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Abstract 13 

Lanthanum (La(Ⅲ)) is known to alleviate heavy metal stress. However, the bioavailability of inorganic 14 

La(Ⅲ) is limited due to easy oxidization and low absorption. This study synthesized and characterized 15 

the lanthanum(Ⅲ)-amino acid chelate (La(Ⅲ)-AA) from soybean protein isolate (SPI) hydrolysates. 16 

Maximum chelating rate (94.95%) was obtained at mole ratio 1:1.5, pH 8.0, 50 ℃ and 5 h. Glu, Asp and 17 

Pro represent the primary La(Ⅲ)-binding ligands. UV-vis and FTIR demonstrated that amino nitrogen 18 

and carboxyl oxygen participate in metal-ligand recognition. Scanning and Transmission electron 19 

microscopy showed that La(Ⅲ) chelates with amino acids in a core-shell structure of uniform size. Based 20 

on this, putative chemical structure of La(Ⅲ)-AA was suggested. La-AA outperforms inorganic La salts 21 

in growth promotion and Cu detoxification. This study provides a novel La(Ⅲ)-based candidate for crop 22 

protection and advances our knowledge of rare earth-induced amelioration in heavy metal stress. 23 

Keywords Lanthanum; Rare earth; Copper; Amino acid; Chelate; Rice (Oryza sativa) 24 
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Introduction 26 

With the growing concern on the use of the rare earth elements (REE) in agriculture, there are increasing 27 

evidences that REEs can protect plants against abiotic stress, such as salinity stress, cold stress and heavy 28 

metal stress (Gao et al. 2018, Habibi 2017, Lin et al. 2012). Lanthanum (La(Ⅲ)) is a rare earth element 29 

that plays an important role in regulating the growth and development of plants. La(Ⅲ) has positive 30 

effects on seed germination, reactive oxygen species regulation and photosynthesis (Liu et al. 2016a, 31 

Wang et al. 2014, Wen et al. 2011). La(Ⅲ) at proper concentrations was confirmed to increase the Cd-32 

induced activities of ascorbate peroxidase, dehydroascorbate reductase, glutathione reductase, L-33 

galactono-1,4-lactone dehydrogenase, and γ-glutamylcysteine synthetase to improve the Cd tolerance of 34 

maize (Dai et al. 2017). A certain concentration of La(Ⅲ) could also alleviate the adverse effects of salt 35 

stress on soybeans, promote its growth, enhance antioxidant enzyme activity and reduce the 36 

accumulation of malondialdehyde (Zhao et al. 2014). The same result was proven in tomato (Huang 37 

&Shan 2018). However, REEs are easily immobilized by soil due to the formation of insoluble substance 38 

with phosphate ion in soil, therefore the effectiveness of REE is reduced and environmental pollution 39 

may be caused. If the inorganic REE can be converted into organic chelate, the disadvantages of single 40 

REE such as easy oxidation, moisture absorption and low absorption rate can be overcome. 41 

Numerous investigations about complexes and chelates of amino acids and metal have been described 42 

in the literature (Megias et al. 2007, Pal et al. 2019). D Leibler et al. generated the salicylaldehyde copper 43 

amino acid (Sal Cu AA) complexes which were found to bind protein molecules as IMAC resins (Leibler 44 

et al. 1996). In addition, it has been reported that glutamic acid as a primary ligand could form with 45 

copper(II) (Neuman et al. 2012), nickel(II) (Perez et al. 2017), cobalt(II) (Cheng et al. 2007), and zinc(II) 46 

(Dong et al. 2016) metals to make the new metal mixed-ligand complexes. 47 

Soybean protein is a cost-effective resource to produce mixed amino acids in large quantities (Rizzo 48 

&Baroni 2018). It can release abundant active peptides after enzymatic hydrolysis, and the amino acid 49 

and nutritional value are almost completely retained (Friedman &Brandon 2001, Jin et al. 2000). 50 

Moreover, it has been reported that soy protein hydrolysate has the ability of binding calcium and can be 51 

used as a raw material for calcium supplements (Bao et al. 2007). Thus, many studies have been 52 

performed to generate health products e.g., calcium supplements with soybean protein hydrolysates. 53 

However, the chelation of soy protein hydrolysate and La(Ⅲ) has rarely been reported and its effects on 54 

plants remain largely unknown. Therefore, it is interesting to know whether soybean protein produced 55 



high La(Ⅲ)-binding amino acids and to determine the binding mechanism of La(Ⅲ) and amino acids. 56 

This study produced a novel Lanthanum(Ⅲ)-amino acid chelate (La(Ⅲ)-AA) from enzymatic 57 

hydrolysis of soybean protein. Multiple analytical techniques were used with the aim of investigating the 58 

metal-ligand recognition processes. The findings would be of significance in utilizing soybean protein to 59 

produce La(Ⅲ)-AA and open up the possibility of further application of La(Ⅲ)-AA chelates in plant 60 

growth regulation. 61 

Material and methods 62 

Preparation of SPI hydrolysates 63 

SPI was dissolved in deionized water at substrate concentration of 10% (wt/vol). The solutions were 64 

hydrolyzed with serine protease under the following conditions: the enzyme dose was 10% (wt/wt, 65 

defined as enzyme mass/substrate mass x 100%), pH value was 8.0 and temperature was 60 °C. The 66 

hydrolysis process was carried out in a reactor equipped with a stirrer and temperature controller. The 67 

solution was reacted for 5 h and immediately heated in 90 °C water bath for 15 min to inactivate the 68 

proteases. After cooling to room temperature, the enzymatic hydrolysates were centrifuged at 10000 rpm 69 

for 10 min at 4 °C to remove the fiber and other suspended solids. 70 

Degree of hydrolysis 71 

The degree of hydrolysis (DH) was calculated by the pH-stat titration method (Mirzakhani et al. 2018). 72 

The specific method as follows: at the beginning of hydrolysis, the pH value was adjusted to 8.0 with 1 73 

mol/L HCl and kept by 1 mol/L NaOH during the reaction. The amount of NaOH used was recorded and 74 

the DH was calculated according to the following formula. 75 

DH= 𝐵×𝑁𝑏𝛼×𝑚×ℎ𝑡𝑜𝑡 × 100 76 

where B is the amount of NaOH consumed (milliliters). Nb is the molarity of NaOH (mol/L), m is the 77 

mass (grams) of protein, the total number of peptide bonds (htot) in SPI was assumed to be 7.75 mequiv/g 78 

and α is the average degree of dissociation of the α-NH2 groups released during hydrolysis: 79 

α= 10𝑝𝐻−𝑝𝐾
（1+10𝑝𝐻−𝑝𝐾），where pH and pK are the values at which the proteolysis was conducted. 80 

Preparation of mixed amino acids 81 

The solutions were decolorized with activated charcoal under the following conditions: the activated 82 

charcoal dose was 1 g/100 ml, pH value was 3.0 and temperature was 80 ℃. The solution was filtered to 83 

remove insoluble and concentrated to 1/3 to 1/2 volume by the rotary evaporator. Double volume absolute 84 



ethanol was added to the solution. The solution was put in the refrigerator (0-4 °C) overnight. The 85 

insoluble was precipitated and removed by centrifugation at 10000 rpm for 10 min at 4 °C. The 86 

supernatant was purified by 732 cation resin, loaded onto the column at a speed of 2 BV/h and eluted by 87 

3% ammonia water. The eluate was collected for concentration and crystallization, and then amino acid 88 

crystals were obtained. 89 

Before and after decolorization, 5 mL solution was dilute to 25 mL, and the absorbance was measured 90 

at 400 nm with enzyme-labeled instrument (TECAN F50, Infinite, Switzerland) The decolorization rate 91 

was calculated as follows: 92 

decolorization rate (%)= 𝐴0−𝐴1𝐴0 × 100 93 

where A0 is the absorbance of solution before decolorization, A1 is the absorbance of solution after 94 

decolorization. 95 

Preparation of La(Ⅲ)-AA 96 

Mixed amino acids were dissolved in deionized water at 25 °C to give a solution of 0.02 mmol/mL mixed 97 

amino acids. La(NO3)3·6H2O was mixed with amino acid at different mole ratio (La(Ⅲ) : amino acids 98 

were 1:1.0, 1:1.5, 1:2.0, 1:2.5 and 1:3.0, pH was 6, temperature was 90 ℃ and time was 2h). To determine 99 

the effect of pH, temperature and time, the reaction pH was maintained at 5.0, 6.0, 7.0, 8.0 and 9.0 (mole 100 

ratio was 1:2.0, temperature was 90 ℃ and time was 2h), the reaction temperature was maintained at 101 

50 °C, 60 °C, 70 °C, 80 °C and 90 °C (mole ratio was 1:2.0, pH was 6 and time was 2h), the time was 102 

maintained at 1 h, 2 h, 3 h, 4 h and 5 h (mole ratio was 1:2.0, pH was 6 and temperature was 90 ℃), 103 

respectively. The reaction was carried out in a thermostat water bath (HH.S21-4-S, CIMO, China). The 104 

insoluble substance was precipitated and removed by centrifugation at 10000 rpm for 10 min at 4 °C. 105 

The supernatant was concentrated until precipitation appears. Quintuple volume absolute ethanol was 106 

added to the solution to precipitate the unbound ions that eventually made La(Ⅲ)-AA. The chelate was 107 

dried at 50 °C and collected for the determination of La(Ⅲ) binding capacity and structural 108 

characterization. The yield (percent) of La(Ⅲ)-AA was calculated as follows: 109 

yield(%)= 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐿𝑎(Ⅲ)−𝐴𝐴𝑆𝑃𝐼 𝑐𝑜𝑛𝑡𝑒𝑛𝑡+𝐿𝑎(𝑁𝑂3)3·6𝐻2𝑂𝑐𝑜𝑛𝑡𝑒𝑛𝑡 × 100. 110 

To determine the optimal conditions, nine different method according to an L9 (34) orthogonal array  111 

was included in this study and freshly prepared. The reaction temperature, time, mole ratio and pH value 112 

were taken as experimental factors. Each factor had three levels, and the parameter setting was shown in 113 

Online Resource 1. 114 



Analysis of lanthanum(Ⅲ) binding ability 115 

La(Ⅲ) binding activity was determined according to the ethylenediaminetetraacetic acid (EDTA) 116 

titration method of “GB/T 14635-2008 Rare earth metals and their compounds-Determination of total 117 

rare earth contents” (National Standard of the People’s Republic of China) with some modifications. The 118 

La(Ⅲ) binding activity (%) was calculated as follows: 119 

M1=
𝑉×𝐶×𝑉1𝑉2  120 

W=𝑀1𝑀2 × 100 121 

where W is La(Ⅲ) binding activity (%), M1 is molar mass of La(Ⅲ) after chelation (g/mol), M2 is 122 

molar mass of La before chelation (g/mol), C is concentration of EDTA solution (0.02 mol/L), V is 123 

volume of EDTA solution used (mL), V1 is total volume of test solution (mL) and V2 is the volume of 124 

the test solution (10 mL). 125 

Analysis of amino acid composition 126 

The sample (4 mL) was sealed in tubes under nitrogen, incubated at 110 °C for 22 h and diluted to 10 127 

mL. 1 mL solution was evaporated to dryness by nitrogen at 95 ℃, and dissolved by 1 mL 10 mM HCl. 128 

Amino acids were determined after derivatization with amino acid and o-phthalaldehyde (OPA) and 129 

amino acid and fluorene methoxycarbonyl chloride (FMOC) by HPLC, according to the method of 130 

Agilent Technologies Inc. The HPLC system consisted of Agilent 1100 liquid chromatograph with a 131 

DAD detector equipped with a ZORBAX Eclipse AAA (4.6 x 75 mm, 3.5 μm). A binary gradient was 132 

used for elution with a flow of 1.0 mL/min. The solvents used were (A) 40 mM sodium dihydrogen 133 

phosphate (pH 7.8) and (B) acetonitrile/methanol/water (45/45/10). Elution was as follows: time, 0.0-1.0 134 

min; elution with A/B (100/0); 1.0-27.0 min, elution with A/B (46/57); 27.0-40.0 min, elution with A/B 135 

(0:100); 40.0-41.0 min; elution with A/B (100/0). 136 

Ultraviolet−visible spectroscopy (UV−vis) 137 

The chelate was dissolved in deionized water to obtain a concentration of 1 mg/mL. The UV-vis 138 

absorption measurements of the solutions were performed on a UV-visible spectrophotometer (T1901, 139 

Shimadzu, Japan) at room temperature (25 ± 1 °C). Prior to measurement, the baseline was set with 140 

deionized water. The spectra were recorded by scanning the wavelength from 250 to 400 nm with quartz 141 

cuvettes (1 cm). The peak signals in the spectra were analyzed by Origin 9.0 software. 142 

Fourier transform infrared spectroscopy (FTIR) 143 

An FTIR spectrophotometer (Thermo Fisher IS5) was used in the experiment to obtain the FTIR spectra 144 



from mixed amino acid and La(Ⅲ)-AA. All spectra were recorded within a range from 400 to 4000 cm−1 145 

with 4 cm−1 resolution and 32 scans. All measurements were performed in a dry atmosphere at room 146 

temperature (25 ± 1 °C). The results were presented in transmittance units. 147 

Energy dispersive spectroscopy (EDS) and scanning electron microscope (SEM) 148 

The elemental analysis of La(Ⅲ)-AA was measured on an energy dispersive spectroscopy (EDS), which 149 

was performed on a scanning electron microscope (SIGMA HD, Germany). The morphology of La(Ⅲ)-150 

AA was observed on a scanning electron microscope (SEM), which was performed on a scanning 151 

electron microscope (SIGMA HD, Germany). 152 

Transmission electron microscope (TEM) 153 

TEM images were obtained on a Transmission electron microscope (JEM 2100, Japan) operated at an 154 

accelerating voltage of 200 kV. Samples were dispersed by alcohol. 155 

Measurement of rice growth 156 

Rice (Oryza sativa L. subsp. Japonica cv. Suxiang 3) was grown for a period of 14 days under hydroponic 157 

culture. Cu(Ⅱ) stress was simulated by 50 mg/L CuSO4. The rice seedlings were treated by 50 mg/L 158 

CuSO4 and 20 mg/L La(NO3)3-AA or La(NO3)3 solution respectively. The group without Cu(Ⅱ) stress 159 

was used as control. Growth was measured in terms of the quantity of shoot, root and chlorophyll content 160 

1-7 days after treatment. Chlorophyll content was detected by chlorophyll meter (SPAD-502). 161 

Statistical analysis 162 

The experiments were performed in triplicate, and values are expressed as mean ± standard error (SD). 163 

All data were subjected to analysis of variance (ANOVA), and the differences between means were 164 

evaluated by Duncan’s multiple range test. 165 

Results and discussion 166 

Effect of temperature, time, mole ratio and pH on La(Ⅲ) binding capacity 167 

SPI was hydrolyzed by serine protease to form mixed amino acids. These amino acids could combine 168 

with La(Ⅲ) to form chelate (Zhu et al. 2015). However, there were many factors restricting the chelating 169 

effect. It is necessary to further discuss the optimal condition to achieve the high chelating rate. The 170 

La(Ⅲ) binding capacity was chosen as a fundamental parameter for monitoring the chelating reaction. 171 

The effects of temperature, time, mole ratio and pH on La(Ⅲ) binding capacity of mixed amino acids 172 

were shown in Fig. 1. A typical inverted U-shaped curve obtained under experimental conditions showed 173 

the highest La(Ⅲ) binding capacity for the 60 °C (Fig. 1A). Since the chelation was exothermic, 174 



excessively high temperature would limit the reaction per se (Wu et al. 2012). Therefore, when the 175 

temperature was 60-90 °C, it was not conducive to the chelation, resulting in a decrease in the La(Ⅲ) 176 

binding capacity. 177 

 178 

Fig. 1. Effects of different factors on the La(Ⅲ) binding activity. (A) temperature. (B) time. (C) mole 179 

ratio. (D) pH. Results represent the means of three determinations ± standard deviation. Different letters 180 

represent significant differences between the data (P < 0.05). 181 

The mole ratio was an important parameter in chelation and played an important role in the La(Ⅲ) 182 

binding capacity. The content of amino acid was too small to combine with lanthanum(Ⅲ) completely, 183 

too much to still a surplus, which caused unnecessary consumption. When mole ratio was 1:1.5, the 184 

La(Ⅲ) binding capacity reached the maximum value of 63.45% (Fig. 1B). With the increase of mole 185 

ratio, the binding capacity of La(Ⅲ) became lower. 186 

The La(Ⅲ) binding capacity of mixed amino acids gradually increased with time and pH, and reached 187 

maximum values of 88.78% and 93.33%, respectively (Fig. 1 C, D). When the pH was low (5-6), the 188 

solution was acidic and contained a lot of H(Ⅰ). Since H(Ⅰ) and La(Ⅲ) could combine with electron-189 

donating groups, they were in a competitive relationship, which was not conducive to the chelation, 190 

resulting in low chelation rate (Rombach et al. 2002). After comprehensive consideration of economic 191 

factors, the time was chosen as 5 h and the pH was 8. 192 



Based on the La(Ⅲ) binding capacity, orthogonal design (Li et al. 2018) was used to determine the 193 

optimal condition. The result was shown in the Online Resource 2 and the optimum condition was as 194 

follows: La(NO3)3·6H2O was mixed with amino acid at mole ratio of 1:1.5, pH value was 8.0, 195 

temperature was 50 ℃ and time was maintained at 5 h. 196 

UV−visible spectra 197 

The formation of chelate can lead to the appearance of new absorbance peaks or shifting/disappearance 198 

of pre-existing ones (Liu et al. 2013). Fig. 2A showed the UV−vis absorption spectra of the mixed amino 199 

acid and La(Ⅲ)-amino acid chelates (La(Ⅲ)-AA). They did not absorb in the visible region, but in the 200 

near ultraviolet region. The mixed amino acid had a strong absorption peak at 268nm, which arises from 201 

n → π* transition of C=O in the peptide bond (Yu &Fan 2012). Compared to amino acids, the absorption 202 

wavelength of La(Ⅲ)-AA is 273nm and the peak height decreases. The detected decrease in the 203 

absorption and a hypochromatic shift of the absorption maximum showed an interaction between amino 204 

acids and La(Ⅲ), which indicated that the formation of chelate changes the optical absorption 205 

performance of the ligand. 206 

 207 

Fig. 2. (A) UV−vis spectroscopy of mixed amino acid and La(Ⅲ)-AA. (B) SEM–EDS result of La(Ⅲ)-208 

AA. 209 

Energy dispersive spectroscopy and scanning electron microscope 210 

The EDS analytical technique was applied for the elemental analysis and chemical characterization of 211 

La(Ⅲ)-AA. The results prove the presence of carbon, nitrogen, oxygen, sulfur and lanthanum in the 212 

La(Ⅲ)-AA (Fig. 2B), which confirmed an effective binding between La(Ⅲ) and amino acids. After 213 

chelation, due to changes in the electronic structure and chemical bond, the apparent structure would also 214 

change. In Fig. 3A, round-shaped particles (La(Ⅲ) aggregate) were observed with diameter 80-100 nm. 215 



SEM showed that the particles were well-dispersed in the mixed amino acid, and the particle size was 216 

relatively uniform (Fig. 3B). Furthermore, there were almost no voids caused by particle shedding in the 217 

material section. This indicated that there was a good interfacial combination between La(Ⅲ) and amino 218 

acid. 219 

Fig. 3. SEM images (A 2 μm, B 10 μm) and TEM images (C 50 nm, D 100nm) of La(Ⅲ)-AA. 220 

Transmission electron microscope 221 

Particle size is a crucial parameter determining particle properties(Wang et al. 2016). To investigate the 222 

morphologies of the La(Ⅲ)-AA, TEM test was carried out. As shown in Fig. 3 (C,D), the particles were 223 

uniform and complete, and the partial agglomeration of the particles may be caused by the lack of 224 

uniform dispersion during preparation. From the density and color depth, it could be seen that the material 225 

presents an obvious core-shell type morphology (Zhang et al. 2007), the darker part was La(Ⅲ) aggregate. 226 

The aggregate was surrounded by a semitransparent layer (amino acid), appears approximate spherical 227 

in shape with a mean diameter in the range of 60-80 nm. This proved that amino acids successfully bind 228 

to the surface of La(Ⅲ). 229 

Fourier transform infrared spectroscopy 230 

Fig. 4 showed the IR spectrum of mixed amino acid and La(Ⅲ)-AA. In the spectra of mixed amino acid, 231 

a strong feature at 3019 cm-1 was dominant, which was attributed to a N-H stretching vibration and 232 

moved to 2987 cm-1 in La(Ⅲ)-AA. The characteristic absorption peak of C=O in mixed amino acid was 233 



1691 cm-1, and moved to 1625 cm-1 after chelating with La(Ⅲ). The absorption peak of COO- in mixed 234 

amino acid were 1643 cm-1, 1421 cm-1, 1358 cm-1, and moved to 1594 cm-1, 1410 cm-1, 1349 cm-1 after 235 

chelating with La(Ⅲ). In the low-wavenumber region of spectrum, several obvious features were 236 

observed, which were attributed to the vibration of C-O and C-N. The results of IR analysis showed that 237 

N and O atoms formed coordination bonds with La(Ⅲ) and participated in the formation of chelates. 238 

 239 

Fig. 4. FTIR spectra of mixed amino acid and La(Ⅲ)-AA. (A) mixed amino acid, (B) La(Ⅲ)-AA. 240 

Amino acid analysis 241 

Table 1 showed amino acid composition of SPI Hydrolysates and La(Ⅲ)-AA. There were 17 kinds of 242 

amino acids in the hydrolysate. Amino acids derived from hydrolysis of SPI showed the highest content 243 

in glutamate, representing 17.52% of total amino acids. After chelation, the highest proportion of amino 244 

acids was still glutamate (12.72%). A total of 12 types of amino acids account for more than 5%, and the 245 

content of proline increased from 5.71% to 10.26%. 246 

Table 1. Percent Amino Acid Composition of SPI Hydrolysates and La(Ⅲ)-AA 247 

 SPI Hydrolysates La(Ⅲ)-AA 



 μmol/ml mg/ml % μmol/ml mg/ml % 

Asp 6.60  0.88  11.30  2.22  0.30  8.38  

Glu 10.24  1.51  17.52  3.37  0.50  12.72  

Ser 3.93  0.41  6.72  1.60  0.17  6.05  

His 0.89  0.14  1.52  0.71  0.11  2.68  

Gly 3.57  0.27  6.10  1.95  0.15  7.36  

Thr 2.78  0.33  4.76  0.99  0.12  3.73  

Arg 2.85  0.50  4.87  1.45  0.25  5.46  

Ala 3.68  0.33  6.30  1.71  0.15  6.45  

Tyr 1.61  0.29  2.76  0.04  0.01  0.14  

Cys 3.94  0.48  6.74  1.59  0.19  6.01  

Val 2.91  0.34  4.99  1.42  0.17  5.37  

Met 0.00  0.00  0.00  0.00  0.00  0.00  

Phe 2.66  0.44  4.56  1.61  0.27  6.08  

Ile 2.49  0.33  4.26  1.19  0.16  4.50  

Leu 4.76  0.62  8.14  2.38  0.31  8.98  

Lys 2.20  0.32  3.76  1.54  0.23  5.82  

Pro 3.34  0.38  5.71  2.72  0.31  10.26  

Total 58.44  7.57  100.00  26.47  3.38  100.00  

 248 

Estimated chemical structure of La(Ⅲ)-AA 249 

The results of FTIR and amino acid analysis showed that N atom of amino group and O atom of carboxyl 250 

group could combine with La(Ⅲ). In addition, comparing the structure of 12 dominating amino acids 251 

(account for more than 5%), we found that there was a common structure (2-α-aminoacetate group) on 252 

these 12 amino acids. According to the study of Mautner et al., chelated La(Ⅲ) might have eight 253 

coordination number (Mautner et al. 2020). Based on these, there might be a general structure for the 254 

chelation of amino acids with La(Ⅲ). The possible configuration of La(Ⅲ)-AA was plotted by Chem 255 

draw 18.1 (Fig. 5). In Fig. 5A, amino acids combined with La(Ⅲ) to form a stable five-membered ring 256 

structure, which was consistent with the spatial structure of amino acids. N atom of amino group and O 257 

atom of carboxyl group formed coordination bonds with La(Ⅲ), and R represented amino acid residue. 258 



For the glutamate (the highest content), we speculated two possible configurations. In the process of 259 

coordination with La(Ⅲ), 4 glutamate were mainly chelated with La(Ⅲ). In Fig. 5B, since the carboxyl 260 

group at both ends of the glutamate chain were separated by several C atoms, the O atom of carboxyl 261 

group were more likely to bind to La(Ⅲ). And in Fig. 5C, N and O atoms combined with La(Ⅲ).  262 

263 

Fig. 5. Estimated chemical structure of La(Ⅲ)-AA. (A) General structure of La(Ⅲ)-AA; (B) The first 264 

speculative structure of La(Ⅲ)-Glu; (C) The second speculative structure of La(Ⅲ)-Glu. 265 

In summary, UV-vis and FTIR spectra of mixed amino acid and La(Ⅲ)-AA showed that after amino 266 

acid was combined with La(Ⅲ), the characteristic absorption peak was clearly shifted, indicating that 267 

amino acid had a reaction with La(Ⅲ). C=O and COO- wavenumbers were displaced, indicating that 268 

amino nitrogen atoms and oxygen atoms were involved in complexation. Furthermore, La(Ⅲ) aggregate 269 

was well-dispersed in the mixed amino acid in the SEM and TEM experiment, which was also a good 270 

proof of the formation of chelates. Finally, the general configuration of La(Ⅲ)-AA and two 271 

configurations of La(Ⅲ)-Glu were speculated based on amino acid analysis and FTIR. 272 

Measurement of rice growth 273 

We first evaluated the effect of La(NO3)3 and La(Ⅲ)-AA chelates on growth of rice under Cu(Ⅱ) stress 274 

(Fig. 6). Rice exposed to Cu(Ⅱ) resulted in toxicity symptoms such as stunted growth and chlorosis in 275 

leaves. Compared to control group, plant growth indices were all hindered by 50 mg/L Cu(Ⅱ) stress. At 276 

7 days, leaf length, root length and chlorophyll content were inhibited by 39.95%, 46.77% and 47.83%, 277 

respectively. A series of studies published within the last two decades demonstrated a substantial and 278 

significant occurrence of La-induced hormesis in plants, which stimulate the growth, and enhance the 279 

tolerance to heavy metal stress (Agathokleous et al. 2018, Liu et al. 2016b, Wang et al. 2012). The leaf 280 

length subjected to the 20 mg/L La(Ⅲ)-AA was significantly higher vs. other treatments in leaves (Fig. 281 

6B). La(NO3)3 even aggravated the toxicity of Cu(Ⅱ). As showed in Fig. 6C, compared to Cu(Ⅱ) stress, 282 

20 mg/L La(Ⅲ)-AA significantly increased the root length by 32.55%, whereas La(NO3)3 increased 283 



17.66%. In Fig. 6D, La(Ⅲ)-AA performed better than La(NO3)3 in chlorophyll content, indicating that 284 

La(Ⅲ)-AA might alleviate the severe oxidative damage induced by Cu(Ⅱ) in leaf cell. Based on this, we 285 

suggested that appropriate La(Ⅲ)-AA could be used as an additive of agricultural fertilizer to protect the 286 

plant growth. 287 

 288 

Fig. 6. Effects of La(NO3)3 and La(Ⅲ)-AA on growth indices of Cu(II)-stressed rice seedlings. (A) 289 

Cu(II)-stressed rice seedlings with La(NO3)3 or La(Ⅲ)-AA treatment; (B) Leaf length; (C) Root length; 290 

(D) Chlorophyll content 291 

Conclusion 292 

This study synthesized a Lanthanum-amino acid complex from enzymatic hydrolysis of soybean protein. 293 

Primary La(Ⅲ)-binding ligands were determined and chemical structure of La(Ⅲ)-AA was speculated. 294 

Relative to La(NO3)3, the La(Ⅲ)-AA could more effectively ameliorate Cu stress in rice. Therefore, this 295 

study has provided a novel candidate of REE-based fertilizer for crop protection. The findings will open 296 

up the possibility of application of La(Ⅲ)-AA chelates in crop protection, and also will advance our 297 

knowledge of REE-induced amelioration in heavy metal stress. 298 
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Figures

Figure 1

Effects of different factors on the La() binding activity. (A) temperature. (B) time. (C) mole ratio. (D) pH.
Results represent the means of three determinations ± standard deviation. Different letters represent
signi�cant differences between the data (P < 0.05).



Figure 2

(A) UV−vis spectroscopy of mixed amino acid and La()-AA. (B) SEM–EDS result of La()-AA.

Figure 3



SEM images (A 2 μm, B 10 μm) and TEM images (C 50 nm, D 100nm) of La()-AA.

Figure 4

FTIR spectra of mixed amino acid and La()-AA. (A) mixed amino acid, (B) La()-AA.



Figure 5

Estimated chemical structure of La()-AA. (A) General structure of La()-AA; (B) The �rst speculative
structure of La()-Glu; (C) The second speculative structure of La()-Glu.



Figure 6

Effects of La(NO3)3 and La()-AA on growth indices of Cu(II)-stressed rice seedlings. (A) Cu(II)-stressed
rice seedlings with La(NO3)3 or La()-AA treatment; (B) Leaf length; (C) Root length; (D) Chlorophyll
content
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