soluble, and fixed Cd in heavily and lightly polluted paddy soils 
by 22.4–49.6%, 13.5–68.6%, and 40.1–16.6% respectively.

Biochar is a cost-effective solid product derived from organic materials through an oxygen-limited pyrolysis 
process. These organic materials include agricultural and forestry wastes, such as wood, straw, and fruit shells, 
as well as organic wastes from industrial and urban life such as garbage and  sludge27. Biochar has been used 
as a passivator to immobilize toxic trace elements and to reduce their bioavailability, due to its highly porous 
structure, surface functional groups, and cation exchange  capacity28. According to multiple reports, biochar is 
effective at removing heavy metal pollutants, such as Cd (II) in water and  soil29–33. Wang et al.34 have suggested 
that the use of biochar amendments could decrease concentrations of arsenic and cadmium in plants, thus reduc-
ing the potential risk of metal(loid)s entering the food chain. Additionally, biochar has the potential to increase 
crop yields and improve crop  quality35.

Tobacco is an important economic and model  crop36. However, it is more acclimated to Cd uptake than other 
crops, readily causing a risk for human health through the inhalation of smoke from  cigarettes37,38. In view of the 
advantages of biochar and hydrogel in removing heavy metals in water and soil, this study used the hydrothermal 
polymerization method to embed biochar into hydrogel to prepare peanut shell biochar-based porous composite 
hydrogel (AM/CMC/B). Firstly, the adsorption effect of hydrogel on Cd in water was explored through adsorp-
tion test, and then its effect on the growth and development of tobacco seedlings under Cd stress was explored 
through pot experiment. As far as we know, there are few reports on peanut shell biochar-based porous composite 
hydrogel, and the application of this kind of hydrogel to tobacco to resist Cd stress has not been reported. This 
study has guiding and reference significance for the development of new heavy metal adsorption materials and 
plant heavy metal detoxifiers. AM/CMC/B has the advantages of simple synthesis condition and low cost, and is 
expected to be widely used in the fields of sewage treatment, prevention and control of soil heavy metal pollution 
and plant resistance to heavy metal stress.

Tobacco is not only a significant economic crop but also serves as a model  crop36. However, tobacco is 
more susceptible to Cd uptake than other crops, which puts human health at risk through cigarette smoke 
 inhalation37,38. To address this issue, this study aimed to utilize the benefits of biochar and hydrogel in eliminat-
ing heavy metals in water and soil. The hydrothermal polymerization method was used to embed biochar into 
hydrogel to create peanut shell biochar-based porous composite hydrogel (AM/CMC/B). The study first explored 
the adsorption effect of hydrogel on Cd in water through an adsorption test. Then, it evaluated the effect of this 
material on the growth and development of tobacco seedlings under Cd stress through pot experiments. To the 
best of our knowledge, there are limited reports on peanut shell biochar-based porous composite hydrogel, and 
no studies have explored its application in resisting Cd stress in tobacco. The significance of this study is that 
it serves as a resource for developing new heavy metal adsorption materials and plant heavy metal detoxifiers. 
AM/CMC/B has the advantages of simple synthesis conditions and a low cost, which makes it a suitable solution 
for the fields of sewage treatment, prevention and control of soil heavy metal pollution, and plant resistance to 
heavy metal stress.

Materials and methods
Chemicals. Carboxymethylcellulose sodium (CMC), the degree of polymerization is 800 to 1200, Acryla-
mide (AM), were supplied by Aladdin Industrial Corporation. N, N-methylenebisacrylamide (MBA), and 
ammonia persulfate (APS) were supplied by Sigma–Aldrich.  CdN2O6·4H2O waspurchased from Shanghai Yien 
Chemical Technology Co., Ltd. All chemical reagents were of analytical grade. Deionized water was used in all 
experiments.

Preparation of biochar. Biochar (B) was produced under no-oxygen conditions using peanut shell. Before 
biochar production, air dried peanut shells were cut into small segments (around 1  cm in length) and then 
ground and sieved to < 0.3 mm. A crucible sealed with tin foil was filled with the peanut shell, which was then 
placed in a muffle furnace, heated to 450 °C and held for 4 h before cooling to room temperature. The resulting 
biochars were then grinded to powder and passed through a 0.15 mm sieve (100 mesh), sealed preservation. All 
the samples in this experiment were collected from the Tobacco Laboratory of Henan Agricultural University 
(113.33° E, 34.78° N).

Preparation of composite hydrogel AM/CMC. 1.0 g CMC was placed in the 100 mL beaker and added 
to 100 mL deionized water, stirring until CMC was completely dissolved. Then 8.0 g AM was added to the beaker 
at a mass ratio (AM:CMC) of 8:1. After that, added 0.09 g APS and 0.045 g MBA, and stirred well with glass rod, 
adjusted the rotational speed to 200 rpm and the water bath temperature to 60 °C, reaction time was 3 h. The 
composite hydrogel AM/CMC (Fig. 1a) was obtained. It can be seen from Fig. 1a that a colorless, transparent and 
stable hydrogel was formed after the reaction of the mixed solution.

Preparation of composite hydrogel AM/CMC/B. 1.0 g CMC was placed in the 100 mL beaker and 
added to 100 mL deionized water, stirring until CMC was completely dissolved. Then 8.0 g AM and 4.0 g B were 
added to the beaker at a mass ratio (AM:CMC:B) of 8:1:4. After that, added 0.09 g APS and 0.045 g MBA, and 
stirred well with glass rod, adjusted the rotational speed to 200 rpm and the water bath temperature to 60 °C, 
reaction time was 3 h. The composite hydrogel AM/CMC/B (Fig. 1b) was obtained. It can be seen from Fig. 1b 
that the mixed solution with added biochar particles formed a black hydrogel after heating.

The prepared hydrogels AM/CMC and AM/CMC/B were swollen by absorbing water in deionized water for 
24 h, then they were rinsed three to four times with deionized water. After that, dried them in an oven at 60 °C 
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to a constant weight, crushed by a grinder, passed through a 0.3 mm (60 mesh) pore diameter sieve, sealed with 
a self-sealing bag and placed in a vacuum dryer.

Characterization. FTIR refers to the method of Gan et al39. Two kinds of hydrogel samples were mixed with 
KBr and ground into powder to prepare KBr tablets. Fourier transform-infrared (FT-IR) spectroscopy spectra 
patterns of samples were obtained using a FT-IR spectroscope (Nicolet iS10 FT-IR spectrometer, USA) in the 
range of 4000–500  cm−1. OMNIC infrared spectrum analysis software was used to identify and analyze the char-
acteristic peaks of hydrogel spectra. Two kinds of hydrogel samples were frozen for 4 h, and dried for 20 h in a 
freeze-dryer, then the surface morphology of them were determined by scanning electron microscopy (SEM) 
(SIGMA-500, Zeiss, Germany). Prior to observation, the samples were dried in air and sputter-coated with gold.

Adsorption of  Cd2+ in solution. The standard solutions of  Cd2+ ions were prepared by dissolving 
 CdN2O6·4H2O in the deionized water, respectively. The adsorption experiments were executed in plastic tubes 
containing 100 mL metal ion solutions and 0.05 g dry AM/CMC and AM/CMC/B hydrogels inside. We studied 
the equilibrium adsorption capacity of the two hydrogels for  Cd2+ at the fixed temperature (25 °C), pH (2–6), 
fixed amount of dry hydrogel (0.05 g), fixed initial  Cd2+ concentrations (200 mg  L−1) on the adsorption of  Cd2+. 
The adsorption experiments of  Cd2+ on AM/CMC and AM/CMC/B were conducted by 100 mL plastic tubes, 
which were placed in a constant temperature water bath oscillator with the speed of 150 rpm. After reaching the 
balance, the concentrations of  Cd2+ in solutions were measured by a Vista-MPX ICP-OES Inductively coupled 
Plasma Atomic Emission Spectrometer. At last, the maximum adsorption capacity  (Qm) of AM/CMC and AM/
CMC/B for  Cd2+ could be calculated by the following equation:

where the  C0 and  Ce are the concentrations (mg  L−1) of initial and final  Cd2+ in solutions. V is the volume (L) of 
 Cd2+ ionsolutions and m is the weight (g) of the two dry hydrogels.

The adsorption kinetics of  Cd2+ was investigated in a 100 mg  L−1  Cd2+ solution at 25 °C, pH 5.0. The pseudo-
first-order (Eq. 2) and pseudo-second-order kinetic (Eq. 3) models were applied to fit the experimental data on 
the base of following equations:

where  Qt (mg  g−1) is the absorption capacity at time t (min),  Qe (mg  g−1) is the equilibrium adsorption capacity, 
 k1 (L  min−1) and  k2 (g  mg−1  min−1) are the rate constants of the pseudo-first-order model and the pseudo-second-
order model,  respectively40.

Determination of biomass and relative water content (RWC) of tobacco. After 15 days Cd stress, 
the tobacco seedings were subjected to biomass. For each measurement, there were kept three replications with 
different number of plants. The fresh weights of the aboveground and underground portions were taken sepa-
rately according to the method of Zhang et al.41 Fresh tobacco leaves were taken to measure the relative water 
content (RWC) as per the method of Begun et al.42 RWC was calculated with the given formula:

where FW and DW are the fresh leaf weight and the dry weight after drying at 65 °C for 24 h, TW is the saturated 
weight after soakingin water for 1 h.

Observation of leaf ultrastructure. Stomatal aperture and stomatal density were detected using an NP 
900 polarizing microscope (Nexcope, China) with digital photography. After 15 days of Cd stress, to minimize 
the effects of other factors, the plants were cultured in light for 3 h so that their stomata were fully open before 

(1)Qm = (C0 − Ce)V/m

(2)ln(Qe− Qt) = lnQe−k1t

(3)t/Qt = 1/k2Q
2
t + t/Qe

(4)RWC(%) = (FW− DW)/(TW− DW) × 100

Figure 1.  Composite hydrogel AM/CMC (a) and composite hydrogel AM/CMC/B (b).
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experimentation. The tobacco seedlings of three treatments were moved outdoors and exposed to high tempera-
ture and high light for 10 min, then immediately observed and photographed with a microscope. Three tobacco 
seedlings were selected for each treatment to take pictures.

Determination of photosynthetic efficiency and SPAD value. The third true leaves of tobacco 
treated with Cd for 15 days were selected as the materials. An LI-6400 Portable Photosynthesis Analyzer (LI-
COR, USA) was used to measure net photosynthesis (Pn), intercellular carbon dioxide concentration (Ci), 
transpiration rate (Tr) and stomatal conductance (Gs) as described by More et al.43. The measuring time was 
from 9 a.m. to 11:00 on a sunny day. The light intensity and the  CO2 concentration in the fixed system were 
1000 μmol  m−2  s−1 and 400  cm3  m3. The SPAD value of tobacco was determined by SPAD 502 PLUS portable 
chlorophyll meter (KONICA MINOLTA, Japan).

Evaluation of oxidative stress markers raw data. The physiological parameters were analyzed using 
the 3rd youngest leaves of three plants/treatment in each replicate. The MDA content was detected through the 
thiobarbituric acid (TBA) reaction as described by Duan et al.44. The accumulation of osmoprotectant proline 
(PRO), catalase (CAT) and peroxidase (POD) activities were examined using specific detection kits (Beijing 
Solarbio, Beijing, China), according to the manufacturer’s instructions.

In vivo localization and quantification of  H2O2 and  O2
·−. For in situ detection of hydrogen peroxide 

 (H2O2), we performed 3,3′-diaminobenzidine (DAB) staining as described by Shi et al.45 previously with slight 
modifications. Immersed leaves were incubated in the light at room temperature for 24 h until brown spots 
became visible and then 95% ethanol was used until decolorization was complete. For in situ detection of hydro-
gen peroxide  (O2

·−), we performed nitro blue tetrazolium (NBT) staining as described by Luo et al.37. Tobacco 
leaves were stained in NBT solution for 5 h at 30 °C, and 95% ethanol was used until decolorization was com-
plete. After that, the stained leaves were scaned and observed with EPSON V800 scanner.

Determination of cell death by trypan blue staining. Cell death was measured using the Trypan 
Blue Assay as described by Islam et al.46 previously with slight modifications. For the detection of cell death 
in leaves, the tobacco leaves treated by Cd for 15 days were excised at the base of leaves with a razor blade and 
were immersed in trypan blue for 6 h through the cut stems. Then the leaves were incubated in boiling ethanol 
for 20 min to remove the green background followed by photographing with a scanner (EPSON V800, Japan).

Statistical analysis. The data were subjected to analysis of variance (ANOVA) in SPSS software version 
16.0 (IBM, Chicago, USA). All experiments were carried out in triplicate and expressed as mean value ± stand-
ard deviation (mean ± SD). Data were analyzed by using one-way ANOVA to compare between more than two 
groups and Least Significant Difference mothed (LSD) for pairwise comparisons. Significance of the obtained 
results was judged at the 5% level. Figures were plotted using Graph Pad Prism 8.0 (GraphPad Software, Califor-
nia, USA) and combind by the software Adobe illustrator (AI) CC 2017 (Adobe, California, USA).

Statement of legality and compliance. All authors solemnly declare that the planting, collection and 
measurement of experimental data of all tobacco samples involved in this experiment comply with relevant 
institutional, national and international standards and legislation. All the authors solemnly declare that all the 
experimental methods, instrument operation flow and data analysis in this experiment are carried out with 
reference to the previous research methods, and a few experimental methods are modified. However, we ensure 
that all experimental methods are carried out in accordance with the relevant guidelines and regulations. All the 
authors solemnly declare that all tobacco samples collected in this experiment are licensed and authorized by the 
local public security organs and competent authorities.

Results and discussion
FTIR analysis of hydrogels. FTIR analysis revealed that the AM/CMC and AM/CMC/B hydrogels (Fig. 2) 
showed the characteristic functional groups of the AM and CMC units. For biochar, the characteristic peak at 
3392   cm−1 was due to the bound water and nitrogen hydrogen band and illustrates that some amino groups 
and hydroxyl groups were present on the surface of the  biochar47,48. The band at 1600  cm−1 corresponded to the 
stretching vibration C=C of aromatic groups in  biochar49, and the peak at 1412  cm−1 referred to C=O. In addition, 
there was a significant band at 1035  cm−1 corresponding to the stretching C–O of cellulose and  hemicelluloses50. 
In the FTIR spectra of AM/CMC hydrogel, the emergence of peaks at 3446   cm-1 corresponded to the –N–H 
stretching and the peak at 2926  cm−1 refered to the –CH– stretching vibration. The band appeared at 1608  cm−1 
(asymmetrical stretching band) was assigned to –NH– bending in the PAM  structure. A peak at 1416  cm−1 was 
due to symmetrical stretching vibrations of –COO  groups51.

As was shown in Fig. 2c, the peaks of AM/CMC/B hydrogel contained the characteristic peaks of B and 
AM/CMC and the shape of FTIR spectra of AM/CMC/B was the addition of B and AM/CMC spectra. What’s 
more, the characteristic peak of biochar at 1000  cm−1 was obviously weakened. This high sorption ability of 
AM/CMC/B was connected to the presence of amine (–NH–), and carboxyl (–COO–) groups which possessed 
strong affinity to metal  ions52.

SEM analysis of hydrogels. The SEM images of samples showing the structural morphology of AM/CMC 
and AM/CMC/B are represented in Fig. 3a–f. It can be seen from Fig. 3 that a cross-linked network structure 
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are formed inside two hydrogels. As seen in Fig. 3a, the surface of AM/CMC showed a homogenous and smooth 
creasing pattern. In Fig. 3b,c, we could clearly see that there are a large number of dense, regular and uniform 
holes in AM/CMC structure which could be attributed to –OH and –COOH hydrophilic functional  groups53. 
On the contrary, in Fig. 3d, there was a very rough surface of AM/CMC/B. In addition, there were more holes 
on the surface than AM/CMC, and the surface of these holes was rougher than AM/CMC, which could be due 
to the increase of specific surface area of hydrogels by biochar. According to Fig. 3e, f, the biochar particles were 
scattered on the polymer matrix. What was more interesting was that we could see that many rough holes had 
been inserted into the holes of AM/CMC/B which were caused by the holes of the added biochar itself. These 
holes and biochar particles were strong evidence for the adsorption of heavy metals by hydrogel AM/CMC/B54.

Adsorption kinetics and pH of solution. The initial pH of examined solution is a respectable factor in 
the removal and recovery of organic and inorganic pollutants from aqueous  solution55. The effect of pH on the 
efficiency of AM/CMC and AM/CMC/B for the removal of  Cd2+ was studied in the 200 mg  L−1  Cd2+ solution 
at different pH values (Fig. 4A). Generally, the adsorption of metal ion onto the hydrogel composite surfaces 
follows the ion interaction mechanism which depends on the surface charge of hydrogel  composite49. As shown 

Figure 2.  FTIR spectra of B (a), AM/CMC (b), AM/CMC/B (c).

Figure 3.  SEM images of AM/CMC (a, b, c) and AM/CMC/B (d, e, f).
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in Fig. 4A, when pH was 5, the adsorption capacity of AM/CMC and AM/CMC/B for  Cd2+ reached the maxi-
mum, which was 145.79 mg  g−1 and 164.83 mg  g−1, respectively. In Fig. 4B, we could see that in 100 mg  L–1  Cd2+ 
solution, the maximum adsorption capacity of AM/CMC and AM/CMC/B was 78.51 mg  g−1 and 96.38 mg  g−1, 
respectively. The maximum adsorption capacity of AM/CMC/B for Cd was much higher than that of Li et al.56, 
indicating that the AM/CMC/B synthesized in this study was more competitive for the adsorption of Cd.

As shown in Fig. 4C, adsorption in the first 30 min was found to be very rapid due to the availability of the 
active sites, while later the rate of adsorption slowed until equilibrium was reached after 4 h. Equation (2) could 
be transformed into:

The  Cd2+ adsorption behaviors of the two hydrogels were fitted by pseudo-first-order and pseudo-sec-
ond-order curve models, and the results were shown in Fig. 4C,D. From the fitting results, it could be seen 
that the adsorption behavior of  Cd2+ by AM/CMC and AM/CMC/B accords with both pseudo-first-order 
 (R2

AM/CMC = 0.9901,  R2
AM/CMC/B = 0.9879) and pseudo-second-order  (R2

AM/CMC = 0.9999,  R2
AM/CMC/B = 0.9998) mod-

els. What’s more, the maximum adsorption capacity of AM/CMC and AM/CMC/B to  Cd2+ was 77.34 mg  g-1 and 
99.03 mg  g-1 respectively, which was very close to the actual measured results of 78.51 mg  g−1 and 96.38 mg  g−1. 
It is obvious that the hydrogel AM/CMC/B had stronger adsorption capacity for  Cd2+ than AM/CMC, and the 
adsorption capacity was 17.87 mg  g−1 higher than that of AM/CMC.

Effects of hydrogel on phenotype and root system of tobacco. It could be seen from Fig. 5I that 
there was no significant difference in the phenotype of tobacco seedlings among the three treatments under Cd 
stress for 0 day, while there was a significant difference in the performance of tobacco seedlings treated with Cd 
for 15 days. The growth of tobacco seedlings was BH > H > CK, indicating that tobacco seedlings were most poi-
soned by Cd without any hydrogels, and their growth and development was the slowest. Roy et al.57 had found 
that leaves was significantly reduced under Cd stress, our study demonstrated similar results. From Fig. 5II, it 
was showed that the treatments (H and BH) of adding hydrogel increased the total number of leaves of tobacco 
seedlings and promoted the development of roots under Cd stress. As shown in Fig. 5III, compared with CK, the 
H and BH treatments all significantly (P < 0.05) increased the the maximum leaf length, total root length, total 
root surface area, average root diameter, number of root tips and root volume under Cd stress. The improve-
ment effect of BH was the greatest. Compared with CK, the H and BH treatments increased the maximum leaf 
length by 14.94% and 38.28% (P < 0.05), the maximum leaf width by 1.94% and 30.01% (P < 0.05), the maximum 
leaf area by 16.90% and 79.19% (P < 0.05), and the total root length by 29.74% and 83.31% (P < 0.05). The total 
root surface area increased by 33.00% and 83.97% (P < 0.05), the average root diameter increased by 12.36% 

(5)Qt = Qe

(

1− e−kt
1

)

Figure 4.  (A) Adsorption capacities of  Cd2+ on AM/CMC and AM/CMC/B at different pH conditions, (B) 
maximum adsorption capacity of  Cd2+ on AM/CMC and AM/CMC/B, (C) pseudo-first-order model of  Cd2+ by 
AM/CMC and AM/CMC/B, (D) pseudo-second-order model of  Cd2 +  by AM/CMC and AM/CMC/B. Different 
letters mean significantly different between treatments (ANOVA, LSD test, P < 0.05).



7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15656  | https://doi.org/10.1038/s41598-023-41946-0

www.nature.com/scientificreports/

and 54.44% (P < 0.05), the number of root tips increased by 14.83% and 88.21% (P < 0.05), and the root volume 
increased by 69.75% and 261.56% (P < 0.05), respectively. These data suggest that H and BH all enabled tobacco 
seedings to reduce the toxic effect of Cd stress.

The accumulation of Cd in tissues and cells can deleteriously inhibit primary root growth and plant 
 architecture58. The above results may be due to the fact that the hydrogel AM/CMC and AM/CMC/B adsorbed 
Cd, in the process of absorbing water in the soil, which decreased the content of available Cd in the soil, and 

Figure 5.  (I) Phenotype of tobacco under Cd stress for 0 and 15 days, (II) Leaves and roots growth of tobacco 
under Cd stress for 15 days, (III) Growth index of tobacco under Cd stress for 15 days. Different letters mean 
significantly different between treatments (ANOVA, LSD test, P < 0.05).
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the toxic effect of Cd on the aboveground and underground parts of tobacco seedlings decreased significantly 
during the growth process. Therefore, compared with CK, they showed obvious advantages. The most developed 
root system and the largest leaf area of tobacco seedlings treated with hydrogel AM/CMC/B were related to the 
maximum adsorption capacity of Cd. Jelusic et al.59 obtained similar results using hydrogel.

Effects of hydrogel on biomass and RWC of tobacco. It has been reported that the reduction in water absorp-
tion rate induced by Cd, causes root and leaf dehydration in plant  species60. In addition, Cd can significantly 
reduce plant  biomass61. These results are consistent with the results of this study. In Fig. 6A–E, the aboveground 
fresh weight, underground plant dry weight and leaf RWC of H and BH tobacco seedings were significantly 
higher than those of CK plants (P < 0.05). Under Cd stress, the tobacco seedings of CK were most affected by 
Cd. Compared with CK, the aboveground fresh weight of H and BH treatment increased by 25.91% and 98.39% 
(P < 0.05), the underground fresh weight increased by 20.27% and 130.67% (P < 0.05), the aboveground dry 
weight increased by 18.10% and 84.22% (P < 0.05), the underground dry weight increased by 68.18% and 231.82% 
(P < 0.05), and the relative water content of leaves increased by 4.84% and 17.01% (P < 0.05). These experimental 
results showed that hydrogel AM/CMC and AM/CMC/B could alleviate the toxicity of tobacco seedlings under 
Cd stress and improve their stress resistance. Hydrogel AM/CMC/B was the most favorable to increase the 
biomass and RWC of tobacco seedlings under Cd stress.

Effects of hydrogel on leaf stomata of tobacco. Stomata is the unique structure of plant epidermis. 
Stomata becomes the pathway of air and water vapor in gas metabolism such as carbon assimilation, respiration 
and transpiration, and its flux is regulated by the opening and closing of guard cells, which is of great physi-
ological significance. Heavy metals perturbate water balance in plants and hence impact stomatal aperture. After 
longer exposure, stomatal development also is affected, and stomatal density and size can  change62. Studies had 
shown that stomata closure was induced directly by heavy metals and/or was a consequence of the early effects 
of metal toxicity in roots and  stems60. Previous studies had shown that Cd affected stomata in plant  leaves63. Cd 
stress directly affects the density and size of stomata. The stomata number was reliable and useful tool for deter-
mining the accumulation level and transport of heavy metal in  plant64.

As shown in Fig. 7a–c that the stomata number (density) of leaves of tobacco seedlings treated with H and 
BH was significantly more than that of CK, and the stomata number of BH treatment was the most, indicating 
that tobacco seedlings of CK were most poisoned by Cd, and the addition of hydrogel H and BH could alleviate 
this toxic effect. What’s more, the tobacco seedlings treated with H and BH had more open stomata, and those of 

Figure 6.  Biomass and relative water content of tobacco seedlings under Cd stress for 15 days. (A) Effect on 
aboveground fresh weight, (B) effect on underground fresh weight, (C) effect on aboveground plant dry weight, 
(D) Effect on underground plant dry weight, (E) effect on leaf RWC. Different letters mean significantly different 
between treatments (ANOVA, LSD test, P < 0.05).
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BH were the most while the leaf stomata of tobacco seedlings treated with CK basically had no closed stomata. 
This result was similar to that of Daud et al.65.

In Fig. 7d–f, the tobacco seedlings under Cd stress were placed in the sun for 10 min under high temperature 
and high light stress, and then the stomatal morphology was observed. We found that the stomatal opening 
degree was CK > H > BH, and the stomata of BH tobacco seedlings were basically completely closed. The reason 
for this phenomenon might be that plants actively close their stomata under the stress of high temperature and 
high light, thus reducing water loss. As the tobacco seedlings of CK were most poisoned by Cd, which led to the 
decline of immune ability, the stress response to external stress was basically lost, and the stomata would not be 
closed. However, the tobacco seedlings of BH could respond quickly to this stimulus, and the stomata are closed. 
This result may also be related to the adsorption of Cd in soil by hydrogel AM/CMC/B.

Effects of hydrogel on photosynthetic efficiency and SPAD value of tobacco. Photosynthesis 
is an important way for plant growth and dry matter accumulation, it is also one of the processes that are sen-
sitive to adversity, especially heavy metal  stress66. Sufficient chlorophyll is needed to participate in this pro-
cess, and SPAD value can directly reflect the amount of chlorophyll in plant leaves. It was reported that Cd 
stress can inhibit photosynthesis by influencing leaf chloroplast structure, light energy absorption and stomatal 
 conductance67. Cd stress can also destroy the chloroplast structure, hinder the synthesis of chlorophyll and 
reduce the content of  chlorophyll68.

From Fig. 8A–E, it could be seen that the Pn, SPAD and Tr of tobacco seedlings treated with H and BH were 
significantly higher than those of CK (P < 0.05). Compared with CK, the Pn, Ci, SPAD, Tr and Gs of tobacco 
seedlings treated with B and BH increased by 28.47% and 62.03%, 29.67% and 31.59%, 11.28% and 29.61%, 
43.20% and 82.54%, 52.63% and 84.42% (P < 0.05). Cd alone stress caused an obvious reduction in SPAD index 
and Photosynthesis index, whereas application of H and BH alleviated those phenomena. In a word, after 15 days 
of Cd stress, the inhibition of photosynthesis of tobacco seedlings treated with BH was the least. We speculated 
that enhanced photosynthetic activity due to BH treatment may be attributed to its adsorption and scavenging 
ability of Cd in soil.

Figure 7.  Stomatal morphology of tobacco seedling leaves under Cd stress for 15 days. (a, b, c) The number of 
stomata in leaves of tobacco seedlings under Cd stress for 15 days, (d, e, f) stomatal size and closure of leaves of 
tobacco seedlings exposed to high temperature and high light for 10 min after 15 days of Cd stress.
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Effects of hydrogel on MDA, PRO, CAT and POD contents of tobacco.. Oxidative stress is a cen-
tral part of abiotic and biotic stresses. This mechanism is caused by a serious cell imbalance between the pro-
duction of ROS (including  H2O2 and  O2

·−) and antioxidative enzymes, which leads to dramatic physiological 
disorders. The enzymatic ROS scavenging system plays an important role in maintaining the structure and func-
tion of membrane and cellular redox  equilibrium69. For instance, PRO can enhance the antioxidant responses, 
which finally deal with Cd inhibitory  effects70. Besides, oxidative damage is closely associated with antioxidative 
defence machinery. SOD is the first step against ROS generation, converting  O2

·− to  H2O2. Further,  H2O2 can be 
decomposed to  O2

·− and  H2O by CAT, thereby decreasing the ROS  toxicity71. There were significant differences 
in CAT activity and POD activity among CK, H and BH treatment (P < 0.05) (Fig. 9A–D). Compared with CK, 
the tobacco seedlings treated with BH significantly increased PRO activity, CAT activity and POD activity, and 
significantly decreased MDA content (P < 0.05), the tobacco seedlings treated with H significantly increased 
CAT activity and POD activity (P < 0.05). In more detail, the PRO activity, CAT activity and POD activity of 
tobacco seedlings treated with B and BH increased by 57.53% and 192.19%, 95.32% and 226.93%, 67.10% and 
105.77% (P < 0.05), while the MDA content decreased by 17.30% and 36.61% (P < 0.05). We thought the above 
results might be because AM/CMC and AM/CMC/B reduced Cd-induced oxidative damage to an obvious level 
by strengthening antioxidative response. At the same time, AM/CMC and AM/CMC/B enhanced antioxidant 
enzyme activities in leaves in response to Cd toxicity, the effect of hydrogel AM/CMC/B was the best.

DAB, NBT and trypan blue staining of tobacco leaves. Tissue DAB staining showed that after 
15 days of Cd stress (showed on Fig. 10),  H2O2 accumulation in tobacco seedlings treated with CK was sig-
nificant, while  H2O2 accumulation in tobacco seedlings treated with H and BH was much less than that of CK. 
Tissue NBT staining showed that after 15 days of Cd stress,  O2

·− accumulation was significantly accumulated in 
tobacco seedlings treated with CK, most of the leaves were dyed blue, and the  O2

·− accumulation of treated H 
tobacco seedlings was slightly less than that of CK. Meanwhile, the least accumulation was BH treatment, and 
only a small part of the leaves was dyed blue. The results of Trypan Blue staining showed that the stained area 
of tobacco seedling leaves treated with CK was the largest and BH was the smallest, indicating that the tobacco 
seedling cells treated with CK were the most poisoned by Cd, so the number of dead cells was the most. Here 
we found that BH treatment resulted in the significant decrease in ROS content in tobacco seedlings under Cd 
stress, which may explain the amelioration of Cd-induced lipid peroxidation and oxidative injury by. Compared 
with CK, hydrogel AM/CMC/B can effectively reduce the cell death rate under Cd stress, which is most benefi-
cial to the growth of tobacco.

Figure 8.  Pn (A), Ci (B), SPAD (C), Tr (D) and Gs (E) of tobacco seedings leaves under Cd stress for 15 days. 
Different letters mean significantly different between treatments (ANOVA, LSD test, P < 0.05).
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Conclusion
In this study, peanut shell biochar-based composite hydrogel was successfully synthesized, and its removal effect 
on heavy metal Cd in water and its mitigation effect on Cd stress in tobacco seedlings were analyzed, which 
provided a new idea for the prevention and control of heavy metals and the reduction of Cd toxicity. AM/CMC/B 
can improve the phenotype of tobacco seedlings, increase aboveground and underground biomass of tobacco 
seedlings, increase the number of leaf stomata, increase photosynthesis and chlorophyll content of tobacco 
seedlings, reduce the accumulation of ROS under Cd stress, and effectively reduce cell death. The current work 
showed that the peanut shell biochar-based composite hydrogel had a certain positive effect on alleviating the 
Cd toxicity suffered by tobacco seedlings. However, the detoxification mechanism of AM/CMC/B on tobacco 
seedling Cd is still unclear and needs further study.

Figure 9.  MDA content (A), PRO activity (B), CAT activity (C) and POD activity (D) of tobacco seedings 
leaves under Cd stress for 15 days. Different letters mean significantly different between treatments (ANOVA, 
LSD test, P < 0.05).



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:15656  | https://doi.org/10.1038/s41598-023-41946-0

www.nature.com/scientificreports/

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].

Received: 3 January 2023; Accepted: 4 September 2023

References
 1. Zhu, Y. L. et al. Cadmium tolerance and accumulation in indian mustard is enhanced by overexpressing γ-glutamylcysteine syn-

thetase. Plant Physiol. 121, 1169–1177 (1999).
 2. Ali, U. et al. Effect of rice straw, biochar and calcite on maize plant and Ni bio-availability in acidic Ni contaminated soil. J. Environ. 

Manag. 259, 109674 (2020).
 3. Gray, C. W. et al. Field evaluation of in situ remediation of a heavy metal contaminated soil using lime and red-mud. Environ. 

Pollut. 142, 530–539 (2006).
 4. Shukla, L. & Jain, N. Contamination of heavy metal in soil due to industrial activity. J. Environ. Pollut. Hum. Health 10, 1–5 (2022).
 5. Chen, H. et al. Effective methods to reduce cadmium accumulation in rice grain. Chemosphere 207, 699–707 (2018).
 6. Xu, L. et al. The effects of different electrode materials on seed germination of Solanum nigrum L. and its Cd accumulation in soil. 

J. Environ. Sci. 113, 291–299 (2022).
 7. Jin, Y. H. et al. Cadmium is a mutagen that acts by inhibiting mismatch repair. Nat. Genet. 34, 326–329 (2003).
 8. Gao, Y. et al. Effects of hydroxyapatite and modified biochar derived from Camellia oleifera fruit shell on soil Cd contamination 

and  N2O emissions. Ind. Crops Prod. 177, 114476 (2022).
 9. Khan, A. Z. et al. Popular wood and sugarcane bagasse biochars reduced uptake of chromium and lead by lettuce from mine-

contaminated soil. Environ. Pollut. 263, 114446 (2020).
 10. Mohan, D. et al. Cadmium and lead remediation using magnetic oak wood and oak bark fast pyrolysis bio-chars. Chem. Eng. J. 

236, 513–528 (2014).
 11. Chen, L. et al. Genome-wide association study of cadmium accumulation at the seedling stage in rapeseed (Brassica napus L.). 

Front. Plant Sci. 9, 375 (2018).
 12. Rai, V. et al. Effect of cadmium on growth, ultramorphology of leaf and secondary metabolites of Phyllanthus amarus Schum. and 

Thonn.. Chemosphere 61, 1644–1650 (2005).
 13. Bashir, A. et al. Effect of foliar-applied iron complexed with lysine on growth and cadmium (Cd) uptake in rice under Cd stress. 

Environ. Sci. Pollut. Res. Int. 25, 20691–20699 (2018).
 14. Zhang, Y. et al. Salicylic acid alleviates cadmium-induced inhibition of growth and photosynthesis through upregulating antioxidant 

defense system in two melon cultivars (Cucumis melo L.). Protoplasma 252, 911–924 (2015).
 15. Rizwan, M. et al. A critical review on the effects of zinc at toxic levels of cadmium in plants. Environ. Sci. Pollut. Res. 26, 6279–6289 

(2019).
 16. Li, J. R. et al. In situ immobilization remediation of heavy metals in contaminated soils: A review. Ecol. & Environ. Sci. 23, 21–728 

(2014).
 17. Moien, A. et al. Nanocolloidal hydrogel for heavy metal scavenging. ACS Nano 12, 8160–8168 (2018).
 18. Zhan, Z. et al. Super water-storage self-adhesive gel for solar vapor generation and collection. ACS Appl. Mater. Interfaces 15, 8181 

(2023).
 19. Sarmah, D. & Karak, N. Double network hydrophobic starch based amphoteric hydrogel as an effective adsorbent for both cationic 

and anionic dyes. Carbohydr. Polym. 242, 116320 (2020).
 20. Li, J. et al. The role of surface functional groups of pectin and pectin-based materials on the adsorption of heavy metal ions and 

dyes. Carbohydr. Polym. 276, 118789 (2022).

Figure 10.  DAB, NBT and Trypan Blue staining of tobacco leaves under Cd stress for 15 days.



13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15656  | https://doi.org/10.1038/s41598-023-41946-0

www.nature.com/scientificreports/

 21. Tang, S. et al. Construction of physically crosslinked chitosan/sodium alginate/calcium ion double-network hydrogel and its 
application to heavy metal ions removal. Chem. Eng. J. 393, 124728 (2020).

 22. Maciel, D. J., Silva, M. R. & Ferreira, I. L. M. Preparation of a superparamagnetic nanocomposite hydrogel for adsorptive perfor-
mance in the wastewater treatment. J. Appl. Polym. Sci. 136, 47705 (2019).

 23. Qu, P. et al. Urea formaldehyde modified alginate beads with improved stability and enhanced removal of  Pb2+,  Cd2+, and  Cu2+. J. 
Hazard. Mater. 396, 122664 (2020).

 24. Perumal, S. et al. Spherical chitosan/gelatin hydrogel particles for removal of multiple heavy metal ions from wastewater. Ind. Eng. 
Chem. Res. 58, 9900–9907 (2019).

 25. Wu, Z. et al. A facile foaming-polymerization strategy to prepare 3D  MnO2 modified biochar-based porous hydrogels for efficient 
removal of Cd(II) and Pb(II). Chemosphere 239, 124745 (2020).

 26. Hou, X. et al. Controlled release of agrochemicals using pH and redox dual-responsive cellulose nanogels. J. Agric. Food Chem. 
67, 6700–6707 (2019).

 27. Chen, Z. et al. Pyrolysis materials, characteristics of biochar and its application on remediation of heavy metal contaminated soil: 
A review. Ecol. Environ. Sci. 25, 1879–1884 (2016).

 28. Liu, Y. et al. Nano-FeS incorporated into stable lignin hydrogel: A novel strategy for cadmium removal from soil. Environ. Pollut. 
264, 114739 (2020).

 29. El-Naggar, A. et al. Biochar composition-dependent impacts on soil nutrient release, carbon mineralization, and potential envi-
ronmental risk: A review. J. Environ. Manag. 241, 458–467 (2019).

 30. Wang, Huanhuan et al. Research and application of biochar in soil  CO2 emission, fertility, and microorganisms: A sustainable 
solution to solve China’s agricultural straw burning problem. Sustainability 12, 1922 (2020).

 31. Bandara, T. et al. Mechanisms for the removal of Cd(II) and Cu(II) from aqueous solution and mine water by biochars derived 
from agricultural wastes. Chemosphere 254, 126745 (2020).

 32. Liu, K. et al. Simultaneous removal of Cd(II) and As(III) by graphene-like biochar-supported zero-valent iron from irrigation 
waters under aerobic conditions: Synergistic effects and mechanisms. J. Hazard. Mater. 395, 122623 (2020).

 33. Puga, A. P. et al. Biochar application to a contaminated soil reduces the availability and plant uptake of zinc, lead and cadmium. 
J. Environ. Manag. 159, 86–93 (2015).

 34. Houben, D., Evrard, L. & Sonnet, P. Beneficial effects of biochar application to contaminated soils on the bioavailability of Cd, Pb 
and Zn and the biomass production of rapeseed (Brassica napus L.). Biomass Bioenergy 57, 196–204 (2013).

 35. Wang, H. T. et al. The effect of biochar on soil-plant-earthworm-bacteria system in metal(loid) contaminated soil. Environ. Pollut. 
263, 114610 (2020).

 36. Zafar-Ul-Hye, M. et al. Potential role of compost mixed biochar with rhizobacteria in mitigating lead toxicity in spinach. Sci. Rep. 
10, 12159 (2020).

 37. Luo, Y. et al. Selenium modulates the level of auxin to alleviate the toxicity of cadmium in tobacco. Int. J. Mol. Sci. 20, 3772 (2019).
 38. Liu, W. et al. The NtNRAMP1 transporter is involved in cadmium and iron transport in tobacco (Nicotiana tabacum). Plant Physiol. 

Biochem. 173, 59 (2022).
 39. Chen, H. Preparation and properties of salecan-soy protein isolate composite hydrogel induced by thermal treatment and trans-

glutaminase. Int. J. Mol. Sci. 23, 9383 (2022).
 40. Liu, Y. et al. Adsorption behavior of heavy metal ions from aqueous solution onto composite dextran-chitosan macromolecule 

resin adsorbent. Int. J. Biol. Macromol. 141, 738–746 (2019).
 41. Zhang, H. et al. Overexpression of Trx CDSP32 gene promotes chlorophyll synthesis and photosynthetic electron transfer and 

alleviates cadmium-induced photoinhibition of PSII and PSI in tobacco leaves. J. Hazard. Mater. 398, 122899 (2020).
 42. Begum, N., Ahanger, M. A. & Zhang, L. X. AMF inoculation and phosphorus supplementation alleviates drought induced growth 

and photosynthetic decline in Nicotiana tabacum by up-regulating antioxidant metabolism and osmolyte accumulation. Environ. 
Exp. Bot. 176, 104088 (2020).

 43. More, P. et al. The JcWRKY tobacco transgenics showed improved photosynthetic efficiency and wax accumulation during salinity. 
Sci. Rep. 9, 19617 (2019).

 44. Duan, M. et al. Overexpression of thylakoidal ascorbate peroxidase shows enhanced resistance to chilling stress in tomato. J. Plant 
Physiol. 169, 867–877 (2012).

 45. Shi, J. et al. Spermine pretreatment confers dehydration tolerance of citrus in vitro plants via modulation of antioxidative capacity 
and stomatal response. Tree Physiol. 30, 914–922 (2010).

 46. Islam, S. et al. Impaired expression of chloroplast HSP90C chaperone activates plant defense responses with a possible link to a 
disease-symptom-like phenotype. Int. J. Mol. Sci. 21, 4202 (2020).

 47. Afzal, M. Z. et al. Enhancement of ciprofloxacin sorption on chitosan/biochar hydrogel beads. Sci. Total Environ. 639, 560–569 
(2018).

 48. Wang, H. et al. Synthesis and application of starch-stablized Fe-Mn/biochar composites for the removal of lead from water and 
soil. Chemosphere 305, 135494 (2022).

 49. Sadeghi Afjeh, M., Bagheri Marandi, G. & Zohuriaan-Mehr, M. J. Nitrate removal from aqueous solutions by adsorption onto 
hydrogel-rice husk biochar composite. Water Environ. Res. 92, 934–947 (2020).

 50. Zhu, W. et al. Preparation and applications of salt-resistant superabsorbent poly (acrylic acid-acrylamide/fly ash) composite. 
Materials 12, 596 (2019).

 51. Suo, A. et al. Synthesis and properties of carboxymethyl cellulose-graft-poly(acrylic acid-co-acrylamide) as a novel cellulose-based 
superabsorbent. J. Appl. Polym. Sci. 103, 1382–1388 (2010).

 52. Gao, L. Y. et al. Relative distribution of Cd(2+) adsorption mechanisms on biochars derived from rice straw and sewage sludge. 
Bioresour. Technol. 272, 114–122 (2019).

 53. Jafarigol, E., Salehi, M. B. & Mortaheb, H. R. Synergetic effects of additives on structural properties of acrylamide-based hydrogel. 
J. Dispers. Sci. Technol. 42, 910–919 (2020).

 54. Xiao, Z. et al. Adsorptive removal of Cu(II) from aqueous solutions using a novel macroporous bead adsorbent based on poly(vinyl 
alcohol)/sodium alginate/KMnO4 modified biochar. J. Taiwan Inst. Chem. Eng. 102, 110–117 (2019).

 55. Mohamed, A. K. & Mahmoud, M. E. Nanoscale Pisum sativum pods biochar encapsulated starch hydrogel: A novel nanosorbent 
for efficient chromium(VI) ions and naproxen drug removal. Bioresour. Technol. 308, 123263 (2020).

 56. Li, S. & Chen, G. Using hydrogel-biochar composites for enhanced cadmium removal from aqueous media. Mater. Sci. Eng. Int. 
J. https:// doi. org/ 10. 15406/ mseij. 2018. 02. 00073 (2018).

 57. Roy, S. K. et al. Morpho-physiological and proteome level responses to cadmium stress in sorghum. PLoS ONE 11, e0150431 (2016).
 58. Bruno, L. et al. In Arabidopsis thaliana cadmium impact on the growth of primary root by altering SCR expression and auxin-

cytokinin cross-talk. Front. Plant Sci. 8, 1323 (2017).
 59. Jelusic, M., Vodnik, D. & Lestan, D. Revitalization of EDTA-remediated soil by fertilization and soil amendments. Ecol. Eng. 73, 

429–438 (2014).
 60. Rucińska-Sobkowiak, R. Water relations in plants subjected to heavy metal stresses. Acta Physiol. Plant. 38, 1–13 (2016).
 61. Shen, X. et al. Phytoavailability of Cd and Pb in crop straw biochar-amended soil is related to the heavy metal content of both 

biochar and soil. J. Environ. Manag. 168, 245–251 (2016).

https://doi.org/10.15406/mseij.2018.02.00073


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:15656  | https://doi.org/10.1038/s41598-023-41946-0

www.nature.com/scientificreports/

 62. Gálusová, T. et al. Plasticity of soybean stomatal responses to arsenic and cadmium at the whole plant level. Pol. J. Environ. Stud. 
29, 3569–3580 (2020).

 63. Vitória, A. P., Cunha, M. D. & Azevedo, R. A. Ultrastructural changes of radish leaf exposed to cadmium. Environ. Exp. Bot. 58, 
47–52 (2006).

 64. Orcen, N. Stomatal parameters and growth responses of nicotiana and atriplex to Cd, Pb and Cd-Pb-contaminated soil. Fresenius 
Environ. Bull. 26, 6340–6345 (2017).

 65. Daud, M. K. et al. Ultrastructural, metabolic and proteomic changes in leaves of upland cotton in response to cadmium stress. 
Chemosphere 120, 309–320 (2015).

 66. Chen, Q. et al. Hemin-mediated alleviation of zinc, lead and chromium toxicity is associated with elevated photosynthesis, anti-
oxidative capacity; suppressed metal uptake and oxidative stress in rice seedlings. Plant Growth Regul. 81, 253–264 (2016).

 67. Azhar, M. et al. Comparative effectiveness of different biochars and conventional organic materials on growth, photosynthesis and 
cadmium accumulation in cereals. Chemosphere 227, 72–81 (2019).

 68. Choppala, G. et al. Cellular mechanisms in higher plants governing tolerance to cadmium toxicity. Crit. Rev. Plant Sci. 33, 374–391 
(2014).

 69. Dawood, M. et al. Alleviation of aluminum toxicity by hydrogen sulfide is related to elevated ATPase, and suppressed aluminum 
uptake and oxidative stress in barley. J. Hazard. Mater. 209–210, 121–128 (2012).

 70. Zouari, M. et al. Exogenous proline mediates alleviation of cadmium stress by promoting photosynthetic activity, water status and 
antioxidative enzymes activities of young date palm (Phoenix dactylifera L.). Ecotoxicol. Environ. Saf. 128, 100–108 (2016).

 71. Sharma, P. et al. Reactive oxygen species, oxidative damage, and antioxidative defense mechanism in plants under stressful condi-
tions. J. Bot. 2012, 1–26 (2012).

Acknowledgements
This work was supported by China National Tobacco Corporation (110202201041(XJ-12)) and China Tobacco 
Hubei Industry Co., Ltd. (2021JSYL4SX1C008), (2023JSYL4SX1B004).

Author contributions
F.D. and Y.S. initiated this work. W.J. and L.L. designed and conducted the experiment. Y.P., R.W. and C.W. 
analyzed the data and drew tables and figures. Z.Z., J.H., W.F. and H.W. drafted the manuscript. All authors 
approved the manuscript prior to submission.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 41946-0.

Correspondence and requests for materials should be addressed to Y.S. or J.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-41946-0
https://doi.org/10.1038/s41598-023-41946-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A novel biochar-based composite hydrogel for removing heavy metals in water and alleviating cadmium stress in tobacco seedlings
	Materials and methods
	Chemicals. 
	Preparation of biochar. 
	Preparation of composite hydrogel AMCMC. 
	Preparation of composite hydrogel AMCMCB. 
	Characterization. 
	Adsorption of Cd2+ in solution. 
	Determination of biomass and relative water content (RWC) of tobacco. 
	Observation of leaf ultrastructure. 
	Determination of photosynthetic efficiency and SPAD value. 
	Evaluation of oxidative stress markers raw data. 
	In vivo localization and quantification of H2O2 and O2·−. 
	Determination of cell death by trypan blue staining. 
	Statistical analysis. 
	Statement of legality and compliance. 

	Results and discussion
	FTIR analysis of hydrogels. 
	SEM analysis of hydrogels. 
	Adsorption kinetics and pH of solution. 
	Effects of hydrogel on phenotype and root system of tobacco. 
	Effects of hydrogel on leaf stomata of tobacco. 
	Effects of hydrogel on photosynthetic efficiency and SPAD value of tobacco. 
	Effects of hydrogel on MDA, PRO, CAT and POD contents of tobacco.. 
	DAB, NBT and trypan blue staining of tobacco leaves. 

	Conclusion
	References
	Acknowledgements


