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Lipid Peroxidation as a Biomarker for Heavy Metal 
Stress in Plants
Soham Kawade*, S. Thomas*, M. Daggett*, B. Mattingly*, and J. F. Treml*†

Heavy metal contamination in soil poses a significant threat to plant health, agriculture, and 
ecological stability. This study investigates the potential of lipid peroxidation, specifically 
malondialdehyde (MDA) accumulation, as a biomarker for oxidative stress in plants exposed 
to heavy metals. Plants were subjected to varying concentrations of Copper Sulfate, and phys-
iological parameters such as root length were recorded to assess growth inhibition. To quanti-
fy lipid peroxidation, a thiobarbituric acid reactive substances (TBARS) assay was performed, 
with a standard curve generated using 1,1,3,3-tetramethoxypropane (TMP) as an MDA equiva-
lent. Results revealed a dose-dependent increase in MDA levels correlating with reduced root 
growth, indicating enhanced oxidative damage under metal stress. These findings support the 
use of lipid peroxidation as a reliable indicator of heavy metal toxicity and lay the groundwork 
for its application in phytoremediation studies and environmental monitoring.
Environmental contamination by heavy 
metals poses a significant threat to plant 
health and agricultural productivity. Cop-
per, while essential in trace amounts, be-
comes toxic at elevated concentrations, 
leading to the generation of reactive oxy-
gen species (ROS) via redox reactions with 
the metal. These ROS trigger oxidative 
stress, damaging cellular components such 
as proteins, nucleic acids, and lipids.1 
Lipid peroxidation refers to the oxidative 
degradation of polyunsaturated fatty acids 
in cell membranes, a process initiated by 
ROS. A key byproduct of this reaction is 
malondialdehyde (MDA), which can be 
quantitatively measured using a method 
developed by Janero.2 The accumulation of 
MDA thus provides a proxy for assessing 
oxidative damage in plant tissues.3 
This study aims to evaluate whether lipid 
peroxidation, as measured through MDA 
levels using the thiobarbituric acid reactive 
substances (TBARS) assay, can serve as a 
reliable and sensitive biomarker for heavy 
metal stress in plants. By establishing a 
correlation between CuSO4 concentrations 
and MDA accumulation, we seek to vali-
date a cost-effective method for monitoring 
environmental toxicity.4 

Materials and Methods

Plant Material and Growth Conditions
Two plant species were selected for this 
study: Pisum sativum (pea) and Raphanus 
sativus (radish). Seeds were surface-ster-
ilized by immersion in 70% ethanol for 1 
minute followed by 1% sodium hypochlo-
rite for 10 minutes, then rinsed three times 
with sterile distilled water to eliminate sur-
face contaminants.5 Sterilized seeds were 
germinated in a controlled environment on 
culture media or soil treated with varying 
concentrations of copper sulfate (CuSO4).
For the root elongation assay, both pea and 
radish seeds were germinated on agar-so-
lidified media supplemented with CuSO4 
at concentrations of 0 (control), 50, 100, 
250, 350, and 500 µM.6 Seeds were spaced 
evenly in sterile Petri dishes and oriented 
such that root growth would occur down 
the length of the plate. Plates were placed 
at a 45° angle to encourage straight root 
growth.
For the MDA assay, only radish plants were 
used. Seeds were sown in soil contained 
in pots, each amended with six increasing 
concentrations of CuSO4 (0–400 ppm). 
Plants were grown for 14 days under am-
bient light, with daily watering to maintain 
consistent moisture. One additional radish 
plant was grown in soil containing 250 
ppm CuSO4 for assay validation.

Root Elongation Assay
After 7 days of growth, roots of germinat-
ed seedlings were carefully removed from 
the plates and photographed. For each con-

centration, two plates containing six seed-
lings were analyzed. Average root length 
per treatment was calculated and plotted to 
evaluate dose-dependent effects of copper 
toxicity.

MDA Quantification via TBARS Assay
The level of lipid peroxidation in rad-
ish tissues was estimated by quantifying 
malondialdehyde (MDA) using a thiobar-
bituric acid reactive substances (TBARS) 
assay, adapted from the protocol described 
by Dhindsa et al.,3 and followed by Baryla 
et al.4 Leaf tissues (0.3 g) were harvested 
from each treatment. Samples were ground 
in a chilled mortar with 1.25 mL of 0.1% 
trichloroacetic acid (TCA) containing 1% 
sodium dodecyl sulfate (SDS) to ensure 
protein denaturation and lipid solubiliza-
tion.
The homogenate was centrifuged at 12,000 
g for five minutes, after which 300 µL of 
supernatant was mixed with 1 mL of 20% 
TCA containing 0.5% thiobarbituric acid 
(TBA). The mixture was incubated at 95°C 
for 30 minutes, then cooled rapidly in an 
ice bath to halt the reaction. Absorbance 
was measured at 532 nm using a UV-visi-
ble spectrophotometer. Non-specific absor-
bance at 600 nm was subtracted to correct 
for turbidity.7

MDA concentration was calculated using 
an extinction coefficient of 155 mM-¹ cm-

¹.2 Standard curves were prepared using 
1,1,3,3-tetraethoxypropane (TEP) as the 
MDA standard, allowing for quantitative 
comparisons. Although the TBARS assay 
is widely used, it should be noted that it is 
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not wholly specific for MDA and may also 
detect other aldehydes or sugar degradation 
products. 4,8

Assay Validation
To evaluate the accuracy of the MDA-based 
assay for estimating copper exposure, a 
standard curve was generated by correlat-
ing known soil concentrations of CuSO4 
with corresponding MDA levels measured 
in plant tissues. A test sample grown in soil 
containing 250 ppm CuSO4 was then ana-
lyzed, and its MDA concentration was used 
to interpolate the Copper exposure from 
the established standard curve. A ±5% de-
viation threshold was predetermined as the 
target range for acceptable assay accuracy.

Results

Effects of Copper Sulfate on Root Elon-
gation
The root elongation assay revealed a clear 
dose-dependent inhibition of growth in 
both Pisum sativum (pea) and Raphanus 
sativus (radish) seedlings exposed to in-
creasing concentrations of CuSO4. In con-
trol conditions (0 µM CuSO4), both species 
exhibited healthy, elongated root systems, 
with average root lengths of 7–10 cm after 
seven days of growth (Figure 2A&B).
Upon exposure to 50 µM CuSO4, a signifi-
cant reduction in root length was observed, 
indicating early signs of metal-induced 

stress. More pronounced inhibition oc-
curred at 100 µM. At 250 µM and above, 
root growth was significantly impaired 
(Figure 2C&D). At 500 µM CuSO4, radish 
roots showed marked browning and necro-
sis at the tips—symptoms often associated 
with metal. This progressive reduction in 
root elongation reflects a dose-dependent 
phytotoxic response to copper exposure.

Quantification of Lipid Peroxidation via 
MDA Levels
The TBARS assay used to estimate MDA 
content in radish leaves showed a strong 
positive correlation between CuSO4 con-
centration in soil and the degree of lipid 
peroxidation. In control plants, baseline 
MDA levels were minimal, indicating low 
levels of oxidative stress under non-toxic 
conditions.
With the introduction of 50 ppm CuSO4 
into the soil, a measurable increase in MDA 
content was observed, suggesting the onset 
of oxidative stress (Figure 3). At 100 ppm, 
MDA levels nearly doubled and continued 
to rise steadily with each subsequent con-
centration. The highest MDA concentra-
tion was recorded in the 300 ppm treatment 
group. The MDA concentration at 400 ppm 
was lower than that observed in 300 ppm, 
the cause for which could indicate failure 
of metabolic functions due to very high 
toxicity from copper.
The results align with those of Baryla et 

al.,4 who observed similar increases in 
MDA content in Brassica napus exposed to 
Cu-enriched media. These findings support 
the hypothesis that copper-induced oxida-
tive stress can be reliably detected by as-
sessing lipid peroxidation in plant tissues.
Linear regression analysis demonstrated a 
statistically significant correlation (Figure 
3A, R² > 0.95) between CuSO4 concen-
tration and MDA levels in plant tissues. 
The generation of a standard curve using 
1,1,3,3-tetraethoxypropane (TEP) allowed 
for precise quantification of MDA, con-
firming the assay’s sensitivity and repro-
ducibility across a range of copper treat-
ments.
The regression model confirmed the linear 
behavior of the TBARS assay within the 
tested concentration range, validating its 
use as a quantifiable indicator of stress se-
verity.

Assay Validation and Accuracy
To evaluate the accuracy of the TBARS 
assay in estimating Cu-induced oxidative 
stress, a validation sample was cultivated 
in soil amended with 250 ppm CuSO4. A 
target tolerance of ±5% deviation from the 
known concentration was established a pri-
ori. The assay estimated internal Cu expo-
sure at 264.2 ppm, corresponding to a 5.6% 
deviation—slightly exceeding the pre-
defined threshold (Figure 3B). While this 
result did not meet the established criterion 

Figure 1 | Process of MDA formation as a byproduct from Lipid peroxidation reaction.
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for accuracy, the minimal overage suggests 
the method may approach a practical level 
of reliability with refinement. These find-
ings support further refinement of the as-
say protocol and warrant its re-evaluation 
in future studies aimed at field-applicable 
soil toxicity screening and bioavailability 
assessment.4

Visual and Physiological Symptoms
Beyond quantitative data, visual inspection 
of the radish plants (data not shown) re-
vealed symptoms that further supported the 
biochemical findings. As CuSO4 concen-
tration increased, radish leaves exhibited 
curling, reduced leaf area, and, in severe 
cases, chlorosis and necrosis. These symp-
toms corresponded with MDA trends and 
are consistent with copper’s role in disrupt-
ing photosynthesis and generating ROS.1 

Discussion

The findings support the hypothesis that 
lipid peroxidation serves as a measur-
able marker of oxidative stress in plants 
exposed to heavy metal contamination. 
Despite the need for further refinement, 
the TBARS assay proved to be a straight-
forward and reproducible method for 
quantifying MDA levels.
Root elongation assays complemented the 
biochemical data by directly correlating 
copper toxicity with impaired plant health. 
Studies have consistently reported that 
copper accumulation significantly inhib-
its root growth—even at relatively low 
concentrations—serving as a sensitive in-
dicator of metal-induced outcomes.9,10 Our 
root assays confirm this well-established 
relationship, strengthening the validity of 

the TBARS results by linking oxidative 
damage to physiological impairment.
Although the validation assay slightly 
overestimated Cu concentration—yielding 
a 5.6% deviation from the known value—
this result remains near the predefined 
±5% margin of acceptability. This minimal 
discrepancy underscores the assay’s po-
tential for practical use in environmental 
monitoring and preliminary diagnostic 
applications.
The tentative correlation between CuSO4 
concentration and MDA accumulation 
demonstrates that this method can be used 
for early and quantitative detection of en-
vironmental contamination. The simplicity 
and cost-effectiveness of the TBARS as-
say make it a valuable tool for agricultural 
and ecological applications.

Figure 3 | Root Growth is inversely correlated with concentration of CuSO4 in soil. Root Elongation Tests on Pisum 
sativum (pea) and Raphanus sativus (radish). A & B show Radish and Pea roots respectively grown in a petri dish with 1% 
Agar and CuSO4. C & D show corresponding graphs of the A & B. Readings were taken after 7 days of sowing.
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Future Directions

Given that the validation assay marginally 
exceeded the established accuracy thresh-
old, the current methodology will be re-
viewed for potential improvements. While 
this study centered on copper exposure, fu-
ture research should evaluate the specifici-
ty of MDA as a biomarker for other heavy 
metals, including cadmium, lead, and zinc. 
Expanding the assay’s application to addi-
tional plant species and varied stress condi-
tions will further assess its robustness and 
broaden its environmental relevance.
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