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Abstract

Secretion and long-term accumulation of phenolic acid allelopathic substances are critical factors decreasing yield

in continuous capsicum cropping systems. However, there are limited effective technologies and methods for remov-
ing these substances. In this study, biochar (BC) with ultrahigh specific surface area and pore volume was prepared
via K,CO; etching, called carbonate-modified biochar (CBC). Then, it was loaded with horseradish peroxidase (HRP)
under glutaraldehyde crosslinking conditions to form HRP-CBC. The maximum loading capacity of HRP reached
31146 U g~'. Under various factors, the degradation efficiency of allelopathic substances such as ferulic acid followed
the order HRP—CBC > HRP-BC > HRP, indicating that the combination of alkaline etching and enzyme immobilization
enhances ferulic acid degradation. At a HRP—CBC dose of 2 U mL™" and pH 7, the degradation of 20 mg L™' ferulic acid
was achieved within 6 h. Furthermore, this method demonstrated excellent degradation performance against muilti-
ple phenolic acid compounds responsible for yield reduction in continuous chili pepper cropping systems. HRP—CBC
exhibited superior stability, enhanced stress resistance, and broad application potential. The inhibitory effect of ferulic
acid on chili seed germination disappeared after degradation by immobilized HRP. Liquid chromatography-mass
spectrometry and ecotoxicity analyses confirmed that HRP-CBC degraded ferulic acid into less toxic small organic
molecules through a free radical-mediated mechanism. Therefore, a modified biochar immobilized with HRP offers

a promising strategy for removing phenolic acid allelopathic substances from continuous cropping systems.

Highlights

- K,CO5-etched biochar achieved a maximum horseradish peroxidase loading of 311.46 Ug™".
- Horseradish peroxidase removed/degraded ferulic acid and phenolic acids.
- Modified biochar-immobilized horseradish peroxidase offers a new solution to phenolic autotoxicity.
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Graphical Abstract
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1 Introduction

Capsicum (pepper) is among the most significant global
vegetable, possessing relatively high nutritional and
economic values. Constraints on arable land availabil-
ity, coupled with strong market demand, have resulted
in widespread use of consecutive cropping practices for
pepper. Continuous cultivation for > 20 years can severely
inhibit pepper growth and even result in plant death
(Chen et al. 2021a, b; Mao et al. 2020). For capsicum,
self-toxic substances produced by the root system, such
as ferulic acid, p-hydroxybenzoic acid, vanillic acid, cin-
namic acid, and coumaric acid, are key obstacles to con-
secutive cropping (Jia et al. 2024; Wang et al. 2019; Yin
et al. 2024). These substances progressively accumulate
in soil, inhibiting cell division, suppressing related gene
expression, reducing plant hormone levels and activ-
ity, and impeding water and nutrient absorption by the
root system (Wang et al. 2023). Moreover, among these
substances, the concentration of ferulic acid in soil is
relatively high, approximately 7.44 pg g™ (Chen et al.
2020a, b). Currently, three primary approaches exist for
managing these self-toxic substances: physical, chemical,
and biological methods. While the first two approaches
require considerable energy and may cause secondary
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pollution, biological methods offer advantages such as
effectiveness, practicality, and environmental friendli-
ness. Biological control primarily involves the use of bio-
control bacteria or enzyme preparations; however, the
processes of screening suitable biocontrol bacteria are
complex, and their performance is often limited under
extreme environmental conditions (Bao et al. 2022). Con-
sequently, a significant research gap remains in the deg-
radation of ferulic acid autotoxins, which necessitates the
development of targeted and widely adaptable enzyme-
based biocontrol technologies for efficient degradation
of these self-toxic substances, particularly true for ferulic
acid.

Enzymes serve as critical catalysts in biological sys-
tems. Compared with traditional inorganic catalysts,
enzymes exhibit advantages such as biodegradability,
specificity, low toxicity, mild reaction conditions, and
environmental friendliness (Adeel et al. 2018; Cuprys
et al. 2020). Among oxidases such as lignin peroxidase
(LiP), manganese peroxidase, laccase, and horseradish
peroxidase (HRP), LiP has poor temperature stability
and is prone to inactivation (Biko et al. 2020). Further-
more, manganese peroxidase has a high production cost
and is not suitable for large-scale applications. Laccase
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relies on a copper ion active center and has a weak oxi-
dation capacity (Bhardwaj et al. 2022). HRP consists of
an enzyme protein and iron porphyrin prosthetic group,
with a molecular weight of approximately 40,000 Da.
HRP utilizes hydrogen peroxide (H,0,) as the electron
acceptor in the following catalytic mechanism: H,0, is
efficiently decomposed through the Fe(III)/Fe(IV) cycle
at the active center. The generated -RO radicals can not
only trigger the self-polymerization of pollutants (form-
ing covalent coupling products with C-C, C-O-C, or
C=C bonds) but also directly mineralize small organic
molecules via electron transfer (Morsi et al. 2020). HRP
exhibits considerable potential for degrading organic
pollutants, including phenols, dyes, and pharmaceuti-
cals, with remarkably high catalytic efficiency (Aldhahri
et al. 2021; Bilal et al. 2022; B. Chen et al. 2021a, b), For
instance, within 60 min, the degradation rate of phenol
reaches 85.3% (Li et al. 2024), and with a H,0O, concen-
tration of 13.4 mM, the removal rate of 2-methyl-6-eth-
ylbenzidine reaches up to 97.6% (Shen et al. 2019).

The catalytic activity of free HRP is affected by pH,
temperature, storage time and temperature, and reus-
ability. Immobilized HRP can enhance stability and tol-
erance, preserve enzyme activity and reusability, and
reduce application costs (Zdarta et al. 2019). Crosslink-
ing is a key method for enzyme immobilization, whereby
enzymes are combined with the functional groups on
carriers to form stable covalent bonds. This approach
allows for high enzyme loading, low leakage rates, strong
environmental adaptability, and improved performance
(Silva et al. 2022). However, the carrier choice consider-
ably affects the enzyme’s loading efficiency and stability.
Common carriers, such as calcium alginate, chitosan, and
nanoparticles, often require complex preparation pro-
cesses (Bilal and Igbal 2019; Zdarta et al. 2018). Biochar
(BC) is an efficient, cost-effective, and environmentally
friendly material with (i) a rich porous structure and high
specific surface area that provide sufficient loading sites
for enzymes, (ii) oxygen-containing surface functional
groups (e.g., carboxyl and hydroxyl groups) that allow
for formation of stable covalent bonds with enzymes,
and (iii) good chemical stability and biocompatibility
that effectively protect enzyme activity and improve the
physical and chemical properties of soil (Wang et al.
2024). In addition, BC exerts a mitigating effect on soils
under continuous crops (Cao et al. 2022; Feng et al. 2024;
Han et al. 2019). Moreover, its surface morphology can
be further optimized through acid—base modification or
molten salt methods to enhance enzyme loading capac-
ity (Wang et al. 2022). In particular, alkali modification
can substantially increase its specific surface area and
oxygen-containing functional groups compared with acid
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modification and molten salt methods (Liu et al. 2020;
Zeng et al. 2023).

Continuous cropping is a major challenge to the sus-
tainable development of the pepper industry, as the
core issue lies in the continuous accumulation of phe-
nolic acid autotoxic substances in soil. To address this
problem, this study hypothesized that alkaline etching
can considerably increase the specific surface area and
the number of active sites of BC, effectively enhanc-
ing HRP immobilization. Furthermore, the immobi-
lized HRP system constructed based on glutaraldehyde
crosslinking exhibited superior catalytic performance
compared with free enzymes, including a wider pH/
temperature adaptation range and an efficient degrada-
tion ability for phenolic acid substances such as ferulic
acid. Additionally, the immobilized HRP-CBC system
considerably reduced the accumulation of toxic inter-
mediate products via enzyme-carrier synergy and
maintained stable degradation activity during repeated
use. This research thus proposes an efficient and stable
new strategy for enzyme immobilization to address the
continuous cropping obstacle of pepper.

2 Materials and methods

2.1 Materials

Tobacco stems were obtained from a tobacco-growing
area in Yunnan Province, China. HRP (>250 units mg™?),
ferulic acid (FA; 99%), and disodium hydrogen phosphate
(Na,HPO,; 99.99%) were obtained from Shanghai Alad-
din Bio-Chem Technology Co., Ltd. Potassium hydrox-
ide (KOH; 99.99%), potassium citrate (CsHK;0,; 98%),
potassium carbonate (K,COg; 99%), sodium dihydrogen
phosphate (NaH,PO,; 99%), glutaraldehyde (GA; 50%
H,0), Coomassie Brilliant Blue G250, 4-aminophena-
zone (4-AAP; 98%), phenol (C;HO; 99.6%), vanillic acid
(HVA; 98%), cinnamic acid (TC; 99%), coumalic acid
(CA; 97%), and p-hydroxybenzoic acid (HBA; 99.5%)
were provided by Shanghai Maclin Biochemical Co., Ltd.
Methanol (CH;OH; high-performance liquid chromatog-
raphy (HPLC) grade) was provided by Merck, Germany.
H,0, (30%) and nitric acid (HNOg; 85%) were provided
by China National Pharmaceutical Group Chemical Rea-
gent Co., Ltd. Deionized water (Merck Millipore Milli-Q
EQ 7008) was used in all experiments.

2.2 Preparation and stability testing of immobilized
enzyme materials
2.2.1 Preparation, functionalization and enzyme
immobilization of modified biochar
Tobacco stems were air-dried, ground, and sieved before
being heated in a muffle furnace to produce BC. Subse-
quently, BC was (i) soaked in a K,COj solution, (ii) dried,
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and (iii) calcined in a muffle furnace for 2 h, followed by
washing to obtain carbonate-modified BC (CBC). BCs
prepared by replacing K,CO; with KOH and C,H:K;0,
were named potassium hydroxide-modified BC (KBC)
and potassium citrate-modified BC (NBC), respectively.
Furthermore, BC was (i) immersed in HNO,, (ii) washed,
(iii) dried, and (iv) incubated in phosphate-buffered saline
for 24 h. Thereafter, an equal volume of GA was added for
crosslinking, followed by thorough washing and drying
(Petronijevi¢ et al. 2021a). The resulting BC was mixed with
HRP and dried at room temperature to produce HRP-BC.
The enzymes immobilized on CBC, KBC, and NBC were
designated as HRP-CBC, HRP-KBC, and HRP-NBC,
respectively. Detailed preparation procedures are provided
in Supplementary File S1.

2.2.2 Enzyme loading and enzyme activity tests
of the immobilized enzymes

The total protein content of immobilized enzymes was
quantified using the Coomassie Brilliant Blue method
(Chen et al. 2024), The HRP concentration in the solution
before and after immobilization was measured at 595 nm
using an ultraviolet-visible spectrophotometer (TU-1810D,
China). The loading capacity of the immobilized enzyme
was calculated using Eq. (1). Enzyme activity was defined as
the amount of HRP required to decompose 1 pmol of H,O,
per min under standard conditions. For activity assays,
0.1 mL of free HRP or 25 mg of immobilized HRP was
added to a mixture containing 1.4 mL of 4-AAP solution
and 1.5 mL of H,O, solution. The reaction time was set to 1
min for free HRP and 5 min for immobilized HRP. Absorb-
ance was recorded at 510 nm, and the enzyme activities
of free HRP and immobilized HRP were calculated using
Eq. (2) (Besharat et al., 2018). The maximum activity of free
HRP and immobilized HRP was normalized to 100%, and
the relative enzyme activity under other conditions was
calculated by comparing their respective activities with this
reference value using Eq. (3).

_ (Co—Cov

Q x 100% (1)

Esiox V

E tivity (U =
nzyme activity (U/mg) 8 x M < T

()

Relative enzyme activity (%) = x 100% (3)

max
In the aforementioned equations, g denotes the
enzyme loading capacity (mg g™*), C, is the initial con-
centration of the enzyme solution (mg mL™"), C, is the
enzyme concentration in the solution after immobiliza-
tion (mg mL™"), v is the volume of the solution (mL), # is
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the mass of the material (g), Eg;, is the change in absorb-
ance at 510 nm, V'is the reaction volume of the solution
(mL), M is the mass of the enzyme (mg), T is the reaction
time (min), A is the enzyme activity (U mg™), and 4,,,,
is the maximum enzyme activity of free HRP or immobi-
lized HRP.

2.2.3 Determination of the kinetic constants for HRP

and HRP-CBC
The kinetic parameters, Michaelis—Menten constant
(K,,,), and maximum reaction velocity (V,,,.) of free HRP
and immobilized HRP were determined by varying the
H,0, concentration (0.1-5.0 mM) and measuring the
enzymatic activity. These parameters were calculated
using the Michaelis—Menten model and Lineweaver—
Burk linearization.

1 Ky 1 1

P X — +
Voo Vimax [S]

Vmax

In the aforementioned formula, V/, is the initial rate of
the reaction (mM min™}), V ax is the maximum rate of
the reaction (mM min™?), K, is the Michaelis constant
(mM), and /S] is the initial ABTS concentration (mM).

2.2.4 Determination of the stability of inmobilized enzymes
The enzymatic activities of free and immobilized HRP in
50 mM PBS buffer were analyzed at various pH levels (3,
4, 5, 6, 7, and 8) and temperatures (20 °C, 30 °C, 40 °C,
50 °C, 60 °C, and 70 °C) to evaluate their pH and thermal
stability. Free HRP and immobilized HRP were stored at
4 °C and 25 °C for 30 days, and enzymatic activity was
measured every 5 d to assess long-term storage stability.
The enzymatic activity of immobilized HRP was deter-
mined after seven consecutive uses to evaluate its recy-
clability (Jing et al. 2025).

2.3 Determination of the degradation rates of autotoxic
substances

2.3.1 Degradation of autotoxic substances

A series of FA solutions (3 mL) with specific concentra-
tions was prepared. Then, a defined amount of immo-
bilized HRP or an equivalent amount of free HRP was
added to each solution. The effects of pH (5.0-8.0), solu-
tion temperature (25-55 °C), initial FA concentration
(20-70 mg L™!), material dosage (1-10 U mL™!), H,0,
concentration [c(H,0,):c(FA) ratio: 0.15-1.0], and reac-
tion time (1-24 h) on FA degradation were systematically
investigated. In all experiments, only one parameter was
varied, while the other parameters were kept constant.
Each experiment was repeated three times to ensure
reliability. In the cyclic degradation test of 20 mg L™! FA
using immobilized HRP, the supernatant was collected
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at the end of each cycle and filtered through a 0.22 pm
membrane to determine the FA removal efficiency. The
immobilized HRP was rinsed twice with 50 mM PBS (pH
7.0) and reused in the subsequent cycle. For the degra-
dation of multiple phenolic acid autotoxic substances,
3 mL of HVA, TC, CA, and HBA solutions (concentra-
tion=20 mg L) were prepared. Both 2 U mL™! of free
HRP and an equivalent amount of immobilized HRP
were added separately. The mixtures were incubated at
30 °C for 2 h under shaking at 180 rpm for 2 h. Subse-
quently, the supernatants were collected and filtered
through a 0.22 pm membrane. The removal rates were
quantified via HPLC (HPLC-Agilent 1260, USA). Addi-
tionally, the mineralization degree of FA was analyzed
using a total organic carbon (TOC) analyzer (Shimadzu
TOC-L, Japan).

2.3.2 Capsicum seed germination experiment

Plump and uniformly sized capsicum seeds were
selected, soaked in a 3% sodium hypochlorite solution
for 5 min and rinsed five times with distilled water. Three
layers of qualitative filter paper were placed flat in each
Petri dish, and 30 seeds were evenly distributed on itthe
paper. Subsequently, 5 mL of FA solution (20 mg L™' FA
solution) was added to each dish; then, the dishes were
covered and placed in an incubator at 30 °C for 10 days.
The filter paper was kept moist during the seed germina-
tion period. The germination rate was calculated when
the seedlings reached 1 mm in length, and root lengths
were measured. Germination tests were simultaneously
conducted using FA solutions treated with immobilized
HRP for 6 h, with distilled water serving as the control.
All treatments were repeated three times. The concentra-
tion of exogenous FA added to the soil was 20 mg L™%. On
the 7th, 9th, and 11th days, the supernatant was extracted
with NaOH and the pH was adjusted to 2.8. The solution
was then filtered through a 0.22 pum filter membrane and
analyzed via HPLC (HPLC-Agilent 1260, USA).

2.4 Material characterization and elucidation
of degradation pathways and mechanisms

The N, adsorption—desorption isotherms at 77 K liquid
nitrogen were measured using a fully automatic specific
surface area and porosity analyzer (BET Micromeritics
ASAP 2460 USA) to determine the specific surface area
and pore size of the material. The surface morphology
of the material was observed via field-emission scanning
electron microscopy (SEM; Zeiss Gemini 300 Germany)
and the surface element distribution was analyzed via
energy dispersive spectrometry (EDS; Zeiss Gemini 300
Germany). Electron spin resonance (ESR) spectra were
recorded at 3460-3560 G using an electron spin reso-
nance spectrometer (Bruker EMXplus-6/1, Germany).
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The surface functional groups of the material were ana-
lyzed via Fourier transform infrared (FTIR) spectroscopy
(Thermo Fisher Nicolet iN10). Degradation intermedi-
ates were tested via HPLC-coupled with quadrupole
time-of-flight mass spectrometry (Agilent 1290-6550).
The toxicity of FA and its intermediates was evaluated
using the ECOSAR software.

2.5 Data processing and statistical analysis

Data and graphs were processed using Excel 2021 and
Origin 2021, respectively. Data are presented as the
mean +standard error of three replicates. One-way
ANOVA was used to compare the differences among dif-
ferent treatment groups. If significant differences were
found among the groups (p<0.05), post hoc multiple
comparisons were conducted using the least significant
difference method and the Waller—Duncan method. Cap-
ital letters (A, B, and C) indicate significant differences
among different treatment groups of the same mate-
rial, while lowercase letters (a, b, ¢) indicate significant
differences among different materials under the same
conditions. All data were tested for normal distribution
and homogeneity of variance before analysis. If the data
did not meet the conditions for parametric tests, the
Kruskal-Wallis non-parametric test was used . All statis-
tical analyses were performed using DMASA 2024 soft-
ware, and the statistical significance level was set at 0.05.
The ecological toxicity of FA and its intermediate prod-
ucts was evaluated using ECOSAR software.

3 Results and discussion
3.1 Physicochemical characteristics of horseradish
peroxidase immobilized on modified biochar

The impacts of three types of alkali etching on the sur-
face morphology of BC are presented in Table S1. The
specific surface area exhibited a decreasing trend as fol-
lows: CBC>NBC>KBC>BC. Notably, CBC had the
largest pore diameter and volume. This can be attributed
to the reaction of K* with the glycosidic bonds in cel-
lulose polysaccharide units at high temperatures, along
with the gas expansion effect caused by CO, and CO
generated from CO,*~ (Ji et al. 2021; Zhao et al. 2024).
After alkali treatment, the adsorption—desorption iso-
therms of BC transitioned from Type I to Type IV with
an H4 hysteresis loop (Fig. 1a). The pore diameters of
the three alkali-modified BCs corresponded to those of
microporous and mesoporous materials (Fig. 1b). After
immobilization, the pore diameter increased from 2.1 to
4.0 nm. HRP was selectively adsorbed at the entrance or
on the outer surface of the micropores through noncova-
lent forces such as electrostatic adsorption, hydrophobic
interactions, and hydrogen bonding, which might cause
HRP to cover the micropore openings, thereby blocking
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Fig. 1 a, b Pore size distribution and adsorption—desorption isotherms of BC, CBC, NBC, KBC and HRP-CBC; (c) Horseradish peroxidase loading
and enzyme activity on biochar prepared using different alkali treatments; (d) The FTIR spectra of CBC, HRP and HRP-CBC. Differences among HRP-
CBC, HRP-NBC, HRP-KBC, and HRP-BC are indicated by capital letters (p < 0.05)

nitrogen adsorption and leading to increased average
pore diameter. Alternatively, laccase might be densely
immobilized on the surface of the micropore-rich region,
indirectly “occupying” the micropores, increasing the
average pore diameter after CBC immobilization of HRP
(Table S1) (Chen et al. 2024). Furthermore, an increase
in pore size improves water retention and permeability,
increasing water availability to plants (Ng et al. 2022).
Enzyme loading capacity and relative enzyme activity
are critical indicators of loading concentration and post-
loading enzyme activity (Fig. 1c). Among the samples,
HRP-CBC exhibited the highest enzyme loading capac-
ity (311.46 U g™!) and relative enzyme activity, followed
by HRP-NBC, HRP-KBC, and HRP-BC in a descending
order. Enzyme loading capacity and enzyme activity are
strongly correlated with the carrier’s specific surface area,
pore diameter, and pore volume (Maryskova et al. 2019).
The covalent crosslinking of HRP and the remaining GA
on the CBC surface might explain the 96.84% reduction

in the specific surface area of HRP-CBC compared with
that of CBC (Taheran et al. 2017), a result in alignment
with the BET analysis results. Table S2 summarizes the
relevant literature on the loading capacity of immobilized
HRP. As can be seen in this table, the enzyme immobi-
lization method adopted in this study achieved a higher
loading capacity.

The FTIR spectra of CBC, HRP, and HRP-CBC are
shown in Fig. 1d. The peaks observed at 3437, 2921, and
1401 cm™ correspond to the O—H bond of hydroxyl
groups, the C—H bond of aromatic rings, and the
C=C stretching vibration, respectively (Liu et al. 2021;
Naghdi et al. 2018; Yang et al. 2024). For HRP-CBC, the
peaks observed at 1377 and 1183 cm ™" are attributed to
the C-N stretching vibrations of amine groups (Imam
et al. 2021), while that observed at 1530 cm™' corre-
sponds to the amide I band of proteins (Petronijevi¢
et al. 2021a), The presence of the characteristic HRP
peaks confirms its successful immobilization onto the
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carrier (Liu et al. 2023). The SEM images of the three
materials (Fig. 2) revealed uniformly distributed pores
across the BC surface. In comparison, the pores on the
CBC surface were deeper and exhibited larger diame-
ters due to K,CO3-induced erosion of the carbonaceous
structure (Petronijevi¢ et al. 2021a). Notably, the HRP-
CBC surface displayed aggregated enzymes forming a
thick enzyme coating (Fig. 2d, e), further corroborating
the successful enzyme immobilization (Hoinacki et al.
2022; Rasheed et al. 2024). EDS analysis (Fig. 2c, f) and
elemental mapping (Fig. 2g-1) results confirmed that
HRP was successfully immobilized on the CBC carrier.
The mass ratio of N in HRP-CBC was 5.7 times that in
CBC, mainly due to the contribution of peptide bonds,

5 pm
—_—

I pm
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R groups, and free amino groups present in the HRP
molecule (Kumar et al. 2019). The relative contents of O
and N considerably increased after immobilization and
showed an unevenly dispersed spatial distribution on
the carrier surface (Sanroman et al. 2020). These results
collectively demonstrate effective HRP immobilization,
which is consistent with the BET and FTIR findings.

3.2 Stability of immobilized horseradish peroxidase

The acid—base stabilities of HRP and HRP-CBC are
presented in Fig. 3a. Both enzymes exhibited maxi-
mum activity at pH 7.0, decreasing when the solution
pH deviated from this optimal value. This finding aligns
with Chen’s (2020) conclusion. The enzyme activity of
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Fig. 2 Representative SEM images and element distribution of BC (a), CBC (b, ¢) and HRP-CBC (d-f). C, O and N elemental mapping images of CBC

(gi) and HRP-CBC (1)



Zhang et al. Biochar (2026) 8:2 Page 8 of 16

HRP-CBC was comparable to that of free HRP under =~ HRP owing to the buffering effect of the functional
acidic conditions. However, under alkaline conditions, groups embedded within the biochar matrix. These func-
HRP-CBC demonstrated superior stability than free tional groups mitigated the extreme pH fluctuations in
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Fig. 3 Stability of free horseradish peroxidase and HRP-CBC: (a) pH, (b) temperature, and (c) storage time; (d) HRP—CBC reusability; (e) kinetic
parameters of HRP and HRP-CBC. [enzyme dosage =2 U mL™', biochar dosage=8 mg mL™', temperature =35 °C, and pH=7. Capital letters indicate
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the microenvironment surrounding HRP-CBC, thereby
reducing the adverse effects of pH on enzyme activity
(Petronijevi¢ et al. 2021a). Liu et al. (2023) demonstrated
that HRP exhibits substantial reduction in enzymatic
activity under alkaline conditions, a finding that aligns
with the results of this research. The temperature stabil-
ity data for HRP and HRP-CBC are shown in Fig. 3b.
The optimal temperatures for relative enzyme activity
were 30 °C for HRP and 40 °C for HRP-CBC. Notably,
both enzymes exhibited a rapid decrease in activity with
increasing temperature due to thermal-induced dena-
turation of the enzyme structure. At 70 °C, HRP-CBC
retained 61.4% of the relative enzyme activity, whereas
free HRP retained only 31.9%. The enhanced thermal
stability of HRP-CBC can be attributed to the protec-
tive framework provided by CBC, which minimizes the
impact of high-temperature exposure on the 3D structure
of the enzyme (Almulaiky et al. 2019; Besharati Vineh
et al. 2018). The relative activity in response to pH and
temperature changes also showed the same trend over
30 days (Fig. S1). These findings indicate that CBC is an
effective carrier that maintains HRP activity and confor-
mation under fluctuating temperature conditions. Under
normal storage conditions, HRP exhibits instability (Wu
et al. 2023). However, as depicted in Fig. 3c, after 30 days
of storage, HRP—CBC retained 68.8% and 57.9% of rela-
tive activity at 4 °C and 25 °C, respectively, compared
with 62.5% and 42.6% for free HRP. This corresponds
to an 11-20% improvement in relative enzyme activity,
likely due to charge neutralization from the interactions
between HRP and CBC, increasing the resistance of the
immobilized enzyme. As shown in Fig. 3d, the relative
activity of HRP-CBC decreased to 35.4% after seven
cycles, which is to the leaching of noncovalently bound
enzymes during repeated washing, prolonged expo-
sure of the enzyme to H,O,, and loss of carrier material
(Alshawafi et al. 2018). Compared with free HRP, the
K,, of HRP-CBC increased (Fig. 3e, Table S3), indicat-
ing a lower affinity for the substrate. This might be due
to the carrier hindering contact between the enzyme and
substrate. The decrease in V,,,, might result from spa-
tial hindrance of the carrier during HRP immobilization
on the CBC carrier, which impedes the mass transfer
of the substrate, or from conformational changes in the

(See figure on next page.)
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enzyme’s active center induced by the immobilization
force (Weber et al., 2023b; Wu et al. 2023).

3.3 Effects of immobilized horseradish peroxidase
on phenolic acid autotoxic substance degradation

Based on the typical soil pH range, the impact of pH
on FA removal by HRP, HRP-BC, and HRP-CBC was
assessed within a range of 5.0-8.0 (Fig. 4a). The FA
removal efficiency of HRP-CBC was significantly higher
than that of the other two materials (Pp <0.05), suggest-
ing that alkaline etching enhances enzyme immobiliza-
tion and improves phenolic acid removal. The highest
FA removal rate for all three materials was observed at a
solution pH of 7.0, consistent with the optimal catalytic
pH of HRP. When the pH was excessively high or low, the
FA removal rate decreased for all three materials. This
is attributed to changes in H* and OH™ concentrations,
which alter the protein structure and surface interactions
of pollutants, thereby affecting the enzymatically active
conformation and chemical interactions (Bilal et al.
2019). Figure 4b illustrates the effects of HRP, HRP-BC,
and HRP-CBC on FA removal at different temperatures.
Within the 25-55 °C range, FA removal efficiencies fol-
lowed the trend HRP-CBC>HRP-BC>HRP, indicating
that enzyme immobilization considerably enhances the
thermal stability of HRP. At 35 °C, the FA removal rates
for HRP-BC and HRP-CBC reached their peaks before
declining. Further increases in temperature resulted
in denaturation, leading to changes in the conforma-
tion of active sites, loss of binding affinity between pol-
lutants and active sites, and a subsequent decrease in
degradation efficiency (Kalsoom et al. 2023). Upon
increasing the enzyme dosage from 1 to 10 U mL™},
the FA removal rates of the three materials (p <0.05).
In particular, the removal rate of HRP-CBC increased
from 54.2% to 79.5% (Fig. 4c). This improvement can be
attributed to the increase in the number of catalytic oxi-
dation active sites with increasing immobilized enzyme
dosage. The overall removal rates for initial FA con-
centrations ranging from 20 to 70 mg L™ followed the
trend HRP-CBC>HRP-BC>HRP (Fig. 4d), with sig-
nificant differences among treatments (P <0.05). Further-
more, the removal rates of all three materials gradually
decreased with increasing initial FA concentration owing

Fig. 4 Effects of different parameters on FA degradation efficiency for HRP, HRP-BC, and HRP-CBC. a pH, (b) temperature, (c) initial FA
concentration, (d) biocatalyst dosage, (e) c(H,0,):c(FA), (f) time, (g) kinetic models, (h) TOC, (i) HRP—CBC and HRP-BC reusability, (j) pollutant
(Conditions: initial concentration =20 mg L™, enzyme dosage =2 U mL~", HRP~CBC=8 mg mL~", HRP-BC =12 mg mL "', temperature =35 °C,
pH=7, H,0,=05 mM, TC, CA, HBA and HVA concentration=20 mg L ). k Impact of capsicum seed germination and root length (Time =10 d), (I
soil degradation experiment. Capital letters indicate differences among samples of FA substances of HRP, HRP-BC, and HRP-CBC, while lowercase
letters represent differences among pH, T, FA concentration, material dosage, H,O, concentration, and treatment groups (p < 0.05)
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to excessive accumulation of pollutant molecules and the
formation of intermediates, which limited the accessibil-
ity of enzyme active sites (Chen et al. 2024). In enzymatic
reactions, H,0, serves as a co-substrate to activate HRP
and thereby enhances the catalytic efficiency. When the
c¢(HyO,)/c(FA) ratio increased from 0.15 to 1, the FA
removal rates for HRP, HRP-BC, and HRP-CBC gradu-
ally increased from 20-30% to 85-97% (Fig. 4e). With a
further increase in H,O, concentration, HRP continued
to be activated, enabling the oxidation of the remain-
ing pollutants (Petronijevi¢ et al. 2021a). The removal
efficiencies of the three materials generally followed the
trend HRP-CBC>HRP-BC>HRP, further highlighting
the advantage of enzyme immobilization in maintaining
activity. Notably, the removal rate of free HRP reached
its maximum only when the ¢(H,0,)/c(FA) ratio reached
1, owing to the increased direct contact between high-
concentration H,0O, and free HRP, which considerably
reduced mass transfer resistance and increased HRP acti-
vation (Yang et al. 2024). Therefore, the FA removal rates
of HRP, HRP-BC, and HRP-CBC gradually decreased
as the reaction proceeded and the substrate concentra-
tion decreased (Fig. 4f). HRP—CBC achieved a 100% FA
removal rate at 6 h, 2 h earlier than HRP and HRP-BC,
thus showing the fastest FA removal rate. This might be
due to substrate enrichment in the pores of HRP—-CBC,
which increased the contact between the substrate and
enzyme (Chen et al. 2024). The FA removal reaction rates
followed the order HRP—CBC>HRP-BC>HRP. In par-
ticular, the kinetic constant k for FA removal by HRP—
CBC was 1.4 and 1.7 times higher than that by HRP-BC
and HRP, respectively (Fig. 4g) (Yang et al. 2024). The
degree of TOC mineralization is shown in Fig. 4h. Dur-
ing FA degradation by HRP-CBC from 30 to 360 min,
the TOC mineralization rate gradually increased, indi-
cating that the intermediate organic products decreased
as the reaction proceeded. HRP-CBC exhibited a sig-
nificantly higher FA removal rate. Reusability is a key
advantage of immobilized enzymes over free enzymes.
As the number of reuse cycles increased from 1 to 7, the
FA removal rates for HRP—-CBC and HRP-BC gradually
decreased from 65.3% and 55.8% to 41.1% and 35.2%,
respectively (Fig. 4i); however, both materials maintained
relatively high enzyme activity throughout the process.
The reduction in enzyme activity or enzyme leakage may
be attributed to factors such as repeated washing, accu-
mulation of free radicals, and blocking of active sites by
the degradation products (Weber et al. 2023), Overall,
HRP-CBC demonstrated superior reusability compared
with HRP-BC and HRP-BC. The removal efficiencies
for the four phenolic acids followed the order HRP-
CBC>HRP-BC>HRP (Fig. 4j), with statistically signifi-
cant differences among treatments (p <0.05). Within 2 h,
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HPR-CBC achieved >50% removal rates for TC, CA,
HBA, and HVA, demonstrating its broad applicability
to various phenolic acid pollutants. Table S2 compares
multiple studies on immobilized HPR for organic pollut-
ant degradation, including enzyme loading capacity, deg-
radation efficiency, reusability, and operational stability.
The results demonstrate that HPR-CBC exhibited strong
stability, stress resistance, broad application potential,
and high degradation efficiency.

The effects of FA solution treatment on chili seed ger-
mination before and after the process are presented in
Fig. 4k and Fig. S1. Seeds treated with distilled water
exhibited the highest germination rate and root length.
After soaking in the FA solution, the germination rate
decreased significantly by 17% and the root length
decreased by 0.79 cm. However, when seeds were soaked
in the FA solution and subsequently treated with HRP—
CBC, the germination rate and root length restored to
levels not significantly different from those correspond-
ing to the control treatment. These results indicate that
HRP-CBC effectively alleviates the inhibitory effects of
soil allelochemical FA on capsicum seed germination and
root growth. Figure 41 shows the FA degradation in soil
for HRP—CBC on the 7th, 9th, and 11th days. On the 11th
day, the FA degradation rate by HRP-CBC was 84.68%,
indicating its HRP—CBC potential for practical soil appli-
cations. However, this study only investigated the short-
term (11 day) degradation effects. Future research should
conduct longer-term soil experiments (e.g., 30-90 days),
further evaluate the impact on microbial communities,
and perform field validation to comprehensively assess
the applicability and stability of HPR-CBC in real soil
environments.

3.4 FA degradation pathway and toxicity assessment
of intermediate products

TEMP and DMPO were used as free radical spin traps for
ESR analysis of the reaction system to verify the charge
transfer mechanism and free radical capture efficiency
(Fig. 5a—c). The spectra showed DMPO--OH with a typi-
cal 1:2:2:1 quadruple peak structure, TEMP-'0O, with
a 1:1:1 triple peak feature, and DMPO--O,~ with its char-
acteristic 1:1:1 signal peak, confirming the generation of
reactive oxygen species (-OH, 'O,, and -O,”) during the
reaction. The quenching experiment confirmed the exist-
ence of three active species (Fig. S3). This indicates that
OH, '0,, and -0, jointly contributed to FA degradation
by the HRP-CBC system and that radical and nonradi-
cal pathways coexisted. Figure 5d shows the linear sweep
voltammetry (LSV) curves of HRP, HRP-CBC, and BC.
HRP-CBC has a larger arc diameter than HRP and BC,
implying that the charge transfer rate of HRP-CBC is
higher than that of HRP and BC.
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Liquid chromatography—mass spectrometry (LC—MS)
was employed to identify the intermediate products of
the catalytic reaction, providing insights into the under-
lying degradation pathway and mechanism (Fig. 5c). As
can be seen in Fig. 5¢, H,0O, accepts electrons from HRP
and reduces to water, while HRP is oxidized by H,O, and
loses electrons to form the intermediate Compound I.
Subsequently, FA donates an electron to Compound I,
leading to the formation of Compound II. FA loses elec-
trons and forms different free radicals -RO with different
intermediate products R. Compound II is unstable and
reduces to its initial enzyme form by accepting electrons
from FA. Ultimately, FA oxidizes to the free radical -RO
and subsequently participates in enzymatic reactions,
including rearrangement processes (Chen et al. 2024).
There exist three degradation pathways. In the first path-
way, FA reacts with -OH via electrophilic addition to
form  3-(4-hydroxy-3-methoxyphenyl)-2-oxopropionic
acid. Subsequently, this acid undergoes oxidation to pro-
duce paeonol and vanillin. The methoxyphenyl group of
vanillin is cleaved, and the H atom adjacent to the C=0
bond is replaced by an OH, forming protocatechuic
acid. Thereafter, a carboxyl group is eliminated to gen-
erate 4-hydroxybenzoic acid. Finally, the benzene ring
is disrupted, leading to the formation of low-molecular-
weight compounds such as fumaric acid and oxalic acid
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(Ren et al. 2019). The second pathway involves the reac-
tion of FA with -OH to form pinoresinol. Subsequently,
the C=C double bond undergoes cleavage, resulting in
the formation of 3-(4-hydroxy-3-methoxyphenyl)-1-
propanol (Zhang et al. 2019); The third pathway involves
the oxidation of FA by -OH radicals to form 2-methoxy-
4-vinylphenol. Subsequently, this compound undergoes
C=C double bond cleavage, leading to the formation of
4-ethyl-2-methoxyphenol (Ren et al. 2023).

Figure 6 shows the acute and chronic toxicities of the
intermediate products generated by HRP-CBC during
FA degradation on fish, water fleas, and green algae. Dur-
ing FA degradation by HRP-CBC, some intermediate
products showed varying degrees of toxicity. Overall, all
products were transformed into low- or non-toxic sub-
stances (A: 3-(4-hydroxy-3-methoxyphenyl)-2-oxopropi-
onic acid, B: paeonol, D: protocatechuic acid, F: fumaric
acid, H: pinocembrin, I: 3-(4-hydroxy-3-methoxyphenyl)-
1-propanol, and K: 4-ethyl-2-methoxybenzene). How-
ever, vanillin (C), 4-hydroxybenzoic acid (E), and oxalic
acid (G) exhibited acute toxicity. As the reaction contin-
ued, the pollutants were continuously degraded, eventu-
ally achieving detoxification, indicating that HRP-CBC
has high detoxification potential. The results are consist-
ent with the TOC removal rate and seed germination rate
(Fig. 4h). However, current research on the ecological
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risk assessment of intermediate products still has limita-
tions, lacking verification of microbial community tox-
icity and long-term bioaccumulation effects. Therefore,
future studies should integrate microbial toxicity testing
(e.g., soil enzyme activity, microbial diversity analysis)
with pot or field-based plant experiments to more com-
prehensively evaluate the environmental safety of this
technology.

4 Conclusion

BC enzyme carriers with a super-large specific sur-
face area and pore structure were prepared via K,CO,
etching. The loading capacity and enzymatic activity
of immobilized HRP were optimized using a crosslink-
ing method, resulting in a maximum loading capacity
of 311.46 U g~*. Under different reaction conditions, we
observed significant differences in the removal rates of
FA for three materials (HRP, HRP-BC, and HRP-CBC).
At 35 °C and pH 7, the FA removal rates achieved by
HRP-CBC were the highest, reaching 68.8% and 73.1%,
respectively. When using 2 U mL™' HRP-CBC under
pH 7, the removal rate of 20 mg L™' FA reached 100%
within 6 h. In addition, HRP-CBC demonstrated excel-
lent degradation capability for multiple phenolic acids
responsible for autotoxicity in pepper. The application
of HRP-CBC to degrade FA removed the inhibitory
effects on the germination rate and root length of pepper
seeds under FA conditions. LC—MS and ecological toxic-
ity analyses revealed that FA was degraded into smaller
organic molecules with considerably lower toxicity.
HRP-CBC exhibited superior stability, reusability, and
stress resistance. Thus, HRP immobilization onto a modi-
fied BC offers a promising new approach for addressing
phenolic acid autotoxic substances in continuous crop-
ping systems. Future research should focus on conduct-
ing field soil experiments to systematically evaluate (i) the
phenolic acid degradation efficiency of this technology in
actual environments and (ii) its regulatory effect on crop
growth for promoting the transformation of this green
remediation technology from laboratory research to field
application.
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