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Abstract

Phthalic acid esters (PAEs) are recognized markers of microplastic pollution of the
environment. The study assessed the effects of different biochars (BC) derived from sewage
sludge (SS), corn residues (CR), sunflower (SF), and residues from biogas production (BG) on
lettuce grown in PAEs-polluted soil. The BC varied in composition, porosity, and carbon
structure, with CR-BC exhibiting the highest surface area and optimal aliphatic carbon content,
making it the most effective for soil application. SS had the highest heavy metal and PAHs
content, though within safe limits. Elevated phosphate levels in lettuce leaves, influenced by
high PAHs, ash, and metal content in BC, were associated with increased CAT activity,
indicating oxidative stress. A strong positive correlation was found between Cd and phosphate
content, especially in SS-treated plants, and between phosphate and B. CR-BC limited heavy
metal uptake while promoting beneficial nutrient interactions (such as between Ca and Mg).
PAEs accumulation in lettuce was strongly negatively correlated with phosphate and B levels,
suggesting these elements reduce pollutant uptake. Among treatments, CR-BC significantly
reduced PAEs accumulation in lettuce leaves, which is critical for food safety. CR-BC also
enhanced lettuce biomass, chlorophyll content, and nutrient uptake, and it decreased oxidative
stress (lower levels of MDA and enhanced antioxidant enzyme activity of SOD and CAT).
Conversely, BG-BC negatively affected plant growth, likely due to its high pH. Overall, the
findings highlight the importance of BC feedstock properties, with corn-derived BC offering

the most beneficial effects on plant health and pollutant mitigation in polluted soils.

Keywords: PAEs; vegetables; chlorophyll; enzymatic activity;
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1. Introduction

Phthalic acid esters (PAEs) are a group of plasticizers widely used in the industry (Chen
et al., 2024; Wang et al., 2023) and are recognized as the indicators of environmental pollution
by plastic. PAEs are typically classified into low molecular weight (LMW) compounds such as
dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP), and butyl benzyl
phthalate (BBP), high molecular weight (HMW) PAEs, including di-(2-ethylhexyl) phthalate
(DEHP) and diisononyl phthalate (DINP) (Guo et al., 2024). PAEs are currently polluting all
components of the environment: water, soil, and air (Tuan Tran et al., 2022; Xiong and Pei,
2021). Therefore, monitoring the fate of the six PAEs mentioned above is strongly
recommended. PAEs can be absorbed by plants both from the air through leaves and from the
soil through roots (Zhao et al., 2022), leading to physiological, morphological, cellular, and
metabolic changes in plants. Additionally, PAEs in plants can generate reactive oxygen species
(ROS) and other intra- or extracellular free radicals. The main ROS produced - superoxide
radicals (02"), hydrogen peroxide (H20.), hydroxyl radicals ("OH), and singlet oxygen ('02)
(Gupta et al., 2018) - cause oxidative stress and disrupt plant metabolic activity. This includes
reduced chlorophyll content, inhibited growth and development, damage to cell membranes
(Sharma and Kaur, 2020), and even a decrease in vitamin content in plants (Wang et al., 2015).

Biochar (BC), a material that has gained popularity in recent years, is produced by
heating biomass (including waste materials) in an oxygen-free atmosphere (Xie et al., 2022).
Biochar has many applications, including carbon sequestration, use as an alternative fuel,
support for immobilization processes, and as a sorbent. It is also widely used as a soil
amendment to improve soil quality (Xia et al., 2024). The addition of biochar to soil increases
soil pH (Joseph et al., 2021), enhances the retention of nutrients such as K, Mg, P, N, Fe, and
Cu (Wang et al., 2020), and improves soil moisture by reducing water evaporation (Gao et al.,

2021). At the same time, biochar immobilizes pollutants that could harm plants (Y. He et al.,
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2023). However, BC may contain substances that, once released, can be harmful to the
environment. These substances include polycyclic aromatic hydrocarbons (PAHs), which are
formed during the pyrolysis process (Reizer et al., 2022), and heavy metals (HM), whose
presence in BC results from their occurrence in the feedstock (Hilber et al., 2017). Due to their
toxic effects on plants, animals, and humans (Molina and Segura, 2021), the International
Biochar Initiative (IBI) has established maximum permissible concentrations of both PAHs
(ranging from 20 to 300 mg/kg) and HM in BC (IBI International Biochar Initiative, 2015).

According to our previous studies, BC can be successfully applied for the
immobilization of PAEs in the soil, reducing their bioavailability towards vegetables, such as
lettuce and radish (Sokotowski et al., 2024a, 2024b). The present study aimed to evaluate the
response of vegetables, with lettuce as the most consumed plant representative, to the BC
amendment of PAE-polluted soil. This research analyzed the impact of six priority PAEs and
the addition of various biochars to the soil on the content of various pigments, like chlorophylls
and carotenoids, and the activity of various antioxidative enzymes in lettuce leaves. The content
of micro- and macroelements in the leaves and roots of lettuce growing in PAE-polluted soil
and enriched with various types of biochar was also examined. Biochars were designed to
adsorb phthalates and reduce their harmful effects on the plant. Additionally, microscopic
photos were taken to observe the number of chloroplasts in the leaf cells. The obtained results
will be helpful in the understanding of the effect of both PAEs and BC amendment of PAE-
polluted soil on plant growth.

2. Materials and methods

2.1. Biochar preparation and analysis

Four different types of biochar were used in the studies. All materials were pyrolyzed
for 3 hours in a slow pyrolysis process (heating rate 3 °C min!) at 600 °C in a nitrogen

atmosphere (630 cm® min™'). As feedstock, four different waste materials: corn (Zea mays)
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stalks (material labeled CR), sunflower (Helianthus L.) stalks (SF), sewage sludge from a
municipal wastewater treatment plant (SS), and residues from biogas production (BG) were
used. The pH was determined by a digital pH meter HQ430d Benchtop Single Input (HACH,
USA) by measuring the pH of the solution obtained by mixing biochar with distilled ultrapure
water in a ratio of 1:10 (wt/wt), shaken for 24 h, and centrifuged. The ash content (mineral
fraction) was calculated from a difference in biochar mass before and after heating 1 g of BC
at 760 °C in the furnace (MagmaTherm) for 6 h (according to ASTM D3174-12 procedure).
The carbon, hydrogen, and nitrogen content was determined in a CHN/CHNS EuroEA3000
Elemental Analyser (EuroVector). The oxygen content was calculated as the difference in ash
and C, H, and N content. For the determination of total organic carbon (TOC), Shimadzu SSM-
5000A was used. ASAP 2420 Analyzer (Micromeritics, USA) was applied to determine the BC
surface area and porosity. The functional groups on the BC surface were analyzed using X-ray
photoelectron spectroscopy (XPS) (analytical system UHV Prevac, Poland). Microwave
mineralization in Start D Microwave Digestion System Milestone and analysis by Thermo
Scientific iCAP™ 7000 ICP-OES was used for the determination of metal concentration in
biochars. The content of two fractions of PAHs in BC: total and bioavailable, was examined.
The total concentration of PAHs (cwta) was determined using accelerated solvent extraction
(DIONEX ASE 350, ThermoScientific). The bioavailable PAHs (cfee) Were analyzed using
polyoxymethylene (POM) passive samplers according to the procedure presented by Oleszczuk
et al. (Oleszczuk et al., 2016). In both cases, gas chromatography with mass spectroscopy

(ThermoScientific ISQ with TRACE 1300) was used to analyze the PAHs concentration in BC.

2.2. Lettuce cultivation

For the laboratory experiment, agricultural soil was used, whose properties were
presented in the previous paper (Sokolowski et al., 2024a). The following variations were

tested:
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1) Control, e.g., soil without PAEs, and the results were labeled as “soil”,

2) PAEs polluted soil labeled as “PAEs”,

3) PAEs polluted soil amended with BG labeled as “BG-BC”,

4) PAE:s polluted soil amended with SS labeled as “SS-BC”,

5) PAEs polluted soil amended with SF labeled as “SF-BC”,

6) PAEs polluted soil amended with CR labeled as “CR-BC”.

340 g of air-dried, homogenized, and sieved soil were put into glass containers (500 mL,
12.5 cm diameter, 6.3 cm height), mixed with 3.4 g of biochar and spiked with 1 mL of PAEs
mixture containing 1 uL mL"! of each tested compound (DMP, DEP, DBP, BBP, DEHP, DNOP).
Samples were watered with tap water to reach 65% of the soil water holding capacity. In the
experiment, five sprouted seeds of lettuce (Lactuca sativa L.) (sprout length 3 mm) were placed
into the soil. Soil moisture was monitored by weighing the samples three times a week. Plants
were cultivated for six weeks in the growth chamber Conviron GEN100 in constant conditions:
photoperiod 12 h light/12 h darkness, temperature 22 °C/18 °C day/night, and constant humidity

65%. After the experiment, lettuce samples were cut to separate the roots and leaves.

2.3. PAEs content determination

The content of six tested PAEs was determined in freeze-dried lettuce roots and leaves

via the GC-MS/MS procedure described in (Sokotowski et al., 2024b).

2.4. Chlorophyll and carotenoid content determination

The chlorophyll content in lettuce leaves was determined using the method described
by Li et al. (Li et al., 2020). A 0.5 g sample of randomly selected leaves from the center of the
plant was homogenized with 5 mL of cold acetone. The resulting mixture was then filtered and
centrifuged. The absorbance of the supernatant was measured at 645 nm and 663 nm using an
Agilent Technologies Cary 300 UV-VIS spectrophotometer. The chlorophyll content was

calculated using the following formulas:
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Chl a=12.7A663-2.7 As4s,
Chl b=22.9A¢45-4.68 Ase3,
Total Chl=20.2As45+8.02Ags3,
where A is the absorbance at the respective wavelength (nm).
The content of carotenoids in leaf samples was determined based on the Lichtenthaler
method (Lichtenthaler, 1987), using the equation:
Carotenoids=(1000A470-1.9Chl a-63.14Chl b)/214,
Where As7 is the absorbance at 470 nm, Chl a, and Chl b are the content of chlorophyll a and
chlorophyll b, respectively. The results obtained from these calculations were then converted

into the content in 1 g of fresh leaf mass.

2.5. Metal ions determination in lettuce samples

The concentration of micro- and macronutrients and heavy metals in the soil and the
roots and leaves of lettuce samples was determined by ICP-MS (Agilent 8900 ICP-MS Triple
Quad). Solutions for the analysis were obtained by microwave mineralization in the HNO3

(PreeKem Topex+) of 0.1 g of freeze-dried roots and leaves.

2.6. Microscopic studies

Chloroplast observation was performed using a Motic BA310E optical microscope
equipped with a Moticam 3.0MP camera. A fragment of leaf tissue was examined at 1000x
magnification using an oil immersion objective. Images were captured using Motic Images Plus

2.0 software.

2.7. Antioxidative enzymes activity

The activities of enzymes were determined using: SOD Assay Kit® (Cat. No. 19160-
IKT-F, Merck, Germany), Catalase Assay Kit® (CAT100-1KT, Merck, Germany), Phosphate

Assay Kit® (MAK308-1KT, Merck, Germany), Antioxidant Assay Kit® (MAK334-1KT,
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Merck, Germany) and Lipid Peroxidation (MDA) Assay Kit® (MAKS568-1KT, Merck,

Germany), according to the protocols provided by manufacturer.

2.8. Quality assurance/quality control

To ensure the accuracy and reliability of phthalates quantification in soil and plant
tissues, all analytical procedures were performed under strict QA/QC protocols. Certified
reference materials (Merck, Poland) and matrix-matched standards were used. The QUEChERS
method validation procedure ensured good linearity (>0.997), recovery (97.2-99.1 %), and
satisfactory inter- and intraday precision (~4%). Blanks and triplicates were included in each
batch to monitor contamination and precision. For pigment analysis and enzymatic activity
assays, triplicate measurements were performed, and standard curves ensured linearity
(>0.995). Microscopic analyses were conducted using standardized staining protocols and
imaging settings, with independent reviewers confirming qualitative observations. All
equipment was routinely calibrated, and data were subjected to statistical validation to confirm

reproducibility and significance.

2.9. Statistical analysis

All tests were carried out in three replicates. The presented results are the mean value
of three measurements + standard deviation (SD). Means followed by the same letter within the
series indicate no significant differences (p < 0.05) (Tukey’s test). Two-tailed Pearson
correlation analysis was performed to test the variables. The significance of the correlation

factors was evaluated at a significance level of 0.01 and 0.05.
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3. Results and discussion

3.1. Biochar properties

The properties of the obtained BC varied significantly depending on the feedstock. All
BCs were characterized by an alkaline pH, and carbon was the predominant element in all four
tested materials (Table 1), with the highest content observed in sunflower-derived BC (SF,
86.7%) and the lowest in biogas residue-derived BC (BG, 25.9%). SF and CR had the highest
TOC, indicating their potential use as carbon sources for soil microorganisms. Ash content also
varied substantially, ranging from 6.7% in SF to 62.8% in sewage sludge-derived BC. SS also
had the highest oxygen content, suggesting a greater presence of mineral fractions, such as
metal oxides. Inorganic components in BC play a vital role in plant development by serving as
sources of essential minerals (Bilias et al., 2024).

The BCs also differed in porosity. CR had the highest specific surface area (90.1 m?/g),
while BG had the lowest (below 1 m?/g). A lower Sger limits the capacity of BC to adsorb both
toxins and nutrients in soil. BG also contained the highest proportion of bioavailable PAHs,
while SS had the highest total PAHs content (766.5 pg/kg), though still below the International
Biochar Initiative (IBI) recommended limit (6 mg/kg for 16 EPA-PAHs) (Adénez-Rubio et
al., 2021). CR showed the lowest total PAHs content (75.76 pg/kg), approximately ten times
lower than SS. Notably, high total PAH content does not necessarily correlate with a high
bioavailable fraction, highlighting variability in PAHs bioavailability across BC types.

Analysis of surface functional groups (Figure 1) revealed that the percentage of C=C
sp? carbon followed the order: BG > SF> SS> CR, whereas for C-C sp* carbon, CR>SS> BG>
SF. These results indicate that a predominance of aliphatic carbon is advantageous for soil
application, as aliphatic C is more readily mineralized by soil microorganisms. Among oxygen-
containing functional groups, hydroxyl groups (-OH) are key to BC hydrophilicity (Fan et al.,

2022), and their highest abundance was found in SS and CR. Overall, CR was characterized by
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the lowest percentage of C=C sp” and the highest C-C sp’ carbon, along with the presence of
carbonates. Carbonyl groups were dominant in BG and SF, while carboxyl groups prevailed in
SS. Hydroxyl groups were attached to the aromatic moieties in CR and aliphatic chains in both
CR and SF. Another important safety parameter is metal content (Table S1). As expected, SS
had the highest content of metals, including essential micronutrients like Fe, Cu, Mn, Ni, and
Zn, at levels several orders of magnitude higher than in other BCs. While metal concentrations
in all BCs remained below the IBI recommendations (IBI International Biochar Initiative,
2015), the high Zn content in SS warrants attention. Zinc is crucial for photosynthesis, and its
supplementation is often recommended (Stanton et al., 2022). CR had the lowest overall metal
content, although its Fe level was higher than in the other plant-derived BC.

Soil enriched with CR was characterized by the highest content of macroelements (Mg,
K, and Ca), microelements (Fe and Mn), and HM (Co, Cr, Cd, and Pb). In contrast, the SS-BC
amendment was associated with the lowest overall levels of macro- and microelements (Mg,
Fe, and Mn) in the soil. Additionally, SS contributed the highest concentrations of P, Cu, and

Zn to the soil (Table S2).

10
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Table 1. Physicochemical properties of the obtained biochars.

Material pH Ash C H N O TOC SgeT Crree Crotal
(%) (%) (%) (%) (%) (mglg) (m%g) (ng/L) (ng/kg)
BG 10.7¢ 259¢ 629b 1.20b 2.57c  7.43c 631b 0.94a 0.86d 345.9¢
SS 8.06a 62.8d 23.5a 0.57a 3.66d 9.50d 327a 1.14b 0.46¢ 766.5d
SF 9.26b 6.70a  86.7d  1.67c 0.96a 396a 878c 26.1c 0.12a 270.4b
CR 9.60b 14.1b  76.7¢c  2.71d 1.30b  5.18b  818c 90.1d 0.16b 75.76a

TOC — total organic carbon
SgeT — specific surface area
Ciree — a bioavailable fraction of PAHs

Chotal — total content of PAHs

The same letters (a—d) in columns are assigned to the same homogeneous groups, n =3

11
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Figure 1. Results of A) Cls and B) O1s XPS analysis of the obtained biochars.
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3.2. Properties of lettuce cultivated in the PAE-polluted soil

3.2.1. Content of PAEs in the lettuce

In the control sample (without any PAEs), the content of six PAEs (X6 PAEs), both in
the roots and leaves of lettuce, was below the limit of detection (LOD) (Table 2). The addition
of BG and SF to the soil did not affect the concentration of six PAEs in lettuce leaves. SS
slightly increased their content, with the highest concentration reaching 52.8 pg/g dry mass.
The most efficient BC in reducing PAEs in lettuce leaves was CR. However, the impact of tested
BC on PAEs content in lettuce roots differed. SF was the only BC that lowered the content of
six PAEs in lettuce roots. In contrast, BG, SS, and CR increased PAEs levels in the roots. The
obtained levels of six PAEs were below the range observed for leafy (~75 pg/g) and root
vegetables (~170 pg/g) collected from plastic film greenhouses and open fields in China (Feng
et al., 2025). From a practical perspective, the key concern is the PAEs content in the lettuce
leaves rather than in the roots. Therefore, CR is recommended as an effective BC for
immobilizing PAEs in soil and reducing their bioavailability to edible plant parts.

To study the transport and translocation of PAEs and metals in the lettuce leaves in

comparison to lettuce roots, the Translocation Factor, 7, was used:

CL
TF -
Cr

Where c¢; is the concentration of PAEs and metals in lettuce leaves, cg is the
concentration in the lettuce roots (Boros-Lajszner et al., 2020). 7F values indicate that under
PAEs pollution, the transport of PAEs to lettuce leaves was facilitated. In general, BC
amendments slightly reduced this translocation. However, a slight increase in PAEs
concentration in the leaves was observed with the use of SF. CR proved to be the most effective
BC in immobilizing PAEs, as it resulted in lower concentration in both roots and leaves, along

with reduced translocation from roots to leaves.

13
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Table 2. Content of six PAEs in lettuce roots and leaves.

Sample %6 PAEs in 26 PAEs in Tr
lettuce roots lettuce leaves

(ng/g dry mass) )
Soil <LOD <LOD -
PAEs 13.4+£0411b  49.5+0.850b 3.72b
BG-BC 14.5+£0.536c  50.4+0.283b 3.48b
SS-BC 15.6 + 0.485d 52.8 £+ 1.64c 3.38b
SF-BC 11.8+0.264a  49.9+0.776b 4.23b
CR-BC 17.5+£0.612¢  28.4 +0.660a 1.62a

LOD — limit of detection

The same letters (a-e) in columns are assigned to the same homogeneous groups, n =3

3.2.2. Fresh and dry mass of lettuce

Soil contamination with PAEs did not significantly affect the mass of lettuce compared
to plants grown in non-polluted soil. Only a slight decrease in leaf fresh mass and a slight
increase in both fresh and dry root mass, as well as leaf dry mass, were observed in the presence
of PAEs (Table S3). The BC amendment did not influence the fresh mass of the lettuce leaves.
Contrary to findings in the literature, where BC addition to the soil increases both fresh and dry
mass (Massaccesi et al., 2024), our study involved lettuce grown in PAE-polluted soil.

Among the tested biochars, CR-BC was the most effective - plants grown with its
addition showed the highest fresh leaf mass and the greatest fresh and dry root mass. Even
under PAEs contamination, lettuce growth was not significantly hindered, and BC, as a nutrient
source, contributed to increased biomass. In contrast, BG-BC caused a notable reduction in
lettuce mass, likely due to its high pH (10.7), which may disrupt soil biological processes. For

instance, enzymatic activities such as those of glycosidases (optimal pH 4-6), and proteolytic

14
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or oxidative enzymes (optimal pH 7-9), as well as soil microbial activity (optimal pH 5.5-8.8),
could be negatively impacted (Neina, 2019). Overall, these results suggest that BC application
to PAE-polluted soil can enhance lettuce growth through nutritional and detoxifying effects,
though the outcome strongly depends on the properties and feedstock of the biochar used.

To establish the effect of PAEs on the lettuce in BC-amended soil, the Tolerance Index

(T7) based on plant yield was used:

mgyy,
Ti = /
McRr/cL

Where mp/ 1s the dry mass of the lettuce roots or leaves (g), and mcr/cr is the dry mass
of the lettuce roots or leaves in the control. 7; describes the ability of plants to counter the

adverse effects of soil pollution (Boros-Lajszner et al., 2020).

I roots
e leaves

soil PAEs BG-BC SS-BC SF-BC CR-BC

Figure 2. Tolerance index (T;) for lettuce grown in PAEs-polluted soil amended with BC.

The T; values did not change following PAEs pollution, indicating that at the tested PAEs
concentration, lettuce was able to grow (Figure 2). However, two amendments had a significant
impact on lettuce mass: BG-BC harmed leaves, while CR-BC had a positive effect on roots.

These results highlight that the type of biochar is strongly linked to the observed changes.

15
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3.2.3. Content of pigments

Chlorophyll a (Chl a) and chlorophyll b (Chl b) coexist in plant tissues at a ratio of 3:1,
although their content may vary depending on environmental conditions. Low chlorophyll
content can serve as an indicator of environmental pollution and stress (Ghosh et al., 2018).
The presence of PAEs in the soil can alter the content of photosynthesis pigments like Chl a,
Chl b, and carotenoids in plants. Carotenoids, another group of plant pigments, are found in
both photosynthetic tissues like leaves and in non-photosynthetic organs such as roots and
flowers (Dhami and Cazzonelli, 2020). These pigments protect cells from damage caused by
visible radiation and assist in transferring energy to chlorophyll during photosynthesis (Sun et
al., 2022). Four major carotenoids - lutein (40-57%), B-carotene (25-40%), violaxanthin (9-
20%), and neoxanthin (5-15%) are typically found in chloroplasts, forming chlorophyll-
carotenoid-protein complexes (Gross, 1991). In lettuce, the total carotenoid content has been
estimated at 68 pg per gram of fresh weight, with molar ratios of light-harvesting pigments as
follows: Chl a (100), Chl b (67.0), total carotenoids (49.7), lutein (26.7), B-carotene (1.70),
neoxanthin (9.50), and violaxanthin (9.80) (Gross, 1991). Our results show that both PAEs and
BC types significantly affect pigment content in lettuce leaves (Table 3). The highest pigment
concentrations were found in plants grown in PAE-contaminated soil without any biochar
addition. These findings contrast with those of Ma et al. (Ma et al., 2018), who observed reduced
Chl a and carotenoid content in lettuce under various PAEs, although similar to our results, they
noted no effect of DEHP on Chl b content.

Only CR had a positive effect on Chl a levels, while both SF and CR increased Chl b
content. The lowest Chl a and Chl b levels were found in leaves from plants grown in soil
amended with sewage sludge, which contained high levels of phosphorus and PO4*". Excessive
phosphate may lead to chlorosis in plants (Fan et al., 2021). Moreover, reduced chlorophyll

content can occur when metal ions such as Cu?", Cd**, Zn*', and Pb*" replace Mg>" in the

16
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chlorophyll molecule (Mysliwa-Kurdziel and Strzatka, 2002). All tested biochars reduced
carotenoid content in comparison to the control sample, contrary to results by Jabborova et al.
(Jabborova et al., 2021), who reported increased carotenoid levels in lettuce leaves under the
BC amendment; however, their study did not assess BC effects under PAE pollution.

Under normal growing conditions, the chlorophyll/carotenoid ratio remains stable.
However, under high temperatures, nutrient stress, or during leaf senescence, chlorophyll
content declines more rapidly than carotenoids, altering the ratio (C. He et al., 2023). Thus,
chlorophyll and carotenoid levels can be used to assess plant physiological responses to
environmental stress. The highest chlorophyll/carotenoid ratio was found in leaves exposed
only to PAEs, suggesting delayed aging in these plants. The lowest ratio was observed in the
control sample. The addition of all BC types to PAE-polluted soil reduced the
chlorophyll/carotenoid ratio, yet still mitigated plant aging compared to the untreated control.

Table 3. Content of photosynthesis pigments in lettuce leaves.

Sample Chlorophyll a  Chlorophyll b Carotenoids Chlorophyll/carotenoids
(ng/g fresh mass) )
Soil 369.2 £ 6.5bc 96.04+0.46b  138.9+2.38¢ 3.349a
PAEs 483.8+8.1d 139.0£3.30d  146.1 +1.29f 4.264c
BG-BC 295.6+7.0a 93.19+1.32a 103.4+0.75b 3.762b
SS-BC 289.5+4.5a 91.11+1.39a  100.6 +0.86a 3.782b
SF-BC 357.1+£6.6b 98.67+222b 116.6 +2.86¢ 3.908bc
CR-BC 380.6+5.7¢c 110.7+1.82¢  124.1 £3.39d 3.959bc

The same letters (a—f) in columns are assigned to the same homogeneous groups, n = 3
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3.2.4. Metal content and its translocation within lettuce

The mineral composition analysis of lettuce roots and leaves revealed some differences
between samples (Table S4). Both soil contamination with PAEs and the addition of BC affected
the mineral content of the harvested plants. Some of the changes were beneficial, such as a
reduction in the concentrations of HM, like Cd, Pb, Hg, and Cr, and an increase in essential
elements such as K, P, Ca, Mg, and Fe. Enriching the soil with various types of BC increased
the content of K and B (all BC types), P (BG-BC), Cu and Zn (SS-BC, SF-BC, and CR-BC),
Mn (BG-BC, SF-BC, and CR-BC), and Ca (CR-BC) in lettuce. In a study conducted by Bilias
et al. (Bilias et al., 2024), sewage sludge-derived BC significantly increased the P concentration
in lettuce, decreased Fe and Cu levels, and did not affect Ca, Mg, Zn, and Mn concentrations.

The addition of BC to the soil also reduced the content of HM: Pb (reduced by BG-BC,
SF-BC, and CR-BC), Cd (reduced by all BC types), Hg (reduced in roots by SS-BC and CR-
BC, and in leaves by SS-BC and SF-BC), and Cr (reduced by BG-BC and CR-BC). Similar
results were reported by Ibrahim et al. (Ibrahim et al., 2019), where peanut shell- and corn-cob-
derived BC reduced the accumulation of Cr, Cd, Pb, Ni, and As in lettuce. The highest levels
of Mg, Fe, and Ca were observed in lettuce leaves from plants grown in PAE-polluted soil
without any BC addition. Similar high levels of Fe (194.76 mg/kg) and other metals (following
the ratio Zn > Cu > Ni> Pb > Cr > Cd) were noted in lettuce grown in PAEs-polluted soil
(Atamaleki et al., 2021). Mg and Fe are essential for chlorophyll synthesis, and their elevated
levels correlate with the highest concentrations of both Chl a and Chl b in these plants.

Considering Tr values (Table 4), the BG-BC amendment enhanced the translocation of
macroelements (Mg and P), microelements (Fe, Cu, Mn), and heavy metal (Co) to the lettuce
leaves. In contrast, CR-BC reduced the translocation of Cd and Pb from roots to leaves. The
greatest reduction in Tr was observed for B (from 14 to 2-3), an essential element involved in

cell wall biosynthesis and structural integrity (Petridis et al., 2013).
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365 Table 4. TF of selected micro- and macroelements in lettuce. Numbers followed by different letters are statistically different p < 0.05 (Tukey’s

366  test).
macroelements microelements heavy metals
Mg P K Ca Fe Cu B Zn Mn Co Cr Cd Pb Hg
Soil 0.341a 1.104c 1.873c 0.755b 0.311b 0.747ab  14.234b  0.631a  0.694a | 0.944b 0.343b 2.439a 4.644c 1.568a

PAEs 0.427b 0.974b 1.715bc ~ 0.915¢ 0.350b 1.087b 2.010a  0.854ab  0.805a 0.136a 0.260ab  0.846bc  0.945a 2.587b
BG-BC 0.621c 1.273d 1.891c 0.935¢c 0.452c 1.889¢ 2.547a 1.022b  1.160c 2.176¢ 0.072a 1.132b  1.283ab  3.194b
SS-BC  0.366a 0.779a 1.205a 0.802b 0.294b 0.461a 1.248a 1.652c  0.755a 1.083b 0.427b 0.613bc  1.382ab  1.346a
SF-BC  0.375a 0.827a 1.154a 0.764b | 0.246ab  0.638ab 1.767a 0.676a  0.715a | 0.632ab 0.886¢ 0.492c 2.033b 1.679a

CR-BC 0.355a 0.961b 1.554b 0.435a 0.199a 0.622ab 2.753a 0.456a  0.983b 1.060b 0.219b 0.818bc  1.457ab  2.963b

367
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368  3.2.5. Microscopic studies

369

370

371

372  Figure 3. The microscopic photos of lettuce leaf cells: A) Soil, B) PAEs, C) BG-BC, D) SS-
373  BC, E) SF-BC, F) CR-BC.

374

375 Microscopic images of lettuce leaf cells (Figure 3) reveal differences between the
376  various soil amendments. In all samples, chloroplasts were located near the cell walls; however,
377  the number of chloroplasts varied between treatments. PAEs can alter the internal structure of

378  chloroplasts (Zhuang et al., 2024). Leaf samples from plants grown in control soil had the
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highest number of chloroplasts (Figure 3A). Plants grown in PAEs-contaminated soil amended
with BG and SS (Figures 3B, 3C, and 3D, respectively) showed a slightly lower number of
chloroplasts. The lowest number of chloroplasts was observed in the sample from PAE-polluted

soil amended with CR (Figure 3F).

3.2.6. Enzymatic activity of lettuce

Plant cells contain various enzymatic and non-enzymatic antioxidants that protect them
from the harmful effects of ROS. Antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (APX), glutathione peroxidase (GPX), peroxiredoxins
(Prx), and thioredoxins (Trx), along with non-enzymatic antioxidants such as vitamins (e.g.,
vitamin C, ascorbic acid, vitamin E, tocopherols, provitamin A, carotenes) and glutathione
(GSH), work together to defend plants against oxidative stress (Gupta et al., 2018). SOD, the
first line of defense against superoxide radicals, catalyzes their dismutation into Oz and H202,
whereas CAT catalyzes the decomposition of hydrogen peroxide into H>2O and O (Elavarthi

and Martin, 2010).
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Figure 4. The relative enzymatic activity in the lettuce leaves in comparison to the control A)
SOD, B) CAT, C) TAC, D) MDA, and E) Phosphates. Numbers followed by different letters are

statistically different, p < 0.05 (Tukey’s test).

PAE pollution has induced oxidative stress in lettuce leaves, as evidenced by higher
SOD activity compared to the blank sample (Figure 4A). The lowest SOD activity (5.5% lower
than in the control soil) was observed in plants grown in the CR-BC, indicating that biochar
derived from corn helped alleviate oxidative stress in the tested plants. A similar, though less

effective, result was noted for SS-BC. These findings are consistent with previous reports
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showing that biochar amendments reduce oxidative stress in lettuce exposed to salt stress (Sahin
etal., 2025). The highest SOD activity - only slightly higher than in the blank sample (by 2.1%)
- was recorded in lettuce leaves from the BG and SF treatments. Once again, BG-BC appeared
to have a negative impact on lettuce properties.

Soil contamination with PAEs resulted in increased CAT activity in all samples (Figure
4B), confirming the oxidative stress in lettuce. PAE pollution led to a 40% increase in CAT
activity. Additionally, the addition of SS further increased CAT activity by up to 47%, likely
due to the high content of HM in this material, which is known to induce oxidative stress
(Bhavya et al., 2022). The beneficial effect of BC amendments in reducing oxidative stress,
evidenced by decreased CAT activity, has been highlighted in the literature (Helaoui et al., 2023;
Sahin et al., 2025). In this study, the addition of all other types of BC reduced CAT activity in
the tested plants compared to the sample exposed to PAEs alone. This suggests that plants grown
in soil amended with these biochars experienced less oxidative stress. The lowest CAT activity
was observed in leaves from the CR treatment, being only 15% higher than in the blank sample
but 22% lower than in the PAE-contaminated soil.

The combined antioxidative activity of these compounds is referred to as total
antioxidant capacity (TAC) (Bartosz, 2003), which serves as an indicator of a plant’s response
to environmental stress. A lower TAC value (e.g., reduced levels of antioxidative enzymes)
suggests that the plant is less resistant to oxidative stress and was grown under less stressful
conditions. TAC is determined by the concentration of all antioxidant compounds, with SOD
and CAT activities being the primary contributors. The results for TAC (Figure 4C) showed a
strong correlation with SOD activity in the tested plants. The highest TAC value was observed
in plants grown in PAE-polluted soil with BG amendment (2687.3 umol). In contrast, a 56—
57% reduction in TAC was noted for SS-BC and CR-BC treatments, confirming that the

addition of sewage sludge- or corn-derived biochar mitigates oxidative stress in lettuce grown
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not only in HM-polluted soil, as reported in the literature (Ibrahim et al., 2019), but also in PAE-
polluted soil.

The determination of MDA concentration in lettuce leaves was another method used to
assess oxidative stress in lettuce grown in PAE-polluted soil amended with BC. MDA, a marker
of lipid peroxidation and loss of membrane integrity, is formed both non-enzymatically
(induced by ROS) and enzymatically (through hydroperoxide activity followed by
lipoxygenase action) (Morales and Munné-Bosch, 2019). Higher MDA concentrations in plants
indicate greater oxidative stress. In our study, the highest MDA concentration was observed in
plants from the control sample (Figure 4D), while BC addition reduced MDA levels, indicating
decreased lipid peroxidation. The lowest MDA concentration was recorded in plants treated
with CR-BC (2.53 umol/L). The reduction in MDA content due to BC addition was consistent
with findings by Younis et al. (Younis et al., 2015), who reported that BC application reduced
MDA levels in spinach grown in Ni-contaminated soil. However, sunflower-derived BC was
the exception, increasing MDA concentration by 14%.

Determining the free phosphate concentration liberated from peptides, proteins, or
phospholipids may give some information about plant development. P is an essential constituent
of many compounds in plants like phospholipids, nucleic acids, and ATP, and also takes part in
many metabolic processes (Smith et al., 2003). The highest phosphate concentration was
determined in leaves from plants from the blank sample (Figure 4E), and the lowest, again, in
plants from the sample with PAEs and CR-BC amendment (a 55% reduction). The BC
amendment lowered the phosphate content in all samples. The highest phosphate concentration
was determined in the lettuce that grew on the soil with SS-BC addition. It may be the result of
a high concentration of P in BC obtained from sewage sludge (2.3 %At). It is also confirmed
by Woldetsadik et al., (Woldetsadik et al., 2017) that BC rich in P is a significant source of P

and has a positive effect on the P concentration in lettuce tissues.
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455  3.2.7. Interaction of PAEs, BC, soil, and lettuce properties
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Figure 5. Heatmap visualization for Pearson correlations: A) between lettuce response and BC
properties, B) between lettuce response and metals content in BC, C) between lettuce response
and metals and PAEs content in lettuce leaves, D) between lettuce response and metals and
PAEs content in lettuce roots. e p < 0.05, e p < 0.01, the intensity of colors: green (positive

correlation) and red (negative correlation) shows the differences.

The properties of BC added to the soil contaminated with PAEs affected the plants'
properties. Aromatic moieties in BC promoted the photosynthetic activity of Chl b and
carotenoids (p < 0.05, Figure 5A). Higher levels of total PAHs and ash content in BC increased

the concentration of PO+ in lettuce leaves. An increase in metal content in BC (including Cr,
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Cu, Fe, Ni, Zn, Co, Cd, and Pb) was also associated with elevated phosphate levels in lettuce
leaves (Figure 5B). The PO4>" concentration in lettuce leaves was correlated with CAT activity
(p < 0.05) (Figure 5B). The increased phosphate concentration may reflect a plant response to
oxidative stress, such as the simultaneous rise in HM content in BC and CAT activity in lettuce.
ROS can damage phospholipid membranes, leading to the release of PO4>* (Pamplona, 2008).
Additionally, a higher Mn content in BC enhanced CAT activity in lettuce leaves (Figure 5B).
Excess of Mn in soil can induce oxidative stress in plants, triggering an increase in antioxidant
enzyme activities, including CAT (Srivastava and Dubey, 2011).

There are also some correlations between mineral composition and the enzymatic
activity of lettuce. A very strong positive correlation (p < 0.01) was observed between Cd and
phosphate content in lettuce leaves (Figure 5C), along with significant positive correlations (p
< 0.05) between phosphate and B concentrations. The promoting effect of combined BC and
phosphorus fertilizer on the Cd uptake was confirmed by Li et al. (Li et al., 2022). In our study,
the highest Cd concentration was found in plants from the sample amended with SS addition,
which also had the highest P content among the tested materials. Significant positive
correlations were also observed between the content of various metals in lettuce leaves, for
example between Ca and Mg (Figure 5C). Such correlations were also reported by Fan et al.,
(Fan et al., 2021). Higher SOD activity was associated with higher Fe concentration in leaves
(Figure 5C). In lettuce roots, the concentration of certain metals was correlated with others. For
example, higher Mg content was associated with reduced Cr levels, whereas higher Cr content
led to reduced Mn content (Figure 5D). Additionally, Mn increased the concentrations of Mg,
Fe, Cd, and Hg in roots. The concurrent increase in Mn, Mg, and Fe supports the concept of
cross-talk between macro- and microelements in plants, as noted by Fan et al. (Fan et al., 2021).

Phosphate concentrations in lettuce leaves also increased with higher Hg levels in the

roots. Conversely, high Ca concentrations in roots were associated with decreased SOD activity
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in the leaves. Both Chl b and carotenoid contents increased with rising levels of Chl a. The
correlation between Chl a and Chl b was stronger (p < 0.01) than that between Chl a and
carotenoids (p < 0.05) (Figures 5C and 5D).

The content of the six tested PAEs in lettuce leaves and roots was correlated with the
mineral composition of plants (Figure 5C and Figure 5D). The bioavailability of PAEs in lettuce
leaves showed a very strong negative correlation (p < 0.01) with phosphate concentration
(Figure 5C). The uptake and translocation of Cd from roots to leaves were inhibited by the
presence of PAEs. A significant negative correlation (p < 0.05) was also observed between B
concentration and PAEs concentration in lettuce leaves. In lettuce roots, PAEs concentration

was negatively correlated with phosphate concentration and Hg content (Figure 5D).

Conclusions

Lettuce cultivated in PAEs polluted soil exhibited oxidative stress as evidenced by
increased SOD and CAT activities. The addition of BC to the soil alleviated oxidative stress in
plants. The presence of PAEs in the soil also affected the other physiological parameters of
lettuce. Although the highest contents of Chl a and Chl b were observed in the lettuce leaves
grown in the soil contaminated with PAEs, these plants had the lowest mass. The beneficial
effects of enriching the soil with BC were also evident in the mineral composition of the lettuce.
All tested BC types increased the concentrations of certain macro- and microelements while
reducing heavy metal content. The most beneficial effects were observed with biochar obtained
from corn. Plants grown in the CR-BC-amended soil had the highest biomass, were not exposed
to oxidative stress, and accumulated fewer PAEs compared to plants grown in the soil

contaminated with PAEs and without any BC addition.
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