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Environmental Significance

Phenanthrene (Phe) and its metabolites can accumulate in many terrestrial plants and 

cause carcinogenic and mutagenic toxicity to organisms via food chains. However, a 

recyclable and effective technique for poly aromatic hydrocarbon remediation has not 

been developed yet. Dissolved humic acids in soil are among the most active 

components. The present study investigated the behavior of Phe in Lactuca sativa L. as 

affected by magnetic carbon nanotubes (MCNTs) and DHAs in a hydroponic system. 

Our results demonstrated that MCNTs altered the Phe accumulation in lettuce seedlings 

and its combination with DHAs further alleviated the Phe- and metabolites-induced 

phytotoxicity. In addition, MCNTs could be easily separated from complex matrices 

that makes it a novel strategy for soil remediation using nano-enabled technology. 
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Abstract

This study investigated the behavior of phenanthrene (Phe) in lettuce (Lactuca 

sativa L.) as affected by carbon nanotubes (CNTs)/magnetic carbon nanotubes 

(MCNTs) and dissolved humic acids (DHAs) under hydroponic conditions for 10 days. 

MCNTs alone or combined with DHAs reduced Phe accumulation in roots by more 

than 50%; in shoots, CNTs increased the Phe accumulation from 72.1 to 114.8%, 

regardless of the presence of DHAs. DHAs decreased the total Phe metabolites content 

in lettuce by 21.7-98.9%. Nine Phe-related metabolites were identified and a possible 

Phe metabolism pathway in lettuce was proposed. A positive correlation was found 

between Fe and Phe content in lettuce under treatments of MCNTs/CNTs combined 

with DHA1, indicating exogenous Fe in conjunction with DHA1 affected Phe 

accumulation in lettuce. Additionally, MCNTs/CNTs and DHAs reduced Phe-induced 

toxicity to lettuce by elevating the activity of shoot glutathione S-transferase (GST). 

The addition of MCNTs/CNTs alone and combination with DHAs enhanced 

photosynthesis. The upregulation of genes related to photosynthesis and carotenoid 

biosynthesis in the treatments with DHAs or the combinations of CNT/MCNTs and 

DHAs alleviated Phe-induced phytotoxicity and negative impacts on photosynthesis. 

Our findings provide important information on Phe accumulation and its metabolism in 

plant-soil systems and on the roles of DHAs and MCNTs in alleviating the contaminant-

induced phytotoxicity. 

Keywords: phenanthrene; magnetic carbon nanotubes; dissolved humic acids; 
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phenanthrene metabolites; phytotoxicity
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are produced by the incomplete 

combustion of coal, petroleum and wood, etc. [1-3], and are ubiquitous contaminants 

in the environment, including the atmosphere, water, sediments, and soil.[4, 5] Due to 

their lipophilic and hydrophobic properties, PAHs are readily accumulated by terrestrial 

plants [6] and transfer via food chains in environment. Phenanthrene (Phe), a low-

molecular weight PAHs with three benzene rings and representative structure with K 

region and bay region, has often been selected as a model compound to investigate the 

environmental behavior of PAHs.[7-9] Phe has been found in many fruits and 

vegetables, including Chinese cabbage (Brassica rapa L.), lettuce (Lactuca sativa L.), 

hibiscus (Hibiscus syriacus L.) and amaranth (Amaranthus mangostanus L.), with 

concentrations up to 2.0 mg/kg (dry weight).[10, 11] Besides, Phe exerted significant 

carcinogenic and mutagenic toxicity to organisms.[12] Therefore, investigations on 

uptake and metabolism of Phe in vegetables are of importance and provide useful 

information for phytoremediation in terrestrial ecosystems, including agricultural lands. 

Carbon nanotubes (CNTs) have gained considerable attention because of their 

excellent mechanical, electrical, optical, and physicochemical properties.[13] 

Considering their large surface area and p-p electrostatic interactions, CNTs have 

shown significant potential for the adsorption of heavy metals [14-16] and organic 

pollutants [17, 18] as part of novel environmental remediation strategies. However, it 

is difficult to separate CNTs from water or soil matrices due to their nanoscale size. To 

overcome this disadvantage, CNTs can be decorated with magnetic nanoparticles such 
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as Fe3O4 and Mn2O, which can be enable facile separation from complex matrices as a 

novel strategy for soil remediation.[19, 20] It is highly likely that magnetic CNTs 

(MCNTs) will interact with PAHs in water or soil [21, 22], and may subsequently affect 

the physiological responses of plants, including PAH uptake. The important role of 

CNTs and other carbons (e.g. soot, charcoal) in lowering the bioavailability of 

contaminants has been demonstrated previously.[23-26] For example, biochar, charcoal, 

and activated carbon reduced the freely dissolved concentration (Cfree) of six 

polybrominated diphenyl ethers (PBDEs) by 47.5–78.0%, 47.3–77.5%, and 94.1–

98.3%, respectively.[23] Similarly, charcoal significantly reduced the bioaccumulation 

of 3,3’,4,4’-tetrachlorobiphenyl and benzo[a]pyrene by the oligochaete (Lumbriculus 

variegatus).[24] However, investigation on effects of MCNTs on accumulation and 

metabolites of persistent organic pollutants (POPs) in plants is still largely unknown.  

Humic acids (HAs) contain carboxyl, hydroxyl, phenolic and other active groups 

and are among the most active components in soil.[27, 28] HAs can affect hydrophobic 

organic contaminant (HOCs) speciation, transfer, and bioavailability.[29-31] For 

example, the relative distribution of terrestrial humic-like fluorophores was correlated 

with the extent of Phe binding (r=0.571; p < 0.05), suggesting that the presence of HAs 

enhanced the Phe binding affinity.[32] Conversely, Yang et al. (2014) reported that pine 

needle litter-derived DOM (dissolved organic matter, fulvic acid and humic acid) 

inhibited PAH sorption and promoted desorption.[33] DOM was shown to promote 

pyrene bioavailability to Daphnia magna when the Cfree of pyrene was kept constant, 

and the bioavailability was related to DOM molecular weight.[34] Hence, the properties 
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of DOM affect the speciation, transfer and bioavailability of HOCs. Our previous study 

also demonstrated that different classes of dissolved humic acid altered the uptake of 

hexabrominated diphenyl ether (BDE-153, a typical HOCs belonged to PBDEs) by 

Lactuca sativa.[35] In addition, the presence of dissolved humic acids (DHAs) also 

reduced the Fe accumulation and lipid content in lettuce. It is worth noting that the 

distribution of BDE-153 was also dependent on the DHA classes.[35] Given the 

similarities among HOCs, the potential toxicity of PAHs, and the widespread 

occurrence of DHAs in environment, it is important to investigate the mechanisms by 

which different fractions of DHAs alter PAH uptake by plants, particularly upon co-

exposure to the MCNTs as part of a novel contaminant remediation technology.

Humic acids may interact with CNTs in aqueous phase of the rhizosphere [36], and 

thus, we hypothesize that different fractions of DHAs combined with CNTs could alter 

the pattern of organic pollutant accumulation and phytotoxicity. Previous work has 

demonstrated that the extent of organic pollutant toxicity may be influenced by the 

presence of carbon-based nanomaterials (CNMs). For example, CNT amendments 

resulted in a significant increase in Phe toxicity to Daphnia magna when compared to 

Phe alone. [37] Upon exposure to 10 mg/L CNTs and 5 mg/L soot, diuron reduced the 

photosynthetic activity of Chlorella vulgaris by approximately 78% and 34%, 

respectively.[38] However, the role of DHAs in altering the interaction between organic 

pollutants and CNMs remains largely unknown. 

In the present study, lettuce (Lactuca sativa L.) was chosen as a target plant to 

investigate whether co-exposure MCNTs and different fractions of DHAs could 
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potentially alter the Phe accumulation pattern and its metabolites in plants. Different 

fractions of DHAs were extracted from a farmland soil near an electronic waste 

recycling plant in Jinghai county in Tianjin, China (116°46′30.07″ W, 38°49′22.55″ N). 

MCNTs were synthetized using alkaline precipitation method according to our previous 

method.[39] In order to exclude interference from the complex soil matrix and better 

understand the interaction of different analytes, the plant exposure was conducted in 

hydroponic systems. Lettuce seedlings were exposed to Phe, DHAs, CNTs and MCNTs 

for 10 days. At harvest, Phe and its metabolites, and Fe were measured in lettuce across 

all the treatments. The activity of antioxidant enzymes and chlorophyll fluorescence 

were measured, and the transcription level of genes associated with photosynthesis and 

carotenoids synthesis were analyzed. Our findings provide useful information for 

phytoremediation of PAH contaminated soil using MCNTs. 

MATERIALS AND METHODS 

Chemicals and materials  

Radioactive Phe (14C-labeled Phe, 8.2 μCi/μmol) and unlabeled Phe were 

purchased from Sigma-Aldrich Chemical Co. and CNW Technology Inc., respectively.  

CNTs (95% purity, 20–30 nm outer diameter, 10–30 µm length) were purchased from 

Xianfeng Nano Material Co. Ltd., China. CNTs were acidified prior to loading with Fe 

to create MCNTs as described previously [39]; detailed methods are given in the 

supporting information (SI). CNTs and MCNTs were observed by transmission 

electron microscopy (TEM, Figure S1) (JEM-1230, JEOL, Ltd., Japan). Different 
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fractions of DHAs (DHA1 and DHA4) were extracted from the surface soil (0-20 cm 

deep) of a farmland near an electronic waste recycling plant located in Jinghai county 

in Tianjin, China (116°46′30.07″ W, 38°49′22.55″ N). Detailed information 

on DHAs characterization was reported previously.[35, 39] 

Experimental design

Lettuce seedlings were prepared according to Ma et al. (2016). [40] Briefly, lettuce 

seeds were sterilized by 70% ethanol and then germinated on moist filter paper. After 

growing in half-strength Hoagland’s solution for 20 days (22/18 °C, 14/8 h, day/night), 

uniform-sized lettuce seedlings were selected for the hydroponic exposure. 14C-labeled 

and unlabeled Phe were dissolved and mixed homogeneously in methanol as stock 

solution. Each lettuce seedling was grown in 230 mL Hoagland's solution with Phe at 

1 mg/L, which was also amended with/without 10 mg/L DHAs and 25 mg/L 

CNTs/MCNTs for 10 days. Seedlings grown in the pure Hoagland's solution were set 

as the control. Others included Phe (P), carbon nanotubes (C), magnetic carbon 

nanotubes (M), and different fractions of DHA (H1 and H4). Details for each treatment 

are listed in Table S1. There were three biological replicates in each treatment. Air was 

pumped into the solution (14 h per day) to maintain a homogeneous mixture and 

provide oxygen for root respiration. At harvest, 30-day old seedlings were rinsed with 

deionized H2O and weighted across all the treatments. Chlorophyll fluorescence was 

measured by Imaging-PAM (Walz Ltd., Germany). All plant tissues were stored at −80 

°C (DW-86L388A, Qingdao Haier Electric Appliance Co., Ltd., China) until further 
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analysis. 

Phe extraction and measurement 

Procedures for Phe extraction from plant tissues were described in Hadibarata et 

al. (2011) [41] and Gao et al. (2004) [42] with some modifications. One hundred 

milligrams of freeze-dried plant powders were ultrasonically extracted with 5 mL ethyl 

acetate for 1 hour at ambient temperature. This step was repeated three times and all 

extracts were combined and purified by silica gel column. The detailed sample cleanup 

procedures are given in SI. The extracts were then concentrated under nitrogen. One 

milliliter methanol was added to the dried plant residues and vortexed vigorously, 

waiting for the determination of Phe. To test the recovery rate of the Phe measurement, 

the Phe-free plant samples were homogeneously spiked with different concentrations 

of Phe at 5, 10 and 50 μg/g. All treated samples were stabilized overnight, then extracted 

and purified by the above method. The average recovery rate was between 81.7 and 

94.3%, which satisfied the requirements for the Phe measurement in plant tissues.   

An Agilent 1200 HPLC with fluorescence detector (Agilent 1200, Agilent 

Technologies, Inc.) was used to quantify the Phe concentration. A Symmetry C18 

column (3.9 mm×150 mm, Waters) was employed as the stationary phase. The mobile 

phase was a mixture of methanol and ultrapure water (90:10, v/v) and delivered in a 

gradient program at speed of 0.9 mL/min. Identification and quantification were carried 

out using fluorescence detection with excitation wavelength at 250 nm and emission 

wavelength at 364 nm. A fitted eight-point calibration curve (r2=0.998) was used for 
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the Phe quantification. The limit of detection (LOD) of phenanthrene was 10 μg/L. The 

calculation formula was LOD = 3.14 × SD. SD is the standard deviation of repeat 

determination of a low concentration of Phe standard solution for seven times. In 

addition, the concentrations of Phe in the control plants were below the LOD.

Phe metabolites measurement

Quantification of Phe metabolites One hundred microliters of Phe-methanol 

solution were diluted to 1 mL with methanol and the mixture was added into 8 mL of 

Ultima Gold XR cocktail (Perkin-Elmer) for liquid scintillation counting (Beckman 

LS6500).[43, 44] 14C-labled Phe and its metabolites was measured. The accuracy of the 

quantification of the total content of Phe metabolites were calculated directly by mass 

difference between Phe (including the metabolic Phe) determined by liquid scintillation 

and Phe determined by HPLC. Because of the 14C-labeled Phe used in hydroponic 

experiment, the Phe that was taken up or metabolized by plants can be determined by 

their final radioactivity.

Qualitative analysis of Phe metabolites One hundred microliters of N,O-bis-

trimethylsilyl acetamide and 50 µL of trimethylchlorosilane were added to the dried 

residues prior to heating at 60 ℃ for 1 h in a water bath. Analysis of the trimethylsilyl 

derivatives was performed on an Agilent 7890B (Agilent Technologies, USA) gas 

chromatograph equipped with a single quadrupole mass analyzer 5977B MSD. One 

microliter of derivatives solution was injected onto a DB-5ms column (J&W Scientific, 
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30 m × 0.25 mm i.d. × 0.25 μm film thickness) in splitless mode. Helium was used as 

carrier at a constant flow of 1.0 mL/min. The oven program started at 100 ℃ and held 

for 1 min, increased at 5 ℃/min to 200 ℃ and held for 5 min, then at 10 ℃/min to 

300 ℃, and held for 10 min. The GC-MS (EI) was used in scan mode with a mass range 

from 50 – 450 m/z. The temperature of the EI and MS were 250 and 150 ℃, respectively. 

The mass spectrum of individual total ion peaks was identified by comparison with the 

NIST mass spectra database and main fragment ions according to literature review and 

database of Phe metabolic pathways.[41, 45, 46] The metabolites were also semi-

quantitatively determined by the relative peak intensity.[47] Table S2 lists the nine Phe 

metabolites identified in the plant samples. 

Fe measurement in lettuce tissues

All root and shoot tissues were dried and weighed into sample tubes for acid 

digestion. Briefly, 6 mL of HNO3 and 2 mL of H2O2 were added into each sample and 

the samples digested in a microwave chemical reactor (MDS-86, Shanghai Sineo 

Microwave Chemical Technology Co., Ltd). The digesting program was 140 °C for 7 

min and then held at 180 °C for 15 min. The Fe content was measured by a continuum 

source atomic absorption spectrometer (Analytic Jena, contrAA 700, Germany).[48] 

To ensure the quality of the process, yttrium was used as an internal standard and a 

sample of known concentration was read every thirty samples.

Antioxidant enzymes and photosynthesis measurement
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Enzymes were extracted in pre-chilled 50 mmol/L phosphate buffer (pH 7.5) 

containing 1 mmol/L ethylenediaminetetraacetic acid (EDTA) and 1 mmol/L 

dithiothreitol (DTT). The mixture was centrifuged at 10,000 g and the supernatant was 

collected for the measurement of enzyme activity. For the glutathione S-transferase 

(GST) activity measurement [40], 1-Chloro-2,4-dinitrobenzene (CDNB) was used as 

the reaction solution and the increase of absorbance was recorded at 340 nm for 5 min 

by a UV−Vis spectrophotometer (TU-1810, Persee, China). Catalase (CAT) and 

peroxidase (POD) activities were measured according to Beauchamp and Fridovich 

(1971) [49] and Aebi (1984).[50]

Chlorophyll fluorescence was measured using IMAGING-PAM (Walz Ltd., 

Germany), according to Erhard et al. (2008).[51] Details for photosynthesis 

measurement are provided in the SI.[48]

Gene regulation measurement by qRT-PCR

Lettuce shoot and root tissues were separately homogenized to fine powder in 

liquid nitrogen. Protocols for total RNA isolation, cDNA synthesis, and gene 

expression using qRT-PCR were described in Ma et al. (2013).[52] Briefly, a 

SpectrumTM plant total RNA kit (Sigma-Aldrich) was used to isolate total RNA, with 

the concentration being quantified by NanoDrop spectrophotometry (ThermoScientific, 

West Palm Beach, FL). A Verso cDNA synthesis kit (ThermoFisher Scientific) was 

used to synthesize cDNA and the gene-specific primers were designed using Primer 

Quest (Integrated DNA Technologies, Coralville, IA). Reverse-transcription real-time 
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PCR was performed with Bio-Rad SsoAdvanced Universal SYBR Green Supermix 

(Bio-Rad). A complete list of primer sequences is provided in Table S3. The PCR 

amplification program was: 95 °C for 30 s; 95 °C for 15 s, 63 °C for 30 s, repeating 40 

cycles; melting curve from 65 °C to 95 °C. Relative quantities (2−ΔΔCt method) were 

used to calculate the transcription level of each gene.

Statistical analysis

A one-way analysis of variance (One-way ANOVA) followed by Duncan’s multiple 

comparison test (IBM SPSS Statistics 20) was used to determine statistical significance 

of differences in each parameter across all treatments. The exception was the qRT-PCR 

assay, in which Student t-test was applied to determine statistical significance of the 

levels of each gene. In figures and tables, values followed by different letters are 

significantly different at p < 0.05.

RESULTS AND DISCUSSION

DHA characterization

Our previous studies indicated that differences on the element composition and 

physicochemical properties of DHA1 and DHA4 potentially affected the Phe behavior 

and physiological responses of plant.[35, 39] The moieties of humic acids are important 

contributors to determine the state of humic acids, in which aromatic moieties 

contribute to form the condensed state of humic acids, while aliphatic moieties are a 

contributor to form the expanded state.[43, 53, 54] According to the 13C -NMR spectra 

of two types of humic acids [35], the DHA1 has a higher aromatic carbon content 
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(40.0%) and a lower aliphatic carbon content (11.1%) in comparison with DHA4, in 

which aromatic carbon and aliphatic carbon content was 32.1% and 29.3%, respectively. 

Therefore, DHA4 had higher partition capacities for Phe adsorption.[43] Additionally, 

DHA4 could bind minerals more tightly relative to DHA1.[17] 

Phe and its metabolites in lettuce

Phe content  The addition of CNTs/MCNTs and DHAs significantly decreased the 

content of Phe and its metabolites in lettuce roots by 16.5-86.1% as compared to the 

Phe alone treatment, except for treatments with CNTs and co-exposure of CNTs with 

DHA1 (Figure 1A). It is reported that CNTs could physically damage the plant cell 

walls and subsequently increase the contaminant uptake by roots.[55] Additionally, 

DHA1, containing more aromatic moieties in a condensed state, could decrease the Phe 

partition capacity and consequently increase its bioavailability to plants. Thus, the 

treatments of different fractions of DHA combined with CNTs resulted in different 

patterns of Phe uptake by roots. It is worth noting that MCNTs decreased the content 

of Phe and its metabolites; upon co-exposure to MCNTs and DHAs, the maximum 

decreases in the Phe and metabolite content were evident. The hydrophobic CNTs 

functionalized with nano-sized iron oxide could disperse better in water with an 

increasing specific surface area [56], and therefore the adsorption capacity of the 

modified CNTs became higher than that of the pure CNTs. In addition, the presence of 

different fractions of DHAs could further increase the sorption of nano-sized iron 

oxides to the hydrophobic organic compounds.[17] The complexation of MCNTs and 
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DHAs increased the MCNTs dispersion in a more expanded state, and more adsorptive 

sites could be exposed to bind with Phe. Overall, the high adsorption capacity of 

MCNTs combined with DHAs could effectively inhibit the Phe uptake by lettuce. 

Without considering the metabolic Phe, in lettuce roots, the presence of MCNTs and 

the combination with different fractions of DHA decreased the root Phe content by 

more than 50% relative to the Phe alone treatment (Figure 1B). The co-exposure of 

CNTs and DHA1 increased the root Phe content as compared to the Phe alone treatment. 

In shoots, a common finding was that the addition of CNTs increased the Phe 

accumulation to the aboveground tissues by 72.1-114.8% when compared to the Phe 

alone treatment, regardless of the DHA amendments. Although the Phe accumulation 

as affected by MCNTs was largely similar to the CNT treatments, the increase was 

smaller by 11.5-98.4 % compared to the increase with CNTs (Figure 1B). It could be 

ascribed as that much less Phe accumulation in MCNTs treated roots than that in CNTs 

treated ones resulted in relatively low translocation of Phe from roots to the 

aboveground parts.    

The translocation factor of Phe (TFPhe) from roots to shoots shows that DHAs had no 

impact on the Phe translocation as compared to the Phe alone treatment (Figure 1C). 

However, the addition of CNTs and MCNTs significantly increased TFPhe by 54.0-

220.9%, regardless of the DHA addition. Our previous study reported that some black 

granules appeared around the protoplasts in shoot and root cells, indicating the presence 

of iron particles or magnetic CNTs.[39] An increasing numbers of studies reported the 

CNT uptake by plants [56-60], and hence enhancing the transportation of CNT carried 
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environmental toxins into living cells.[61] Therefore, the Phe translocation in lettuce 

might be elevated by the CNTs/MCNTs due to the Phe adsportion on CNTs/MCNTs. 

Additionally, although adding DHAs potentially increased the Phe translocation, the 

statistical analysis indicates otherwise due to the large variability (Figure 1C). A 

possible explanation that MCNTs significantly elevated TFPhe as compared to CNTs 

might be that the functionalized CNTs could enter plants cells more easily in 

comparison with the pure CNTs.[56]

 

Total Phe metabolite content CNTs/MCNTs and DHAs significantly decreased 

the content of Phe metabolites in lettuce roots from 18.4% to 98.9% as compared to the 

Phe alone, the exception were the treatments of MCNTs and co-exposure of CNTs with 

DHA1 (Figure 1D), where the root Phe metabolite content was equivalent to the Phe 

alone treatment. In lettuce shoots, all the treatments significantly decreased the content 

of Phe metabolites from 21.7% to 88.6% as compared to the Phe alone, except for CNT 

and MCNT treatments. The metabolites were further analyzed by the ratio of the total 

metabolites to the Phe content in lettuce (Figure 1E). It was found that the ratios of the 

total metabolites to the Phe content in lettuce were all significantly decreased as 

compared to the Phe alone treatment by 23.8% to 97.1%, except for the ratio in roots 

co-treated with Phe and MCNTs, which was significantly higher by 131% compared 

with other treatments (Figure 1E). Besides, the combination of DHAs with 

CNTs/MCNTs exerted stronger inhibition on Phe metabolites ratio than CNTs/MCNTs 

alone both in roots and shoots in rough. For example, DHAs combined with CNTs 
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decreased the Phe metabolites ratio by more than 11.5% in relative to CNTs alone; 

DHAs combined with MCNTs decreased the Phe metabolites ratio by more than 67.0% 

in relative to MCNTs alone. DHAs play an important role in inhibiting the Phe 

metabolism in lettuce, while MCNTs can facilitate this process. In DHA treatments, the 

complexing form of Phe with DHAs was also taken up by lettuce. Therefore, less Phe 

were bioavailable to metabolic enzymes because of hydrophobic interaction with DHAs, 

as well as the potential π-bonds of Phe with aromatic moieties of DHAs.[43] In addition, 

the presence of DHAs also resulted in agglomeration of CNTs/MCNTs, which blocked 

CNMs penetrating into the plant cells. Given that CNMs could potentially adsorbed 

Phe, less CNMs in living cells consequently lowered the Phe accumulation and 

metabolites. X-ray spectra of CNTs/MCNTs demonstrated that 1.93% of Fe were 

detected on the MCNTs surface, which including 44% Fe(II) (710.8 eV binding energy) 

and 56% Fe(III) (712.5 eV).[39] The iron oxides coated onto carbon materials were 

consisted of magnetite, Fe3O4, maghemite and γ-Fe2O3.[62-64] Iron oxides, as electron 

shuttles, can elevate electron transfer from iron-reducing or dehalogenating bacteria to 

PAHs, subsequently increasing the degradation rate of PAHs.[65] Additionally, 

cytochrome P450, a ubiquitous superfamily of mixed function detoxifying oxidases, 

belongs to Fe containing hemoprotein.[66-68] Thus, it is reasonable to speculate that 

the Fe released from MCNTs might stimulate the Phe metabolism by inducing the 

cytochrome P450 activity.

Metabolite profile of Phe 

The content of Phe metabolites varied between lettuce roots and shoots across all 
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the treatments (Figure 2). Nine Phe metabolites were identified in lettuce tissues, and 

the majority were produced by oxygen-addition that facilitated ring opening. The 

detected metabolites were trans-2, 3-dioxo-5-(2’-hydroxyphenyl)-pent-4-enoic acid 

(metabolite A), phthalic acid (metabolite B), salicylic acid (metabolite C), 

protocatechuic acid (metabolite D), 2,4-dihyoxybenzoicacid (metabolite E), 2,3-

dihyoxybenzoicacid (metabolite F), p-hydroxy benzoic acid (metabolite G), 3-

hydroxybenzoic acid (metabolite H) and benzoic acid (metabolite I). With regard to 

treatment effects, MCNTs+DHAs+Phe significantly decreased the content of 

metabolites in both shoots and roots, which is consistent with the total metabolite 

analysis (Figure 1B). Conversely, in the CNT treatments, the addition of both DHAs 

notably increased the content of metabolites A, B, D, G, and H (Figure 2). Thus, it is 

clear that co-exposure to DHAs and MCNTs impacts the Phe metabolism in lettuce 

tissues.

In the present work, we were able to identify numerous intermediate Phe 

metabolites in lettuce seedlings by comparing with the previous studies.[45, 69, 70] 

However, the potential metabolic pathways of Phe in plants are still unknown. Thus, 

we proposed a possible Phe metabolism pathway in lettuce by referencing characterized 

pathways in microorganisms. Mycobacterium vanbaalenii PYR-1 was capable of 

degrading Phe to ring cleavage metabolites such as 1-hydroxy-2-naphthoic, suggesting 

that multiple dioxygenases and monooxygenases might be involved in Phe 

biodegradation.[71-73] The metabolite 1-hydroxy-2-naphthoic could be further 

degraded into metabolite B and metabolite C by the phthalic acid and naphthalene 
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pathways, respectively.[73] Given the identified Phe metabolites, we proposed 

metabolic pathways of Phe through metabolite B and metabolite C to downstream 

metabolites (Figure S2). Salicylaldehyde, produced by the reduction of metabolite A 

via hydratase-aldolase, further degraded into metabolite C through the action of 

aldehyde dehydrogenase.[46] Metabolite B could also degrade into metabolite C by 

hydroxylase. Subsequently, metabolite C could be metabolized into salicylic acid 3,4-

dihydrodiol by dioxygenase, and further degraded into metabolites D-I via 

dehydrogenase activity (Figure S2). 

Biomass

Exposure to Phe alone resulted in an approximately 23.4% decrease as compared to 

the control (Figure S3). In the presence of DHA1, the dry weight of Phe treated lettuce 

was close to the Phe alone treatment; while approximately 23.1 and 60.8% increase in 

dry weight of Phe treated lettuce upon exposure to DHA4 were evident when comparing 

to the control and the Phe alone treatment, respectively (Figure S3). In addition, co-

exposure to MCNTs and Phe also significantly decreased the total dry biomass by 

23.3%, which was similar to the Phe alone treatment. DHA4 performed better on 

increasing the Phe treated lettuce biomass than DHA1 treated ones, probably because 

of the higher content of Phe metabolites in DHA1 treated lettuce (Figure 1D). 

Metabolized Phe with more hydrophilic structures became electrophilic, and could bind 

with cellular macromolecules such as DNA, forming PAH-DNA adducts.[74] 

Therefore, the Phe metabolites could usually cause more toxicity to plants than Phe 
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itself, and exert a more negative impact on plant growth. However, the lettuce biomass 

was not just affected by the content of Phe metabolites. CNTs aciting as a growth 

inducer [58, 75] might be able to counteract the toxicity induced by the Phe metabolites. 

For example, 28.5-50.6% increase in lettuce biomass was evident in CNT, 

CNTs+DHA1, and CNTs+DHA4 treatments as compared to the Phe alone treatment. 

In addition to the DHA4 alone treatment, the combination of DHAs and CNTs/MCNTs 

also alleviated the adverse effects of Phe on plant biomass, especially for the treatment 

with co-exposure of MCNTs and DHA4.

Fe content

A common finding for the Fe accumulation was that the presence of CNTs/MCNTs 

decreased the root Fe content (Figure 3A). In shoots, co-exposure to MCNTs and Phe 

increased the Fe content by approximately 50% as compared to the control and the Phe 

alone treatment (Figure 3B). A decreasing trend was evident in the 

DHAs+MCNTs+Phe treatment when comparing with the one co-treated with MCNTs 

and Phe, suggesting that DHAs complexed with MCNTs and subsequently inhibited 

the Fe release from MCNTs. The correlation (r2) between the Fe and the Phe content in 

lettuce indicates that the addition of different fractions of DHAs did alter the 

relationship between the Fe and the Phe uptake by lettuce treated with MCNTs/CNTs 

(Figure 3C-H). 

The presence of DHA1 altered the correlation between Fe and Phe. The Fe content 

in both lettuce shoots and roots was positively correlated with the Phe, with a r2 at 0.864 

Page 21 of 40 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21

and 0.681, respectively (Figure 3F). Our previous results of DHA characterization 

suggested that the aliphatic C content of DHA1 and DHA4 was 11.1 and 29.3%, 

respectively; the aromatic C content of DHA1 and DHA4 was 30.8 and 21.4%, 

respectively.[35] As a result, a higher aromaticity of DHA1 might contribute to the 

positive correlation between the Fe and the Phe translocation in lettuce. One possible 

explanation could be that DHAs as colloidal suspensions in nutrient solution controlled 

the oxidation rate of Fe (II) and maintained Fe (III) (hydr)oxides in natural waters.[76] 

This occurred along with complexation of Fe and Phe, which eventually contributed to 

the correlation between these two analytes in lettuce. Besides, the DHA4 with a higher 

content of aliphatic C bound more tightly to Fe minerals might consequently interfere 

the positive correlation between the Phe and the Fe content in lettuce.[77]

Antioxidant enzymes activity 

Antioxidant defense systems in plants play a central role in the detoxification of 

xenobiotic compounds and of scavenging reactive oxygen species (ROS).[78] In the 

Phe treatment, CAT activity in both roots and shoots was unaltered as compared to the 

control (Figure 4 A and B). The addition of DHA1 and DHA4 increased root CAT 

activity by 3- and 4-fold relative to the control, respectively; similar findings were 

evident in the MCNTs and Phe co-treated roots (Figure 4A). However, in the shoots 

only the DHA1+MCNTs+Phe treatment significantly increased the CAT activity by 

approximately 60% as compared to the control. The other treatments had no impact on 

the CAT activity. The root POD activity was largely unaffected treatment, with the 
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exception being MCNTs+Phe, where the root POD was 2.8-fold that of the control 

(Figure 4C). In the shoots, the addition of Phe dramatically elevated the POD activity 

as compared to the control (Figure 4D); however, the presence of CNMs or different 

fractions of DHAs, significantly reduced the shoot POD levels. The GST activity in 

both roots and shoots was significantly decreased in the Phe alone treatment (Figure 4 

E and F). It is worth noting that the addition of MCNTs, CNTs or different types of 

DHAs restored GST levels to that of the control in roots. The GST activities in shoots 

were also significantly increased by adding exogenous materials as compared to the 

Phe alone treatment. The co-exposure of DHA1 and Phe even increased the GST 

activities by 46.9% as compared to the control. Song et al. (2012) reported that the 

addition of pyrene significantly increased the shoot CAT activity and root POD activity 

in mangrove.[79] The GST activity was also increased significantly in wheat leaves 

that were treated with 1.0 mg/L Phe for 5 days.[80] 

Upon exposure to Phe, the shoot POD activity was significantly increased, 

suggesting that the contaminant may have triggered H2O2 accumulation in shoots. 

Decreases in the shoot POD activity in the presence of DHAs and CNMs further 

confirm that both analytes significantly alleviated the Phe-induced stresses, including 

reducing H2O2 generation in lettuce. Co-exposure of Phe and DHA1 led to a more 

notable decrease in the POD activity as compared to the combination of Phe and DHA4. 

In addition, decreases in the GST activity in the Phe alone treatment suggest that the 

generation of GST-Phe conjugates as intermediate metabolites was inhibited. However, 

the addition of MCNTs/CNTs and DHAs restored the GST activity back to the control 
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level or even higher levels when treating with DHA1. The variation of POD and GST 

activity suggesting that both MCNTs/CNTs and DHAs could alleviate Phe-induced 

toxicity, especially DHA1.

Chlorophyll fluorescence

The maximum quantum efficiency (Fv/Fm) represents the intrinsic photosynthetic 

efficiency of photosystem II (PSII) [81], and is a strong indicator to abiotic and biotic 

stress.[82] The single or co-treatments of Phe, CNTs and DHAs had no impact on 

photosynthetic efficiency, the exception being co-treatment of DHA1, CNTs and Phe, 

in which a 25% decrease was evident as compared to the control (Figure 5A). However, 

the swamp model (qP) and the Lake model (qL) were both used to calculate the intensity 

of the photochemical quenching coefficient (Figure 5B and C). Both qP and qL show 

a similar trend as affected by Phe alone, or with co-treatments of CNTs and DHAs; 

both CNTs and MCNTs significantly increased qP and qL by 20 and 50%, respectively. 

Similarly, in the three analyte-combined treatments, increases in both qP and qL were 

also evident as compared to the control. The intensity of the photochemical quenching 

coefficient represented by qP and qL can be used as an estimate of the fraction of ‘open’ 

PSII centers (with QA oxidized) and therefore reflects the intensity of photosynthetic 

activity.[83] Therefore, CNMs alone, as well as the combination of DHAs and MCNTs, 

could potentially enhance photosynthesis. However, the classes of DHAs had no impact 

on both qP and qL. Besides, no difference was evident on the non-regulatory energy 

dissipation coefficient (Y(NO)), the exception being treatment with DHA1+CNTs+Phe, 
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in which Y(NO) was significantly higher as compared to the control and Phe-alone 

treatment (Figure 5D). The higher the value of Y (NO), the more likely the plants 

would suffer from light stress.[84] 

Transcriptomics

Cytochrome b6 (petB) mediates electron transfer between photosystem II (PSII) 

and PSI.[85] Two additional genes, PSII D1 protein (psbA) and PSII CP43 reaction 

center protein (PSII light-harvesting protein, psbC) [86], in the PSII reaction center 

were analyzed as a function of treatment. The relative expression of all three genes 

displayed a similar pattern across treatments with Phe, CNTs/MCNTs, and 

DHA1/DHA4 (Figure 6A-C). In the Phe or Phe+CNT/MCNT treatments, significant 

downregulation (60-70% less) of all three genes was evident as compared to the control. 

Although the addition of MCNTs showed the less impact as compared to the CNT 

treatment, the relative expression was still quite low. However, the addition of DHA1 

and DHA4 significantly elevated the relative expression of petB, psbA and psbC by 

approximately 56-70%, 20-30%, and 37-48%, respectively, as compared to the 

corresponding Phe alone treatment. In addition, the presence of MCNTs and DHAs 

restored the relative expression of all the three genes back to the control level, 

suggesting that the combination of MCNTs and DHAs might exert an important role in 

alleviating the contaminant-induced negative impacts on photosynthetic systems. 

The carotenoid biosynthesis pathway is a secondary metabolic pathway in the 

chloroplast, and carotenoid compounds play important roles in regulating hormones, 
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pigments and volatile organic compounds.[87] Two types of carotenoid dioxygenases 

have been identified, including carotenoid cleavage dioxygenase (CCDs) and 9-cis-

epoxycarotenoid cleavage dioxygenases (NCEDs).[88] As shown in Figure 6D and E, 

the relative expression of CCD1 and NCED1 was 45% and 78% that of the control, 

respectively. Similar results were evident upon treatment with CNTs and Phe. However, 

the addition of MCNTs restored the expression of both genes back to the control level. 

Additionally, upon exposure to the combination of all three analytes, the relative 

expression of CCD1 was nearly 2-fold that of the control; the NCED1 expression was 

restored to the control level. Overall, the above results again demonstrate that different 

fractions of DHAs in conjunction with CNTs/MCNTs can significantly alleviate Phe-

induced phytotoxicity to lettuce. Two carotenoid related genes were also altered by Phe, 

CNTs/MCNTs, and DHAs. The CCDs are involved in plant growth and development 

and NCEDs can regulate phytohormone levels (e.g. abscisic acid).[89] Co-exposure to 

CNMs and DHAs significantly up-regulated both genes to levels that were equivalent 

to controls or higher, again demonstrating that both analytes could counteract Phe-

induced abiotic stresses. 

In summary, one of the main findings was that the addition of CNTs/MCNTs and 

DHAs decreased the total Phe and its metabolites content in lettuce roots. However, the 

performance of the functionalized nano-iron oxide coated MCNTs on altering the 

accumulation and translocation was distinguished from the pure CNTs. It is worth 

noting that a positive correlation between the Fe and the Phe content in lettuce was 

evident in the treatments with DHA1+MCNTs/CNTs. DHAs played an important role 
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in inhibiting the Phe metabolism in lettuce, while MCNTs facilitated this process. 

Additionally, co-exposure to MCNTs/CNTs and DHAs reduced the Phe-induced 

toxicity to lettuce as determined by the increases in the GST activity and the elevated 

photosynthetic efficiency. The overall results could provide important information for 

the Phe and its metabolisms in lettuce as affected by MCNTs/CNTs and DHAs.

Supporting information

Procedures for the synthesis of magnetic CNTs and photosynthesis analysis are 

provided in the supporting information (SI). Additional information on magnetic 

carbon nanotube characterization, lettuce dry biomass, proposed metabolic pathways 

of Phe, details of experimental design, Phe metabolites, and a list of gene primers is 

also given in the SI.
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Figure 1. Phe and its metabolite content in lettuce treated with Phe (P), carbon nanotubes (C), magnetic 

carbon nanotubes (M), and different fractions of DHA (DHA1 and DHA4). Figure A, B, C, D and E 

represents total content of Phe and its metabolic Phe, total Phe content, translocation factor of Phe from 

root to shoot (TF of Phe), total Phe metabolites content, as well as the ratio between metabolites and Phe, 

respectively. Different letters in each panel represent that the data points are significantly different at p < 

0.05 (Duncan’s test).
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Figure 2. Relative content of different Phe metabolites in lettuce treated with Phe (P), carbon nanotubes (C), magnetic carbon nanotubes (M), and 

different fractions of DHA (H1 and H4). Figure A-I represent relative Phe metabolite content of trans-2,3-dioxo-5-(2’-hydroxyphenyl)-pent-4-enoic 

acid, phthalic acid, salicylic acid, protocatechuic acid, 2,4-dihyoxybenzoicacid, 2,3-dihyoxybenzoicacid, p-hydroxy benzoic acid, 3-hydroxybenzoic 

acid and benzoic acid, respectively. Different letters in each panel represent that the data points are significantly different at p < 0.05 (Duncan’s test).
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Figure 3. Fe content in lettuce and the correlation between the Fe and Phe content across all treatments 

(Note: Phe (P), carbon nanotubes (C), magnetic carbon nanotubes (M), and different fractions of DHA (H1 

and H4)). Figure A and B represent Fe content in root and shoot, respectively. Figure C-E represents the 

correlation between Fe and Phe content in the treatment with carbon nanomaterials alone, carbon 

nanomaterials+DHA1, carbon nanomaterials+DHA4 in roots, respectively. Figure F-H represents the 

correlation between Fe and Phe content in the treatment with carbon nanomaterials alone, carbon 

nanomaterials+DHA1, carbon nanomaterials+DHA4 in shoots, respectively. Different letters in each panel 

represent that the data points are significantly different at p < 0.05 (Duncan’s test).
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Figure 4. Antioxidant defense response of lettuce exposed to Phe under different treatments (Note: Phe (P), 

carbon nanotubes (C), magnetic carbon nanotubes (M), and different fractions of DHA (H1 and H4)). Figure 

A-F represents CAT, POD and GST enzyme activity in roots and shoots, respectively. Different letters in 

each panel represent that the data points are significantly different at p < 0.05 (Duncan’s test).
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Figure 5. Photosynthetic system of lettuce exposed to Phe under different treatments (Note: Phe (P), carbon 

nanotubes (C), magnetic carbon nanotubes (M), and different fractions of DHA (H1 and H4)). Figure A-D 

represents Fv/Fm- maximum quantum efficiency of PSII, qP- intensity of photochemical quenching 

coefficient (Swamp model), qL- intensity of photochemical quenching coefficient (Lake model), Y(NO)- 

Non-regulatory energy dissipation coefficient, respectively. Different letters in each panel represent that the 

data points are significantly different at p < 0.05 (Duncan’s test).
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Figure 6. Relative expression of genes involved in photosynthesis II and secondary metabolite pathways in 

lettuce as affected by Phe, CNTs/MCNTs, and DHA1/DHA4 (Note: Phe (P), carbon nanotubes (C), 

magnetic carbon nanotubes (M), and different fractions of DHA (H1 and H4)). Figure A-C represents 

cytochrome b6 (petB), which mediates electron transfer between photosystem II (PSII) and photosystem I; 

photosystem II D1 protein (psbA), the primary electron donor of PSII; PSII CP43 reaction center protein 

(psbC), respectively. Figure D-E represents carotenoid cleavage dioxygenase 1 (CCD1), 9-cis-

epoxycarotenoid dioxygenase 1 (NCED1), respectively. Single asterisk indicates the significant difference 

between control and each treatment at p < 0.05; double asterisks indicate the significant difference between 

control and each treatment at p < 0.01. 
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