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Sulfonylurea herbicides exhibit persistence in alkaline soils, which consequently poses risks to both crops and soil
microbial communities. This study evaluated the efficacy of gelatin/chitosan-immobilized SulE (GLT/CTS-SulE)
for remediating soil contaminated tribenuron-methyl or metsulfuron-methyl, focusing on its phytoremediation
effectiveness and impact on soil microbial dynamics. The results demonstrate that GLT/CTS-SulE effectively
improved multiple growth indicators of maize, including plant height, main root length, fresh weight and root
weight. GLT/CTS-SulE can also effectively maintain the balance of soil microorganisms. It has a mitigating effect
on the inhibition of total phospholipid fatty acid (PLFA) concentration, bacterial PLFA concentration and
Shannon-Wiener index, as well as the promotion of fungal PLFA concentration by sulfonylurea herbicides.
Furthermore, GLT/CTS-SulE demonstrates enhanced remediation capabilities for soil contaminated with
tribenuron-methyl or metsulfuron-methyl in comparison to free SulE. In summary, GLT/CTS-SulE presents a
stable and efficient strategy for enhancing remediation of soils contaminated with sulfonylurea herbicides in situ.

1. Introduction

Sulfonylurea herbicides are extensively utilized in global agriculture
due to their exceptional efficacy, low application rates, and broad-
spectrum weed control [1]. However, under specific environmental
conditions, such as in alkaline soil, these compounds are prone to res-
idue and accumulation [2,3]. Even minimal residues of sulfonylurea
herbicides can lead to significant phytotoxicity in sensitive rotational
crops and disrupt soil microbial communities as well as animal behavior
[4-7]. The long-term biological accumulation of these substances raises
concerns regarding ecological safety and human health [8]. Therefore,
addressing the remediation of agricultural soils contaminated with sul-
fonylurea herbicides remains a critical challenge.

Conventional physical-chemical remediation techniques for the
degradation of sulfonylurea herbicides are often associated with high
costs, complexity, and the potential for secondary contamination [9]. As
a result, environmentally friendly bioremediation approaches have
emerged as promising alternatives, particularly those utilizing
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enzymatic degradation due to their advantages in efficiency and speci-
ficity [10,11]. Esterase SulE is known to specifically hydrolyze the ester
bonds present in sulfonylurea herbicides, leading to the formation of less
toxic acidic metabolites. This characteristic makes it an ideal candidate
for rapid in situ detoxification processes [12]. However, free enzymes
are susceptible to inactivation within complex soil matrices due to fac-
tors such as pH fluctuations, temperature variations, and microbial
proteases [13-16]. Enzyme immobilization technology presents an
effective solution to address these issues [17,18]. Gelatin demonstrates
good biocompatibility while chitosan offers excellent mechanical
strength along with antibacterial properties [19,20]. The cross-linking
of these materials results in a stable three-dimensional network struc-
ture that effectively encapsulates and protects free enzymes. This
enhancement improves enzyme resistance against environmental
stresses encountered in soil conditions, making them outstanding can-
didates for enzyme immobilization materials [21,22]. Consequently, the
immobilization system constructed from gelatin and chitosan
(GLT/CTS), owing to its excellent enzyme-protective capacity and
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environmental adaptability, holds considerable potential for application
in the bioremediation of contaminated soil.

This study employed an environmentally compatible immobilized
enzyme system, specifically gelatin/chitosan-immobilized esterase SulE
(GLT/CTS-SulE). The research focused on evaluating the efficacy of
GLT/CTS-SulE in remediating soil contaminated with sulfonylurea
herbicides. By analyzing physiological indicators of maize, we assessed
its ability to mitigate phytotoxicity. The phospholipid fatty acid (PLFA)
analysis was employed to investigate the dynamic changes of total PLFA
concentration, bacterial PLFA concentration, fungal PLFA concentra-
tion, and the Shannon-Wiener index. This approach aims to elucidate its
role in restoring the ecological balance of microorganisms. This study
aims to provide innovative technological solutions and theoretical
support for the efficient and stable bioremediation of soils contaminated
with sulfonylurea herbicides.

2. Materials and methods
2.1. Materials

Tribenuron-methyl (purity 96.20 %) and metsulfuron-methyl (purity
96.40 %), along with chromatographic reagents and spectroscopic
analysis reagents, were procured from Sigma-Aldrich. The strain
Chenggangzhangella methanolivorans CHL1 was successfully isolated and
preserved in the laboratory.

Chitosan (CTS) was obtained from Zhuoke Biological Technology
Development Co., Ltd. (Guangzhou, China). Gelatin (GLT) was sourced
from Sigma (St. Louis, MO, USA). 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC) was acquired from J&K Chemical
Ltd. (Beijing, China). Genetically modified products were purchased
from TaKaRa Biotechnology (Dalian, China).

2.2. Immobilization of esterase SulE

Expression and purification of esterase SulE, along with the assess-
ment of its enzymatic activity towards tribenuron-methyl or
metsulfuron-methyl, were conducted as outlined by Yang et al. [12]. The
degradation rate was utilized as an indicator of enzymatic activity. One
unit (U) of enzyme activity is defined as the quantity of enzyme neces-
sary to convert 1 pmol of either tribenuron-methyl or
metsulfuron-methyl into its corresponding precursor acid per minute,
using an equivalent amount of heat-inactivated enzyme as a control.

In this study, gelatin (GLT) and chitosan (CTS) were selected as
immobilization carriers, with EDC serving as the cross-linker. An initial
enzyme loading of 4 U was employed, along with a GLT/CTS concen-
tration ratio of 40:1 (w/w), a cross-linking duration of 4 h, and an EDC
volume of 1 mL [23]. Consequently, the immobilized
gelatin/chitosan-immobilized esterase SulE (GLT/CTS-SulE) was suc-
cessfully prepared.

2.3. Soil samples and experimental treatments

The soil samples were collected from an abandoned site in Shenyang,
Liaoning Province, China, and are classified as aquic brown soil. The soil
texture consists of approximately 35 % sand, 50 % silt, and 15 % clay.
Importantly, the soil samples contained no detectable residues of sul-
fonylurea herbicides, ensuring minimal interference with the microcosm
experiments. Its chemical properties include 402.51 mg kg™ available
potassium (K), 53.59 mg kg ! available phosphorus (P), 109.76 mg kg~
available nitrogen (N), and 57.10 g kg™! organic matter, with a con-
ductivity of 204.10 and pH of 8.15.

The soil samples were meticulously homogenized and subsequently
passed through a 2-mm sieve. Subsequently, the soil samples were
categorized into 15 distinct groups, including a control group, soils
contaminated with either low or high concentrations of herbicide, and
these herbicide-contaminated soils supplemented with free SulE or GLT/
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Table 1
Experimental design and treatments.
Treatment Tribenuron- Metsulfuron- Free- GLT/
code methyl (g kg™ methyl (ug kg™ SulE CTS-
() SulE
kgh  (UkgH
CKO 0 0 0 0
CKf 0 0 10 0
CKg 0 0 0 10
MLO 0 4 0 0
MLf 0 4 10 0
MLg 0 4 0 10
MHO 0 20 0 0
MHf 0 20 10 0
MHg 0 20 0 10
TLO 4 0 0 0
TLf 4 0 10 0
TLg 4 0 0 10
THO 8 0 0 0
THf 8 0 10 0
THg 8 0 0 10

“CK” indicates control treatment, “M” indicates metsulfuron-methyl treatment,
“T” indicates tribenuron-methyl treatment, “L” indicates low concentration of
sulfonylurea herbicide treatment, “H” indicates high concentration of sulfonyl-
urea herbicide treatment, “0” indicates without SulE treatment, “f” indicates free
SulE treatment, “g” indicates GLT/CTS-SulE treatment.

CTS-SulE, respectively. More details are presented in Table 1.

2.4. Microcosm experiment

Each treatment consisted of three pots (3 kg soil/pot). The soil
moisture was maintained at 25 % (+5 %) by adding sterilized deionized
water daily. Uniformly sized maize seeds with plump kernels were
selected and sown into the treated soils at a density of 15 seeds per pot.
The pots were incubated at room temperature for 7 days. After the in-
cubation period, several growth parameters were measured: plant
height, root length, fresh weight, and root weight. Soil samples (300 g)
were collected on days 0, 1, 3, 5, and 7 to determine the residues of
tribenuron-methyl or metsulfuron-methyl and the concentrations of
phospholipid fatty acids (PLFAs). The residual concentrations of
tribenuron-methyl or metsulfuron-methyl in soils have been measured
and published, as shown in Supplementary Material Table S1 [23].

2.5. Analysis of soil microbial community structure

PLFA analysis was utilized to characterize the structure of the soil
microbial community [24,25]. The detailed procedure is outlined as
follows: Freeze-dried soil samples (8 g) were placed in culture tubes and
extracted twice with 30.4 mL of extraction buffer composed of chloro-
form, methanol, and citrate buffer (pH = 4) in a ratio of 1:2:0.8 (v/v/v).
The chloroform layer was collected and evaporated under nitrogen gas.
The total lipid extract was then fractionated into neutral lipids, glyco-
lipids, and polar lipids using a Cleanert Silica column. Polar lipids un-
derwent methylation to produce fatty acid methyl esters (FAMEs),
which were subsequently analyzed by gas chromatography (GC) utiliz-
ing the Sherlock system (MIDI Inc., Newark, DE, USA). Fatty acid
quantification was conducted by comparing peak areas against an in-
ternal standard (19:0) [26].

The samples were injected at a split ratio of 30:1, and fatty acids
ranging from 10 to 24 carbon atoms were identified. The total amount of
phospholipid fatty acids (PLFA) was quantified to estimate the overall
microbial biomass. Specific fatty acids used as bacterial markers
included i114:0, i15:0, 15:0, al15:0, i16:0, 16:107, i17:0, al7:0, cy17:0,
17:0, and cy19:0 [27]. Additionally, specific fatty acids 18:2w6 and
18:1w9c served as indicators for fungal biomarkers. The
Shannon-Wiener indices were calculated to evaluate microbial species
richness and evenness [28].
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Fig. 1. The growth parameters of maize under different treatments. Statistically significant differences are indicated by * (P < 0.05), ** (P < 0.01), o
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(P < 0.001). “CK” indicates control treatment, “M” indicates metsulfuron-methyl treatment, “T” indicates tribenuron-methyl treatment, “L” indicates low concen-
tration of sulfonylurea herbicide treatment, “H” indicates high concentration of sulfonylurea herbicide treatment, “0” indicates without SulE treatment, “f” indicates

free SulE treatment, “g” indicates GLT/CTS-SulE treatment.

To minimize potential interference from plant-derived fatty acids,
visible root residues were carefully removed from soil samples prior to
freeze-drying and lipid extraction. In addition, PLFA biomarkers used for
microbial community analysis were restricted to well-established mi-
crobial-specific phospholipid fatty acids, which are considered to have
negligible contributions from higher plants.

107

2.6. Data analysis and statistics

All values are presented as mean =+ standard deviation. The differ-
ences among the variables were evaluated by analysis of variance
(ANOVA), and the differences were tested by least significant difference
(LSD) using SPSS 16.0 (SPSS, Chicago, IL, USA). A P value < 0.05 was
considered statistically significant.
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Table 2
Multivariate analysis of variance by a three-way ANOVA of the total PLFA concentration, bacterial PLFA concentration, fungal PLFA concentration, and Shannon
index.
Herbicide Factor Total PLFA Bacteria Fungi Shannon index
Tribenuron-methyl Treatment 32.015* 40.724%%* 195.476%**
Concentration 368.427 * 200.146%** 654.677
Time 87.704%*+ 208.076%** 82.006%** 524,354%**
Treatment*Concentration 5.589%** 14.359%** 19.486%** 40.746%***
Treatment*Time 7.850 *** 18.481%** 11.371%** 69.126%**
Concentration*Time 34.554 *** 67.206%** 36.034*** 137.105%**
Treatment*Concentration*Time 2.488%* 4.861%** 3.488%** 17.316%%*
Metsulfuron-methyl Treatment 23.210%** * 22.741%%* 125.488%**
Concentration 434.717 < 129.364%** 284.889%#+
Time 73.657%%* 102.644*** 52.847%%* 125.488%*
Treatment*Concentration 10.211%** 15.096%** 31.792%**
Treatment*Time 9.045%* 6.490%* 23.471 %%
Concentration*Time 44,911 %% 25.604%** 43.649%+*
Treatment*Concentration*Time 2.608%*** 3.494 11.349%**

The categorical factors are treatment (without SulE, with free SulE, and with GLT/CTS-SulE), concentration (without sulfonylurea herbicide, low concentration of
sulfonylurea herbicide; high concentration of sulfonylurea herbicide), and time (0, 1, 3, 5, and 7 days). Presented are the F-values with the level of significance

(P < 0.05*, P < 0.01**, and P < 0.001%***).
3. Results and discussion
3.1. Effects of phytodetoxification

After 7 days, the maize growth parameters were measured across all
experimental groups (Fig. 1). Compared with group CKO, the plant
height, fresh weight, main root length, and root weight of maize in
groups TLO, THO, MLO and MHO with added tribenuron-methyl or
metsulfuron-methyl were significantly inhibited (P < 0.05) (Fig. 1A-1D).

Furthermore, the inhibition of root weight by tribenuron-methyl
exhibited a concentration-dependent relationship.  Similarly,
metsulfuron-methyl demonstrated a concentration-dependent inhibi-
tory effect on plant height, root weight, and fresh weight (P < 0.05).
As shown in the Fig. 1E-1H, no significant differences in the growth
parameters of maize were observed following the addition of free SulE or
GLT/CTS-SulE alone (P > 0.05). GLT/CTS-SulE demonstrated a signifi-
cantly superior ability to mitigate the inhibitory effects of herbicides on
maize compared to free SulE. In the low concentration metsulfuron-
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Fig. 2. The total PLFA concentration in soils. Different lowercase letters indicate significant differences among different treatment groups on the same sampling day,
respectively (P < 0.05). “CK” indicates control treatment, “M” indicates metsulfuron-methyl treatment, “T” indicates tribenuron-methyl treatment, “L” indicates low
concentration of sulfonylurea herbicide treatment, “H” indicates high concentration of sulfonylurea herbicide treatment, “0” indicates without SulE treatment, “f”

indicates free SulE treatment, “g” indicates GLT/CTS-SulE treatment.
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Fig. 3. The bacterial PLFA concentration in soils. Different lowercase letters indicate significant differences among different treatment groups on the same sampling
day, respectively (P < 0.05). “CK” indicates control treatment, “M” indicates metsulfuron-methyl treatment, “T” indicates tribenuron-methyl treatment, “L” indicates
low concentration of sulfonylurea herbicide treatment, “H” indicates high concentration of sulfonylurea herbicide treatment, “0” indicates without SulE treatment,

“f” indicates free SulE treatment, “g” indicates GLT/CTS-SulE treatment.

methyl group MLO, GLT/CTS-SulE exhibited detoxification efficiencies
for the plant height, fresh weight, main root length and root weight of
maize of 96.41 %, 24.52 %, 56.82 %, and 21.81 %, respectively. In
contrast, free SulE achieved only 56.33 %, 10.36 %, 38.36 %, and
20.74 % in these parameters. Similarly, a comparable trend was
observed in the high-concentration metsulfuron-methyl treatment
groups MHf and MHg. In the tribenuron-methyl treatment groups TLf,
TLg, THf and THg, the detoxification efficiency of GLT/CTS-SulE for four
parameter indicators of maize ranged from 53.27 % to 96.04 %. This
was significantly higher than that of free SulE (24.93-54.90 %). Overall,
the GLT/CTS-SulE exhibited a superior detoxification capacity across all
maize indicators, particularly with respect to plant height and root
growth. Furthermore, GLT/CTS-SulE alleviated the inhibitory effects on
a broader range of maize growth parameters than free SulE, particularly
under high concentrations of tribenuron-methyl pollution.

The observed improvement in plant growth reflects an overall miti-
gation of herbicide-induced stress in soil plant systems. Although plant
growth parameters provide an integrative indicator of phytotoxicity,
future studies incorporating herbicide residues in plant tissues, antiox-
idant enzyme activities, and photosynthetic characteristics will be
necessary to elucidate the direct physiological mechanisms underlying
enzyme-mediated detoxification.

3.2. Analysis of phospholipid fatty acid (PLFA) concentrations in soils

Three factors of treatment, concentration and time, as well as their
interactions, significantly influenced the total PLFA concentration,
bacterial PLFA concentration, fungal PLFA concentration, and the
Shannon-Wiener index (P < 0.05), as detailed in Table 2. It should be
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noted that PLFA analysis in planted soil systems reflects an integrated
response of soil microorganisms under rhizosphere conditions. Although
strict sample preparation and the use of microbial-specific biomarkers
were applied to minimize plant-derived interference, minor contribu-
tions from root exudates cannot be completely excluded.

3.3. Dynamics of the total PLFA concentration in soils

Free SulE and GLT/CTS-SulE had no significant effect on the total
PLFA concentration in soils (P > 0.05) (Fig. 2A). As illustrated in
Fig. 2B-2E, within 5 days, the total PLFA concentration in soils from
groups TLO, MLO, or THO, MHO with only tribenuron-methyl or
metsulfuron-methyl added was almost completely inhibited.

On day 5 and day 7, the total PLFA concentration in soils of groups
TLf or TLg were significantly higher than that group TLO (P < 0.05) with
no significant difference observed between the two treatment groups
(Fig. 2B). The same result was achieved for the low concentration of
metsulfuron-methyl (Fig. 2C). These results suggest that both free SulE
and GLT/CTS-SulE can mitigate the inhibitory effects of low concen-
trations of tribenuron-methyl or metsulfuron-methyl on the total PLFA
concentration in soils, demonstrating comparable efficacy and nearly
restoring levels to baseline conditions.

In the high concentration groups, only groups THg and MHg
exhibited significantly increased the total PLFA concentration in soils
than groups THO and MHO (P < 0.05) (Fig. 2D, 2E). The findings sug-
gested that GLT/CTS-SulE is more effective than free SulE in mitigating
the inhibitory effect of high concentrations of tribenuron-methyl or
metsulfuron-methyl on the total PLFA concentration in soils. Although a
complete recovery to initial levels was not achieved, the alleviation
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Fig. 4. The fungal PLFA concentration in soils. Different lowercase letters indicate significant differences among different treatment groups on the same sampling
day, respectively (P < 0.05). “CK” indicates control treatment, “M” indicates metsulfuron-methyl treatment, “T” indicates tribenuron-methyl treatment, “L” indicates
low concentration of sulfonylurea herbicide treatment, “H” indicates high concentration of sulfonylurea herbicide treatment, “0” indicates without SulE treatment,

“f” indicates free SulE treatment, “g” indicates GLT/CTS-SulE treatment.

effect was significant. This may be attributed to the enhanced stress
resistance of GLT/CTS-SulE relative to free SulE in practical applications
[29].

3.4. Dynamics of the bacterial PLFA concentration in soils

The results presented in Fig. 3A indicate that neither free SulE nor
GLT/CTS-SulE exerted a significant impact on the bacterial PLFA con-
centration in soils (P > 0.05). The bacterial PLFA concentration in soils
of groups TLO, THO, MLO, MHO decreased continuously within 5 days
(Fig. 3B-3E). This reduction may be attributed to the inhibitory effects of
tribenuron-methyl or metsulfuron-methyl on acetolactate synthase
(ALS) in bacteria, which hinders their ability to synthesize essential
branched-chain amino acids and ultimately leads to a decrease in bac-
terial biomass within the soil [30,31].

Compared to groups TLO and MLO, the bacterial PLFA concentration
in soils of groups TLg and MLg showed significant differences as early as
1 day, whereas groups TLf and MLf required 3 days (P < 0.05) (Fig. 3B,
3C). The results indicated that, compared with free SulE, GLT/CTS-SulE
was more effective than free SulE in mitigating the inhibitory effects of
low-concentration of tribenuron-methyl or metsulfuron-methyl on the
bacterial PLFA concentration in soils. The initial advantage of GLT/CTS-
SulE can be attributed to substrate enrichment, enhanced stability, and
optimized microenvironments. In contrast, the convergence of effects
between free SulE and GLT/CTS-SulE observed in the later stages may
result from diffusion limitations, product accumulation, and irreversible
inhibition, among other factors [32]. As illustrated in Fig. 3B-3E, on day
7, both free SulE and GLT/CTS-SulE significantly mitigated the inhibi-
tory effects of low or high concentrations of tribenuron-methyl and
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metsulfuron-methyl on the bacterial PLFA concentration in soils. How-
ever, no significant difference was observed between the two
treatments.

3.5. Dynamics of fungal PLFA concentration in soils

Neither free SulE nor GLT/CTS-SulE exhibited a significant effect on
the fungal PLFA concentration in soils (P > 0.05) (Fig. 4A). However,
the fungal PLFA concentration in soils from groups TLO, THO, MLO, MHO
increased continuously within 5 days (P < 0.05) (Fig. 4B-4E). It is sug-
gested that tribenuron-methyl or metsulfuron-methyl may enhance the
growth of fungal PLFA concentration in soils by selectively inhibiting
bacterial populations and mitigating the competitive suppression exer-
ted by bacteria on fungi [33].

Compared to group TLO, the fungal PLFA concentration in groups
TLg and TLf had significant differences on days 5 and 7. However, no
obvious distinction was found between the two (Fig. 4B). For the low
concentration of metsulfuron-methyl and the high concentrations of
tribenuron-methyl or metsulfuron-methyl, we obtained consistent re-
sults (Fig. 4C-4E). The results indicated that both free SulE and GLT/
CTS-SulE could mitigate the stimulatory effects of low or high concen-
trations of tribenuron-methyl or metsulfuron-methyl on the fungal PLFA
concentration, thereby contributing to the maintenance of dynamic
balance within the soil community. Further analysis revealed that after
the addition of free SulE and GLT/CTS-SulE, the fungal PLFA concen-
tration in the low concentration groups essentially returned to control
levels. In contrast, while there was no complete recovery in the high
concentration groups, a significant alleviation was observed (P < 0.05).
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Fig. 5. The Shannon-Wiener index in soils. Different lowercase letters indicate significant differences among different treatment groups on the same sampling day,
respectively (P < 0.05). “CK” indicates control treatment, “M” indicates metsulfuron-methyl treatment, “T” indicates tribenuron-methyl treatment, “L” indicates low
concentration of sulfonylurea herbicide treatment, “H” indicates high concentration of sulfonylurea herbicide treatment, “0” indicates without SulE treatment, “f”

indicates free SulE treatment, “g” indicates GLT/CTS-SulE treatment.

3.6. Dynamics of Shannon-Wiener index in soils

The results presented in Fig. 5A indicate that neither free SulE nor
GLT/CTS-SulE significantly affected the Shannon-Wiener index in soils
(P > 0.05). The Shannon-Wiener index in soils of groups TLO, THO, MLO,
MHO consistently decreased within 5 days (Fig. 5B-5E), suggesting that
tribenuron-methyl or metsulfuron-methyl may reduce the Shannon-
Wiener index in soils, thereby simplifying the microbial community
structure and disrupting its dynamic balance [34].

On days 3 and 5, the Shannon-Wiener index in soils of group TLf and
group TLg showed significant differences (P < 0.05) compared to group
TLO (Fig. 5B). Similarly, in soils contaminated with a low concentration
of metsulfuron-methyl, a significant difference was observed on day 5
(P < 0.05) (Fig. 5C). However, on day 7, the Shannon-Wiener index in
soils of groups TLO and MLO demonstrated a tendency to recover,
showing no significant differences (P > 0.05) when compared to other
enzyme treatment groups TLf, MLf, TLg, and MLg (Fig. 5B, 5C). This
result may be due to the dynamic balance of the soil microbial com-
munity itself [35].

On the 7th day, relative to group THO, the Shannon-Wiener index in
soils of groups THf and TLg both showed significant differences
(P < 0.05). However, no significant difference was observed between
these two groups (P > 0.05) (Fig. 5D). Furthermore, similar results were
obtained in soils contaminated with the high concentration of
metsulfuron-methyl (Fig. 5E). The research results indicate that both the
free SulE and GLT/CTS-SulE can significantly mitigate the inhibitory
effect of high concentration tribenuron-methyl or metsulfuron-methyl
on the Shannon-Wiener index in soils, with comparable efficacy
observed for both treatments.
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To further contextualize the performance of GLT/CTS-SulE, we
compared its repair efficacy with that of other reported immobilized
enzyme systems. Immobilized enzymes on single-component or rigid
inorganic carriers often face limited mass transfer, reduced substrate
accessibility, and rapid activity loss under alkaline soil conditions [36,
37]. In contrast, the gelatin/chitosan composite carrier used in this
study provides a biocompatible, porous, and mechanically stable
microenvironment that enhances enzyme stability and preserves cata-
lytic efficiency [38]. This synergy enhances SulE’s resistance to envi-
ronmental stress and prolongs catalytic activity. Chitosan-based
supports and composite hydrogels have been shown to markedly
improve enzyme resistance to pH and temperature stress, enhancing
functional stability relative to free enzymes [39,40]. As a result,
GLT/CTS-SulE exhibits sustained detoxification performance across a
range of herbicide concentrations, outperforming free enzymes and less
robust carriers, particularly under high-stress conditions. This highlights
the advantages of gelatin/chitosan as an immobilization matrix, sup-
porting both enzyme longevity and functional resilience in complex soil
systems.

4. Conclusion

This study demonstrates that the immobilization of esterase SulE on
gelatin/chitosan (GLT/CTS-SulE) effectively remediates soil contami-
nated with sulfonylurea herbicides by simultaneously mitigating
phytotoxicity and restoring the balance of soil microbial communities.
GLT/CTS-SulE has shown superior performance compared to free SulE,
particularly under conditions of high herbicide stress. This highlights
the significant advantages of the immobilization strategy in enhancing
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enzyme efficacy and stability within complex soil environments.

Exposure to tribenuron-methyl or metsulfuron-methyl significantly
inhibited maize height, fresh weight, main root length, and root weight.
The application of GLT/CTS-SulE effectively mitigated this inhibition,
demonstrating a significantly greater efficacy compared to free SulE,
particularly under conditions of high concentration of tribenuron-
methyl or metsulfuron-methyl pollution. Microbial community anal-
ysis revealed that pollution from tribenuron-methyl or metsulfuron-
methyl significantly decreased the total PLFA concentration, bacterial
PLFA concentration and Shannon-Wiener index, while simultaneously
promoting fungal PLFA concentration. The application of GLT/CTS-SulE
effectively sustains the dynamic balance of soil microbial community
structure in soils contaminated with tribenuron-methyl or metsulfuron-
methyl. Furthermore, the inhibitory effect of GLT/CTS-SulE on total
PLFA concentration in soil contaminated by high concentrations of
tribenuron-methyl or metsulfuron-methyl is markedly superior to that
observed with free SulE.

In conclusion, GLT/CTS-SulE represents a reliable and efficient
bioremediation technology strategy for soil contaminated with sulfo-
nylurea herbicides. This approach effectively catalyzes the degradation
of residual herbicides, significantly mitigating their physiological
toxicity to plants while also facilitating the recovery process of soil
microbial communities. Future research should focus on evaluating the
long-term stability and efficacy of GLT/CTS-SulE under field conditions,
as well as exploring its degradation potential against a broader spectrum
of sulfonylurea herbicides.
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