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In situ simultaneous investigation of the transport of 

phenanthrene and fluoranthene adsorbed onto the root surfaces 

to tissues of mangrove seedlings † 

R. L. Li,
a
 H. D. Tan,

a
 Y. X. Zhu,

b
 and Y. Zhang*

a, c 

A novel method for the simultaneous in situ determination of phenanthrene (Phen) and fluoranthene (Fla) adsorbed onto 

mangrove root surfaces was established using laser-induced time-resolved nanosecond-fluorescence spectroscopy 

combined with a first-order derivative fluorometry method (D-LITRF). The linear dynamic range, detection limit and 

recoveries of D-LITRF and laser induced time-resolved nanosecond fluorescence spectroscopy (LITRF) were of the same 

order. Using the established method, the transport of Phen and Fla from the mangrove root surface to tissues was 

simultaneously investigated in situ. The transportation coefficients of the Phen and Fla adsorbed onto the root surface 

showed a good linear relationship with the content of root lipids, while the inhibition rates showed no significant 

correlation with the content of root lipids (p> 0.05). Further studies showed that the interaction between Fla and Phen 

decreased the transport kinetics, especially the slow and very slow transport kinetics. In addition, the coefficients and 

inhibition rates of the transport of Phen and Fla to Kandelia obovata (Ko) root tissues were evaluated at different 

temperatures. The results acquired by these in situ methods provide new information about how two PAHs components 

are transported from the mangrove root surface to the tissues. 

Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are widely distributed 

persistent organic pollutants.
1,2

 They have been of particular 

interest due to their carcinogenicity, mutagenicity and toxicity to 

biota. The US EPA defined 16 PAHs as priority pollutants.
3,4

 Plants 

grown in PAHs-contaminated soil and sediment become 

contaminated mainly due to the accumulation of contaminants in 

the root followed by their translocation. Thus, an improved 

understanding of the root uptake process and its mechanisms is 

essential to assess plant contamination and subsequent human 

exposure through the food chain.
5-8

 

There have been many studies focused on the processes and 

mechanisms of root uptake of PAHs, especially by terrestrial plants, 

such as the sunflower (Helianthus annuus L.), maize (Zea mays L.), 

tall fescue (Festuca arundinacea Schreb.) and so on.
9,10

 However, as 

mangrove plants have some special features, the uptake of PAHs by 

mangrove roots should be specifically investigated. On one hand, 

mangrove sediment, a habitat of the mangrove plant, acts as an 

important ‘sink’ of PAHs in mangrove ecosystems and serves as a 

physical and biogeochemical barrier to PAHs along the coastline of 

tropical and subtropical regions. In the mangrove swamps of the 

Jiulong River Estuary, Fujian, China, the total PAHs can also range 

from 280 to 1074 ng/g on a dry weight basis. On the other hand, 

the root morphology and composition of the tissues of the 

mangrove plant are significantly different from those of terrestrial 

plants. 
11-13

 

PAHs often exist as a mixture in the environment. As nearly all 

PAHs have a similar physicochemical characterization, such as their 

hydrophobicity, their highly conjugated system and their lipophilic 

property, co-existing PAHs affect each other during the root uptake 

process.
14

 Moreover, many reports have shown that the uptake of 

PAHs by the mangrove root includes two stages: the PAHs in the 

mangrove sediment are desorbed from overlying and pore water 

and then diffusion occurs and only part of the PAHs enter into the 

root tissues. The transport of PAHs from the mangrove plant root 

surfaces to the tissues is important in the second stage of the root 

uptake process.
15,16

 Therefore, an investigation of the transport of 

two- or multi-component PAHs from the surface to the tissues is 

critically important to improve our understanding about the process 

and mechanisms of PAHs root uptake. 

However, until now, there exists no appropriate in situ 

analytical method that made it impossible to investigate two or 

multi-component PAHs adsorbed onto mangrove root surface 

transport to tissues. The traditional methods for the analysis of 

PAHs in roots include extraction, fractionation and PAHs analysis by 

GC, LC, and HPLC. These traditional methods are highly sensitive, 

selective and accurate for the determination of two- or multi-

component PAHs in environmental samples.
17,18

 However, these 

methods cannot be used to investigate the original form of the 

PAHs adsorbed onto the root surface or that enter into the root 

tissues because these methods destroy the original form of the 

PAHs in the root. Similar, to the traditional method described 

Page 1 of 9 Analytical Methods

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

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | Analytical Methods, 2015, 00, 1-9 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

above, surface-enhanced Raman scattering (SERS) also destroys the 

original form of the PAHs in an environmental sample of either the 

load or sorption to the substrate of PAHs before determination.
19

 In 

addition, some other methods for the determination of PAHs, such 

as the Fourier transform infrared (FTIR) and UV-vis methods, that 

have no pre-treatment procedure can only qualitative analyse the 

PAHs due to the limitations of the instruments.
20

 

As PAHs have relatively high quantum yield, solid surface 

fluorescence (SSF) method and laser induced fluorescence method 

(LIF) that has been established realize in situ quantitative 

determination of single PAHs adsorbed onto mangrove leaf 

surfaces. 
21-23

 Unfortunately, the SSF and LIF method did not have 

the ability to simultaneously determine two or multi-component 

PAHs adsorbed onto mangrove leaf surface. Then, in order to 

overcome the drawback, synchronous SSF and emission fiber-optic 

fluorimetry (FOF) method were established. 
24,25 

 

Different from the weak autofluorescence signal of leaf surface, 

mangrove root surface emission relatively strong background 

fluorescence signal.
26,27

 Therefore, the established methods 

described above can hardly realize in situ determination of PAHs 

adsorbed onto root surface. Recently, highly sensitivity, reliable and 

accurate laser induced time-resolved nanosecond fluorescence 

spectroscopy (LITRF) method has been used to reduced the 

background fluorescence signal and thus realize in situ 

determination single PAHs adsorbed onto mangrove roots.
28

 

However, we are aware that the excitation, emission and time-

resolved fluorescence of many typical PAHs overlap, which limits 

the standard direct determination of two- or multi-component 

PAHs by LITRF .  

Therefore, in order to simultaneously determination the 

concentration of mixture fluorescence, as many reports showed, a 

combination of LITRF and other techniques to separate overlapped 

fluorescence peak of mixture substance were necessary.
29,30

 Among 

the techniques, chemometrics modeling and derivative fluorometry 

have been considered to be most efficient. However, when using 

the chemometrics modelling technique, interference from the 

scattered light (primarily Rayleigh and Raman scattering) of 

mangrove roots had a large influence on the estimated model 

parameters and thus made it difficult to determine the two- or 

multi-component PAHs adsorbed onto the root surface.
31

 Different 

from the chemometrics modelling technique, fluorescence spectra 

combined with derivative fluorometry technique was a suitable 

method to determine the multi-component PAHs in fluorescent 

substances from complex environmental samples with an interface. 
32

 Li et al
33

 used derivative fluorometry combined with nonlinear 

variable-angle and matrix-isopotential synchronous scanning mode 

simultaneously determination multi-component PAHs in tea 

microwave extraction solvent. Derivative emission fluorescence 

method was also used to simultaneous analysis of mixture of 

guaifenesin and phenylephrine in pharmaceutical tables by Macher 

et al.
34

 Both of tea extraction solvent and pharmaceutical table 

have background fluorescence signal. 

In this study, high-sensitivity LITRF and derivative fluorometry 

techniques were used to establish a novel in situ method to 

determine two-component PAHs (Phenanthrene (Phen) and 

Fluoranthene (Fla) are two typical and relatively high concentration 

PAHs in mangrove sediments and plants
35

) adsorbed onto the root 

surface. This in situ method was then used to investigate the 

transport processes of Phen and Fla adsorbed onto the root 

surfaces of Kandelia obovata (Ko), Bruguiera gymnorhiza (Bg) and 

Aegiceras corniculatum (Ac), the three most common mangrove 

plants along the southeast of China. The effect of temperature, an 

important environmental factor in regional estuaries, was also 

considered.  

 

Experimental 

Apparatus, reagents and plant 

Phen and Fla with a purity of 99.9 % were obtained from Sigma–

Aldrich Co. Ltd., UK. All of the other chemicals used in the study 

were analytical reagents (A.R.) obtained from Sinopharm Chemical 

Reagent Co. Ltd., China. 

     A LITRF system purchased from Laser Laboratorium Gottingen 

GmbH (German) was used to obtain the fluorescence spectra. In 

this study, the parameters of the LITRF instrument were modified 

compared with reference
23

: time slice, 180 ns; time width, 5 ns; 

laser excitation wavelength, 266 nm; emission wavelength, 250-650 

nm; channels, 674; exposure time, 125 ms; and cooler temperature, 

-1℃.  

    The hypocotyls of Ko, Bg and Ac for cultivation were collected 

from Yunxiao mangrove swamp (23˚55′ N, 117˚25′ E), a typical 

mangrove habitat in the Zhangjiang River estuary, Fujian, Southeast 

China. Mangrove plants were grown in a growth chamber (Safu Co. 

Ltd., PGX 450B) under a light intensity of 200 μmol m
–2

 s
–1

 with a 

light cycle of 14/10 h for one year. The temperature (298.15±1 K) 

and relative water content (70 %) were kept constant.  

In all, 5 g of fresh roots were extracted in a Soxhlet extractor 

using 100 mL of chloroform and methanol (2:1, v/v) mixed solution. 

The mixed solution was dried and then re-dissolved in 20 mL of 

hexane. After filtering through filter paper, the solution was dried 

to a constant weight on a pre-weighed glass. The weight of the 

residue was calculated as the content of root lipids.
36

 

 

Determination of the PAHs adsorbed onto the root surface of Ko 

seedlings by LITRF 

Several mangrove seedlings of approximately the same height 

were selected for the experiment. All of these roots were carefully 

cleaned with distilled water to remove sand, sediment, silt and so 

on. Special zones with dimensions of 0.5 cm×2 cm 

(diameter×length) were selected in the taproot to include the 

divisional and elongation zones. The roots of the mangrove plant 

were contaminated using the method that we previously 

reported.
28

 Different concentrations of Fla and Phen were slowly 

and evenly added to mangrove root using 20-μL micropipettes to 

ensure the homogeneous distribution of the PAHs onto the root 

surface. After the contamination procedure, the roots were placed 

onto a specially designed sample holder (the dimension and 

structure were described in our previous study
28

), and the sensor of 

the LITRF was fixed on a certain location above the roots. All of the 

fluorescence spectra were collected by a computer via the software 

in the LITRF instrument. After deducting a short-lifetime 
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fluorescence signal (< 10 ns), a program written in Matlab 2014b 

was used for acquiring the derivative fluorescence spectra. 

 

The transport process of the Phen and Fla from the mangrove root 

surface to the tissues 

Several groups of mangrove seedlings contaminated with the 

Phen and Fla were used to investigate the PAHs transport 

processes. Each group had three plants. Both the pre-treatment and 

determination procedure were the same as in section 2.2. Then, the 

PAHs-contaminated roots were transferred into amber vials with 5 

mL of Mill-Q water (200 mg/L NaN3) and kept in the dark at 

temperature (293.15±3 K). The concentrations of Phen and Fla 

adsorbed onto the root surface were simultaneously determined 

using the established D-LITRF method at different time intervals to 

acquire the root uptake kinetics. In addition, the residual 

concentrations of the PAHs adsorbed onto Ko, Bg and Ac were 

measured at an equilibrium time of 120 h at different temperature 

(277.15 , 293.15 , 303.15 , 308.15 and 313.15 K).  

 

Statistical analysis 

The three-phase transport model was used to describe the 

kinetics of the PAHs adsorbed onto the root surfaces and entering 

the root tissues. The equation of this model was described in 

reference
28

. The mean and standard deviation values of the 

replicates for each treatment were calculated, and the data means 

were compared using one-way analysis of variance (ANOVA) tests. 

All statistical analyses were run using SPSS version 13.0. 

 

Results and discussion 

The optimal condition of the LITRF instrument 

A mathematical model for the fibre probe of the LITRF used in 

this study showed that the main fluorescence signal contribution is 

due to the limited zones in the solid sample which made the LITRF 

instrument suitable to determine the PAHs adsorbed onto root 

surfaces
38

. Then, the optimal conditions for PAHs determination 

using the LITRF instrument were selected as follows. First, to reduce 

or overcome the effects of the root dimension on the 

reproducibility of the fluorescence signal from the PAHs adsorbed 

onto the root surface, the specially designed sample holder was 

used, and the relative standard deviation (RSD) obtained in our 

studies significantly decreased from 11.32 % to 3.11 % for Phen and 

from 15.22 % to 2.95 % for Fla adsorbed onto a Ko root surface. 

Second, as short-lifetime fluorescence substances were present, the 

nanosecond time-gated fluorescence method was also used. After 

determining the short-lifetime fluorescence signal (< 10 ns), as 

shown in Figure 1b, the auto-fluorescence of the mangrove leaf 

surface was so low that it would not interfere with the in situ 

determination of the adsorbed PAHs. Third, as the background 

fluorescence signals of the root surface were almost the same at 

different distances, the highest intensity of the PAHs fluorescence 

signal represents the highest signal to noise ratio (S/N). Similar 

results were observed for Ac and Bg. Thus, the optimal distances 

between the optical fibre and the root sample were selected based 

on the highest S/N of Phen adsorbed onto the root surface, which 

were 4 mm, 3 mm and 3 mm for Ko, Bg and Ac, respectively. The 

detailed data are shown in Table S1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Fluorescence emission spectra (filter out less than 10 ns 

fluorescence signals) of the PAHs (Phen and Fla) adsorbed onto root 

surface of Ko seedlings (a) single PAHs (Phen: λem max=368 nm, Fla: 

λem max=428 nm); (b) Phen and Fla 

 

 

The D-LITRF method for the determination of the Phen and Fla 

adsorbed onto the surface of mangrove roots 

After all of the conditions (sample holder, distance and 

nanosecond time-gated fluorescence) were adjusted to their 

optimal values, the fluorescence spectra of Phen and Fla were 

acquired using the LITRF method. Unfortunately, as shown in figure 

1, the emission fluorescence spectra of Phen and Fla adsorbed onto 

a Ko root surface overlapped in the range from 350 to 500 nm 

which included their maximum emission wavelength (λem= 368 nm 

for Phen and λem= 428 nm for Fla). Therefore, the LITRF method did 

not have the ability to simultaneously determine the Phen and Fla 

adsorbed onto a root surface. Moreover, as reports showed
39

 that 

the fluorescence lifetime of Phen and Fla were almost same, it is 

difficult to simultaneously determine the Phen and Fla adsorbed 

onto mangrove root surface using only the nanosecond time-

resolved fluorescence method. 

     As previously reports showed, the combination of emission 

fluorescence spectra with derivative techniques is advantageous in 

terms of sensitivity and selectivity. Li et al. used this method to 

simultaneously and rapidly determine benzo[a]pyrene (B[a]P), 

benzo[k]fluoranthene (B[k]F) and anthracene (Ant) in tea extracts, 

and the detection limit was as low as 0.11 ng L
-1

 in drinking water. 
33,40,41

 However, until now, whether the derivative technique 

combined with LITRF can simultaneously determine Phen and Fla 
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adsorbed onto a root surface was still largely unknown. Figure 2 

shows the fluorescence spectra combined with the first-order 

derivative technique. It can be clearly seen from this figure that the 

fluorescence spectra of Phen and Fla adsorbed onto the root 

surface have been separated after the use of first-order derivative 

fluorometry. The derivative fluorometry peaks of Phen and Fla were 

at wavelengths of 345 nm and 391 nm for Phen and Fla, 

respectively. In addition, the value of the first-order derivative 

fluorometry of this method increased with increasing 

concentrations of Phen and Fla adsorbed onto the Ko root surface. 

Similar results were also observed for Ac and Bg.  

 

 

 

 

 

 

 

 

 

Fig. 2 D-LITRF fluorescence spectra of the Phen and Fla adsorbed 

onto root surface of Ko seedlings. Concentrations of Phen adsorbed 

from low intensity to high intensity were 60, 100, 150, 300 ng/spot. 

Concentrations of Fla from low intensity to high intensity were 5, 

10, 20, 40 ng/spot. 

 

Analytical merits of the established method 

The analytical merits of the method of determination of Phen 

and Fla were identified. The results are listed in Table 1. The linear 

ranges were 5.0-700, 4.0-850 and 2.5-1200 ng/spot for Phen 

adsorbed onto the Ko, Bg and Ac root surfaces, respectively, and 

1.0-350, 1.5-550 and 2.0-600 ng/spot for Fla adsorbed onto the Ko, 

Bg and Ac, respectively. The detection limits were 0.2, 0.2 and 0.1 

ng/spot for Phen adsorbed onto the Ko, Bg and Ac, respectively, 

and 0.1, 0.1 and 0.1 ng/spot for Fla adsorbed onto the Ko, Bg and 

Ac, respectively. The linear range and detection limits of PAHs using 

the established method were of the same order as the LITRF 

method report previously. The results also indicated that the 

established method acts as a suitable approach for simultaneous in 

situ determination of the Phen and Fla adsorbed onto root surfaces. 

 

Recovery and interference experiment 

To confirm the reliability of the D-LITRF method, a recovery 

experiment was performed. As table 2 showed, the recoveries of 

the Phen adsorbed onto mangrove plants range from 91.2 % to 

106.8 % and the recoveries of the Fla adsorbed onto mangrove 

plants range from 91.5 % to 115.5 %.  

      PAHs exist as a mixture and their concentrations vary greatly in 

the natural environment. Thus, to accurately and simultaneously 

determine each PAHs adsorbed onto the root surface, it is 

imperative to make sure that the determination of Phen and Fla did 

not influence each other. The experimental procedures were the 

same as those mentioned in reference.
42

 The results are listed in 

table 3. As shown in table 3, when the concentration of Phen was 

fixed in the middle of its linear dynamic range (400 ng/spot), no 

influence on the fluorescence signal of Phen was caused by 

increasing the Fla concentration. A similar conclusion can be drawn 

from the results for Fla. The results of the analytical merits, and the 

interference and recovery experiments indicated that the reliability, 

sensitivity and selectively of this established method meet the 

requirement of an in situ method to investigate the Phen and Fla 

adsorbed onto root surfaces and entering into root tissues. 

 

 

Table 1 Analytical merits of the established method (n=9). 

Plant PAHs Calibration curve 
Correlation 

coefficient 

Linear range 

(ng/spot) 

Detection limit
a
  

(ng/spot) 
RSD (%)

b
 

Ko 
Phen y

c
=82.76x

d
+4431.6 0.9959 5.0-700 0.23 6.31 

Fla y=421.25x+6809 0.9936 1.0-350 0.05 7.02 

Bg 
Phen y=89.72x+1711.1 0.9966 4.0-850 0.18 5.49 

Fla y=472.66x+1331 0.9940 1.5-550 0.05 8.32 

Ac 
Phen y=151.55x+85.862 0.9997 2.5-1200 0.07 3.49 

Fla y=800.86x+607.43 0.9963 2.0-600 0.02 4.60 
a 

detection limit of the method, which was calculated by 3SB/m, where ‘SB’ is the standard deviation of the blank, and ‘m’ is the slope of the 

calibration curve; 
c 
RSD represent relative standard deviation 

d 
y represents the fluorescence intensity of PAHs adsorbed onto the root 

surfaces of mangrove seedlings; 
e 

x represents the concentrations of PAHs adsorbed onto the root surfaces of mangrove seedlings.  

 

Transport of Phen and Fla from mangrove root surface to tissues 

The reduction of PAHs adsorbed onto root surfaces via 

dissolution, biodegradation and photodegradation can be neglected 

in our studies. Therefore, the depuration of PAHs adsorbed onto 

the root surface was due to the transport of PAHs to root tissues. 

The presence of lipids was considered to be important for plants to 

accumulate single PAHs. Li et al. showed that the leaf uptake of 

Phen was through a channel-like pathway into the middle layer of 

the cuticle matrix that was composed of a polymeric lipid, and Zhan 

et al. showed that the content of root lipid was one of the crucial 

factors for the uptake of PAHs.
43,44

 However, the role that lipids 

played in the transport to root tissues of Phen and Fla adsorbed 

onto the root surfaces was yet unknown. 

Wavelength (nm)

-30000

-20000

-10000

0

10000

20000

30000

40000

50000

330 340 350 360 370 380 390 400

In
te

n
s
it
y

Wavelength (nm)

Page 4 of 9Analytical Methods

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

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



Analytical Methods  

ARTICLE 

This journal is © The Royal Society of Chemistry 2015 Analyst., 2015, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

 

 

Table 2 Results of recovery experiment for the PAHs adsorbed onto the root surfaces (n=9). 

PAHs Plant 
Original 

(ng/spot) 

Added 

(ng/spot) 

Total 

(ng/spot) 

Measured 

(ng/spot) 
Recovery (%) RSD (%) 

Phen 

Ko 
50.0 50.0 95.6 45.6 91.2 3.23 

400.0 100.0 511.3 411.3 102.8 4.75 

Bg 
50.0 50.0 103.4 53.4 106.8 5.31 

400.0 100.0 505.5 405.5 101.4 2.89 

Ac 
50.0 50.0 102.6 52.6 105.2 4.67 

400.0 100.0 490.4 390.4 97.6 6.30 

Fla 

Ko 
20.0 50.0 68.3 18.3 91.5 3.28 

200.0 100.0 291.3 191.3 95.7 4.44 

Bg 
20.0 50.0 73.1 23.1 115.5 3.36 

200.0 100.0 288.9 188.9 94.5 2.87 

Ac 
20.0 50.0 69.0 19.0 95.0 5.01 

200.0 100.0 285.3 185.3 92.7 6.22 

 

Table 3 Results of Interference experiments for Phen and Fla adsorbed onto Ko, Bg and Ac leaves (n=9) 

Plant PAHs  1 2 3 4 5 6 

Ko 

Phen 

Added 

(ng/spot) 
400.0 400.0 400.0 20.0 200.0 400.0 

Found 

(ng/spot) 
397.1 405.3 392.9 18.9 195.7 390.5 

Fla 

Added 

(ng/spot) 
20.0 100.0 200.0 200.0 200.0 200.0 

Found 

(ng/spot) 
21.2 98.5 194.6 195.0 202.6 203.1 

Bg 

Phen 

Added 

(ng/spot) 
400.0 400.0 400.0 20.0 200.0 400.0 

Found 

(ng/spot) 
403.3 390.2 394.5 19.6 192.0 398.8 

Fla 

Added 

(ng/spot) 
20.0 100.0 200.0 200.0 200.0 200.0 

Found 

(ng/spot) 
19.9 97.3 193.0 205.4 202.5 194.4 

Ac 

Phen 

Added 

(ng/spot) 
400.0 400.0 400.0 20.0 200.0 400.0 

Found 

(ng/spot) 
395.5 391.5 402.6 19.3 191.0 399.5 

Fla 

Added 

(ng/spot) 
20.0 100.0 200.0 200.0 200.0 200.0 

Found 

(ng/spot) 
22.7 102.4 203.5 202.1 203.3 196.4 
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The transport equilibrium coefficient (Keq) is calculated by the 

equation Keq = (C0- Ceq) /Ceq, where Ceq (ng/spot) is the 

concentration of PAHs adsorbed onto the root surface by the time 

equilibrium was reached and C0 (ng/spot) is the initial concentration 

of PAHs adsorbed onto the root surface. The Keq value was 1.20, 

1.05 and 1.59 for Phen adsorbed onto Ko, Ac and Bg, respectively, 

and 1.37, 1.01 and 2.35 for Fla adsorbed onto Ko, Ac and Bg, 

respectively. Then, the correlations between Keq and the content of 

root lipids were calculated and the results were displayed in table 4. 

The linear fitting equations were y=4.61xT+2.90 for Phen and 

y=1.85xT+5.88 for Fla with the correlation coefficients of 0.9884 for 

Phen and 0.9862 for Fla being very close to 1. Moreover, the value 

of Keq showed significant correlation with root lipids (p< 0.05). 

 

 

Moreover, the inhibition rate calculated by the equation: 

Inhibited rates= (Cs-Cm)/Cs×100 %, where Cs (μg/kg), is the 

concentration of either Phen or Fla transport to root tissues and Cm 

(μg/kg) is the concentration of either Phen or Fla transport to 

tissues in the presence of another PAHs. The inhibited rates, as 

shown in table 4, of Phen adsorbed onto Ko, Ac and Bg were 27.6 

%, 35.4 % and 28.5 %, respectively, and of Fla adsorbed onto Ko, Ac 

and Bg were 22.7 %, 34.6 % and 21.9 %, respectively. In contrast 

with the good linear relationship between the content of root lipids 

and Keq, the inhibit rates showed almost no significant correlation 

with root lipids (p> 0.05). The results indicated that the content of 

root lipids was an important factor in determining the value of Keq 

but could not be used to explain the difference in inhibition rates  

between Ko, Ac and Bg.

Table 4 Correlations between root lipid content and inhibit rates or Keq. 

PAHs Plant Lipid (mg/g) Keq 
Fitting equation 

(T
 b

) 
Coefficient (T) 

Inhibit rates 

(%) 

Fitting equation  

(I
 c
) 

Coefficient (I) 

Phen 

Ko 8.59±0.30 1.20 

y
d
=4.61xT

e
+2.90 0.9884 

27.6 

y=-022xI
f
+15.42 0.5128 Ac 7.63±0.15 1.05 35.4 

Bg 10.19±0.11 1.59 28.5 

Fla 

Ko 8.59±0.30 1.37 

y=1.85xT+5.88 0.9862 

22.7 

y=-0.149xI+12.74 0.6712 Ac 7.63±0.15 1.01 34.6 

Bg 10.19±0.11 2.35 21.9 

 
a
 T represent the fitting equation and correlation coefficients between root lipid and Keq; 

b
 I represent the fitting equation and correlation 

coefficients between root lipid and inhibit rates 
c
 y represents the lipid content of mangrove root; 

d
 xT represents the value of Keq; 

e
 xI 

represents the value of inhibit rates. 

 

To further understanding the comparative mechanisms of PAHs 

transport to root tissues, the transport kinetics for PAHs were also 

investigated. A three-phase model that was confirmed to be the 

most suitable model was used to describe PAHs transport to root 

tissues. Figure 3 shows the three-phase transport model fitting 

curve for the PAHs, and the fitting parameters (krap, kslow and kvery 

slow, Ф and R
2
) summarized in table 5. It can be clearly seen from 

figure 3 and table 5 that with the presence of Fla, the kinetics of the 

transport of the Phen adsorbed onto root surface to the tissues 

decreased significantly. There was almost no effect of the co-

existing PAHs on the transport to root tissues of the rapid fraction 

of PAHs adsorbed onto the root surface. The comparative transport 

of PAHs to root tissues mainly occurred in the slow and very slow 

stages of PAHs transport. Similar results were obtained with the 

transport to the root tissues of the Phen and Fla adsorbed onto Ac 

and Bg root surfaces. As the slow and very-slow stage was mainly 

through the active symplastic transport manner of PAHs, the active 

symplastic movement rather than apoplastic partitioning was 

responsible for the comparative transport of two-component PAHs 

to the root tissues.  
 

 

 

 

 

 

 

 

 

 

Fig. 3 Transport rate of PAHs (multi-component and single) adsorbed onto root surface to tissues (n=9) (a) Phen; (b) Fla.  

 

 

(a) (b) 
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Table 5 The kinetic parameters for the transportation of PAHs adsorbed onto Ko root surface (n=9) 

PAHs 
Three-stage model 

krapid
c
 kslow kvery slow Фrap

d
 Фslow Фvery slow R

2
 

Phen (S
a
) 3.954 0.480 0.025 0.2222 0.4485 0.3293 0.9822 

Fla (S) 4.311 0.345 0.003 0.0631 0.2514 0.6855 0.9800 

Phen (M
b
) 3.883 0.241 0.013 0.1223 0.5451 0.3326 0.9830 

Fla (M) 4.280 0.252 0.001 0.0447 0.4511 0.5042 0.9977 
a 

S represent the single PAHs adsorbed onto root surface transport to tissues; 
b 

m represent the multi-component PAHs adsorbed onto root 

surface transport to tissues. 
c
 krapid, kslow and kvery slow represent the kinetic of rapid, slow and very slow transport , respectively. 

d
 Фrap, Фslow 

and Фvery slow represent the rapid, slow and very slow transport fraction, respectively. 

 

In addition, as table 4 shows, the transport of Phen to the root 

tissues was more easily inhibited by the co-existing PAHs. As 

previously reports showed, the octanol-water partition coefficient 

(Kow) of PAHs was an important indicator to evaluate whether the 

PAHs transportation processes were passive apoplastic partitioning 

or active symplastic movement. The higher the value of Kow, the 

lower the percentage of PAHs that entered into root tissues 

through apoplastic movement.
28

 The log Kow of Phen was lower 

than that of Fla, with values of 4.46 and 5.20, respectively (detailed 

information about physicochemical properties is listed in Table S2). 

Thus, the percentage of Phen transport to tissues through active 

symplastic movement is greater than that of Fla and is more easily 

inhibited by the co-existing PAHs. 

 

Effects of temperature on the transport to tissues of Phen and Fla 

adsorbed onto Ko root surfaces 

Mangrove ecosystems are located on the tropical and 

subtropical coastal zones. Temperature was one of the important 

environmental factors that induced plant biological responses and 

affected the uptake behaviours of many substances.
45

 Therefore, 

the effects of temperature on the transport of two-component 

PAHs from the surface to the tissues were evaluated.  

The effects of temperature on the transport of PAHs from the 

root surface to the tissues are displayed in figure 4. The transport 

coefficient for PAHs to tissues (Keq) increased from 0.78 to 1.95 for 

Phen and from 1.11 to 2.01 for Fla at 277.15-313.15 K, respectively. 

As a report showed
46

, the active symplastic movement of PAHs to 

the root tissues was an energy-consuming and endothermic 

process, while the passive apoplastic transport was a non-energy-

consuming process. Therefore, the transport of PAHs to root tissues 

was an energy-consuming, endothermic process, and the Keq of 

PAHs transport increased with an increase in temperature. 

Moreover, it can also be clearly concluded from figure 4 that the 

effects of temperature on the inhibit rates for the transport of PAHs 

to tissues were clearly divided into two parts. The PAHs transport 

inhibition rates decreased from 30.4 % to 25.4 % for Phen and from 

29.7 % to 20.8 % for Fla with an increasing temperature in the range 

of 277.15 to 303.15 K. Zhan et al.
47

 showed that active symplastic 

movement was mediated by a PAHs/H
+
 symporter system that 

exists in the plasma membrane. As the temperature increased, the 

activity of the PAHs symport carrier increased and both Phen and 

Fla more easily entered into the root tissues through active 

symplastic movement. Therefore, there was a decrease in the 

comparative transport of PAHs to root tissues that mainly occurred 

at slow and very-slow stages and through an active movement 

manner. However, the PAHs transport inhibition rates increased 

from 25.4 % to 31.8 % for Phen and from 20.8 % to for 31.2 % Fla at 

303.15-313.15 K. The reasons for these results were attributed to 

the normal physiological status of the plant changing at a high 

temperature stage and thus significantly decreasing the activity of 

the PAHs symport carrier.
48

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 The inhibit rates and transport coefficient of PAHs adsorbed 

onto root surface transport to tissues at different temperature (a) 

inhibit rates; (b) transport coefficient. 

Conclusions 

The experimental results showed that the combination of the 

LITRF and first-order derivative fluorometry techniques provide us 

with a novel approach for the sensitive and accurate in situ 

simultaneous determination of Phen and Fla adsorbed onto root 
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surfaces. The established method was successfully used to 

simultaneously investigate the transport of Phen and Fla from 

mangrove root (Ko, Bg and Ac) surfaces to the tissues. Root lipids 

played an important role in the transport processes to root tissues 

of PAHs adsorbed onto the root surfaces. There is a competition in 

the transportation relationship between Phen and Fla that is due to 

active symplastic movement. In addition, temperature has the 

ability to affect the Phen and Fla transport process competition. 

However, more studies should be conducted. First, as PAHs in 

actual environments always exists in a complex composition (16 

parent PAHs and other alkylated PAHs), it is necessary to establish a 

more selective method to simultaneously determine the multi-

component PAHs adsorbed onto the root surfaces. Second, with 

rapid development, there is an increased chance the release of 

carbon nanomaterial, such as multi-walled or single-walled carbon 

nanotubes, graphene and so on, into the environment. As this 

carbon nanomaterial has a strong sorption capacity, it may alter the 

root uptake, bioaccumulation and bioavailability of PAHs.
49

 

Therefore, the effects of carbon nanomaterial on the transport of 

PAHs adsorbed onto root surface also need to be considered. 
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