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Phenanthrene Sorption by Fruit Cuticles and Potato
Periderm with Different Compositional
Characteristics
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Phenanthrene sorption by fruit cuticles (tomato, apple, and grape), potato tuber periderm, and their
fractions were investigated to elucidate effects of compositional characteristics on affinity of plant
cuticle (above-ground) and periderm (below-ground) with hydrophobic organic contaminants (HOCSs).
The distinct roles of the extractable lipids (waxes), the depolymerizable lipids (cutin/suberin), the
nonsaponifiable lipids (cutan/suberan) and polysaccharide are discussed. The cutin/suberin rather
than waxes dominates the sorption properties of bulk cuticle/periderm, but the sorption coefficient
(Kq) is linearly correlated with the total lipid contents. Polysaccharide plays a negative role in HOC
sorption due to its obviously poor affinity with HOCs and restriction effect on the other powerful sorptive
regions in cuticle/periderm. The significantly lower sorption of periderm than cuticle is attributed to
the former having higher polysaccharide and lower depolymerizable lipids. The linear correlation of
Kgq of bulk cuticle/periderm with polysaccharide content is observed for a potential prediction of plant

uptake.
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INTRODUCTION

The rate of compounds transferring through the outer surfaces
of plant is believed to be the dominant limiting factor in the
uptake of organic contaminants (1—3), which affects transport
of organic pollutants and food safety. All primary aeria surfaces
of vascular plants (e.g., fruit and leaf) are covered by cuticle, a
noncellular and hydrophobic superficia film, to control the water
loss and gas exchange. However, when damaged or destroyed
by wounding or secondary growth of the stem, the cuticle is
never regenerated but replaced by a completely new structure
(named periderm (4)), which is prevailing below-ground plant
tissue (e.g., tuber and root). The main compositions of plant
cuticles and periderms are quite similar, including the extractable
lipids (waxes), deploymerizable insoluble lipids (cutin vs suberin
for cuticle vs periderm), nonsaponifiable biopolymers (cutan vs
suberan for cuticle vs periderm), as well as polysaccharides.
Cutin/suberin, which are made of branched polyester macro-
molecules mainly composed of long-chain hydroxylated fatty
acid moieties, can be depolymerized by alkaline methanolysis
but cannot be extracted by organic solvents (5). The chemical
compositions play a critical role in affinity of plant cuticle/
periderm with hydrophobic organic contaminants (HOCs), which
are worth further investigating.

Astheinitial interaction of agrochemicals and contaminants
with plant in transport processes, sorption behavior of cuticle/
periderm receives increasing attention in various research
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fields (1—3, 6—13). Plant cuticles have been reported to be high-
efficiency natural sorbents for HOCs (6—13) and seemed to be
agood reservoir for organic contaminant storage (14, 15). Wang
et al. (15) demonstrated that the total concentrations of 16 PAHs
in the leaf cuticles were much higher than those in the inner
leaf tissues. HOC uptake by plant was predicted presumably
based on the extractable lipids for environmental transport
models (16—18), but serious underprediction by the extractable
lipid content and HOC's K, values were widely observed (ref
13 and therein). Recently, Chen et a. (13) suggested that the
depolymerizable lipid fraction (i.e., cutin) was required to
accurately predict plant accumulation of organic contaminants
for the first time. The markedly high sorption capacities of cutin
and cutan for HOCs were due to their hydrophobic nature and
the presence of polar sitesin their condensed glass-like structures
(12). Since cutin and cutan were much more powerful than
waxes as sorptive mediums, it is hard to accurately predict plant
accumulation of organic contaminants only by the soluble lipid
(i.e., wax) content (13).

Therefore, more work is needed to precisely understand the
distinct roles of waxes, cutin, cutan and sugar in HOCs' affinity
with plant surface. The previous reports were all focused on
the sorption properties of plant cuticles (above-ground parts),
especialy on the cutin and cutan biopolymers, but littleis known
about the sorption characteristics of periderms (below-ground
parts). The main objective of the current study is to elucidate
the relationship between the sorption properties and composi-
tional characteristics of plant skins varying from different
species. To this end, four plant surfaces of grape, tomato and
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apple fruits, as well as potato tuber, were selected due to their
large consumption in our daily life and distinctive compositional
characteristics. Phenanthrene was chosen as the sorbate because
it is a common organic contaminant storage by plant cuticles
(15), and has been widely used in sorption experiments for its
significant effect on the environment (6, 7, 10, 12).

MATERIALS AND METHODS

Isolation of Potato Periderm and Fruit Cuticle Fractions. The
plant skins of different species, including potato tuber (below-ground
parts) and three fruits (above-ground parts), were isolated using a
modified version of an earlier method (13). Briefly, the skins of fresh
potato (Solanum tuberosum) tubers and grape fruits (Vitis heyneana
Roem. et Schult) were peeled after boiling in water, then incubated in
asolution of oxalic acid (4 g/L) and anmonium oxalate (16 g/L) at 90
°C for 24 h and finally washed with deionized distilled water to remove
any residual pulps materials and the used chemicals. This procedure
yielded the bulk potato tuber periderm (PP1) and grape cuticle (GC1),
respectively. Waxes of potato periderm (PW) and grape cuticle (GW)
were extracted from PP1 and GC1 fractions, respectively, by Soxhlet
extraction with chloroform/methanol (1:1) at 70 °C for 24 h, and then
evaporated to dryness, while the extractive-free powder was named
dewaxed-fraction (PP2 and GC2). To remove the suberin and cutin
monomer, PP2 and GC2 fractions were saponified with 1% potassium
hydroxide in methanol for 3 h at 70 °C under refluxing and stirrer-
spinning conditions, producing the nonsaponifiable fraction (PP3 and
GC3). Carbohydrates were removed from the GC3, PP3, PP2 and PP1
fractions by acid hydrolysis in 6 mol/L HCI solution with refluxing
for 6 hat 100 °C, resulting in the cutan fraction (GC4), suberan fraction
(PP4), dewaxed-hydrolyzed fraction (PP5), and desugared fraction
(PP®6), respectively. The resulting fractions of PP3, GC3, GC4, PP4,
PP5 and PP6 were separated from the basic or acidic solution by
filtration, and then the residues were washed with a mixed solution of
methanol and deionized distilled water (V/V, 1:1) to adjust these
fractions to neutral conditions and to remove dissolved organic matter
(e.g., suberin/cutin monomer and carbohydrates) sorbed by these
residues. All samples were oven-dried at 60 °C, ground, and sieved
(<0.18 mm) before analysis and sorption experiments. The yield
percentages of each periderm and cuticular fraction (PP1—PP6, PW;
GC1—-GC4, GW) were calculated.

Tomato (Solanum lycopersicum) and apple (Malus domestica)
cuticular fractions [i.e,, TC1, TC2, TC3, TC5 and TC6 for tomato;
ACl, AC2, AC3, AC4, AC5, AC6 and waxes (AW) for apple] were
produced in our previous work (13). The number in the name of each
cuticular fraction is identified as follows: “1” for bulk cuticle, “2” for
dewaxed, “3” for nonsaponifiable, “4” for cutan, “5” for dewaxed-
hydrolyzed, “6" for desugared.

Characterization of the Potato Periderm and Grape Cuticular
Fractions. Elemental (C, H, N) analyses were conducted using an EA
112 CHN elementa analyzer (Thermo Finnigan), while the oxygen
content was calculated by the mass difference because the ash content
was neglected. The H/C and (O + N)/C atomic ratios were cal culated
to evaluate the aiphatic nature and polarity of the isolated potato
periderm and grape cuticular fractions. For comparison, the CHNO
compositions of tomato and apple cuticular fractions were cited from
our previous reports (13).

Batch Sorption Experiment. Phenanthrene was chosen as a
representative polycyclic aromatic hydrocarbon (PAH), and the selected
physicochemical properties are as follows: molecular weight of 178.2
g/mol; agueous solubility of 1.1 mg/L (room temperature); octanol —water
partition coefficient (Koy) Of 28840. Batch phenanthrene sorption by
all isolated fractions (PP1—PP6, GC1—-GC4, AC1-AC6, TC1-TCS,
PW, GW and AW) was performed as described elsewhere (13). In brief,
initial concentrations of phenanthrene ranged from 0.005 to 0.95 mg/
L, and each isotherm consisted of ten concentration points; each point,
including the control and calibration, was run in duplicate. The
background solution included 0.01 mol/L CaCl, and 200 mg/L NaN3,
a pH = 7. The specific solid-to-solution ratios were adjusted to achieve
30—80% removal rate of sorbate at apparent equilibrium in comparison
with initial concentration. The solid—solution ratio for a given sorbent
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is constant over the range of an isotherm. The 8 mL vials were filled
with sorbate solution to minimize the headspace volumes of vials, sedled
with auminum foil-lined Teflon screw caps to avoid sorbate’ s evapora-
tion, and then agitated in the dark for 3 days at 25 + 0.5 °C (prior
tests indicated the apparent sorption equilibrium was reached before
two days). The solution was separated by centrifugation at 4000 rpm
for 20 min, and 0.5 mL aiquots were mixed with 0.5 mL of methanol
for HPLC analysis. Phenanthrene concentrations were measured with
an Agilent 1200 high performance liquid chromatograph (HPLC) fitted
with G1314B variable wavel ength detector and Agilent Eclipse XDB-C
18 column (4.6 mm x 250 mm x 5 um). Injection volumes of 50 uL,
amobile phase of 90% methanol/10% water with a flow rate of 1 mL/
min, and an absorbance wavelength of 250 nm were used. Because of
minimal sorption by the vias, and negligible |osses from evaporation,
biodegradation and photodegradation, the sorbed amount was then
determined by difference in agueous concentration between nominal
aqueous concentration without sorbent and with sorbent.

Data Analysis. The Freundlich parameters (Ki and N) were
calculated using the logarithmic form of the equation Q = K(CN by
OriginPro7.5, where Q is the amount sorbed per unit weight of sorbent,
mg/kg; Ce is the equilibrium concentration in the agueous solution,
mg/L; K¢ [(mg/kg)/(mg/L)V] is the Freundlich capacity coefficient, and
N (dimensionless) describes the isotherm curvature. Sorption coefficients
(Kg) were calculated from the slope of the linear isotherms. Ko values
were calculated by normalizing Kq to the carbon level (f,) of each
fraction. The relative contribution (RC) of each component was
estimated by the radio of the fiKy; (where i represents wax, cutin or
suberin, cutan or suberan, and sugar) to K4 of bulk cuticle or periderm.

RESULTS AND DISCUSSION

Characterization of the Potato Periderm and Fruit Cuticle
Fractions. The yields and elemental composition of isolated
potato periderm and grape cuticle fractions (PP1—PP6,
GC1—-GC4, GW and PW) are presented in Table 1. Theyields
were all calculated to the percentage contents of bulk plant skins
(PP1 and GC1). Based on the mass balance, the elemental
compositions of depolymerizable lipids (i.e., cutin vs suberin
for above-ground vs below-ground part) and sugar were also
calculated in Table 1. The characterization of tomato and apple
cuticle fractions has been reported in our previous report (13),
and is also presented in Table 1. The chemical compositions
and elemental characteristics of plant skins vary from different
species, and distinctive differences of structural characteristics
between plant cuticle (above-ground) and potato periderm
(below-ground) were aso observed.

According to Table 1, the percentage content of the extract-
able lipids (i.e., waxes) by organic solvents in bulk sample
ranges widely and follows the order of 6.5% (tomato cuticle)
< 13.4% (potato periderm) < 25.1% (grape cuticle) < 44.7%
(apple cuticle). The depolymerizable lipids or the soluble
polymeric lipids (i.e., cutin and suberin) were determined by
saponification in methanolic KOMe (KOH solution in metha-
nol), which also significantly varied from plant species: potato
periderm (21.5%) < grape cuticle (27.4%) < apple cuticle
(34.6%) < tomato cuticle (69.5%). Suberin in dewaxed potato
periderm (24.8%) was almost same with the literature result
(24.6%) determined by saponification in methanolic NaOCHj3
(19). The resemblance between cutin and suberin in chemical
composition has been emphasized in many reports (19—23).
Suberin and cutin are both aliphatic polyesters, and the
substance classes detected after depolymerization consisted
of linear long-chain aliphatic compounds and of aromatic
compounds (5, 19, 21, 23). In addition, the aromatic domain
of suberin in potato periderm was present only in traces and
never amounted to more than 5% of the total (20). The relative
magnitudes of the extractable lipids (waxes) and the depoly-
merizable lipids (cutin or suberin) in plant skins support the
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Table 1. Relative Mass Fractions of the Potato Periderm and Fruit
Cuticles and Their Elemental Analysis and Atomic Ratios

yield, C, H, N, O

plant sample? % wt® %wt %wt %wt %wt® HC (N+ 0)/C
potato  PP1 100 4744 646 292 4318 1.62 0.74
PP2 86.6 4846 6.23 298 4233 1.53 0.71
PP3 65.1 3945 516 278 52.62 1.56 1.06
PP4 (suberan) 212 49.42 544 223 4292 1.31 0.69
PP5 374 5914 6.84 159 3243 1.38 0.43
PP6 451 61.65 7.54 1.36 2945 1.46 0.38
PW (wax) 134 6754 978 129 2139 1.72 0.25
suberin? 215 7576 947 361 1117 149 0.15
sugar? 439 36.91 545 376 53.87 1.76 1.18
grape  GC1 100 60.07 857 228 29.07 1.70 0.40
GC2 749 5586 7.92 275 3347 1.69 0.49
GC3 475 4215 542 278 4964 1.53 0.94
GC4 (cutan) 16.0 56.50 6.03 1.36 36.10 1.27 0.50
GW (wax) 251 77.61 11.24 043 10.72 1.73 0.11
cutin? 274 79.63 1224 269 543 1.83 0.08
sugar? 315 3488 511 350 56.51 1.75 1.30
tomato® TC1 100 6345 878 145 26.31 1.65 0.33
TC2 93,5 63.33 8.66 129 26.71 1.63 0.33
TC3 28.8 4434 6.21 260 46.86 1.67 0.84
TC5 704 69.41 945 045 20.69 1.62 0.23
TC6 753 7016 9.59 043 19.82 1.63 0.22
wax? 6.5 6512 10.55 3.75 20.58 1.93 0.29
cutin? 69.5 71.81 9.75 071 17.73 1.62 0.19
sugard 24.0 4391 6.27 423 4559 1.70 0.86
apple® AC1 100 69.57 10.04 0.84 19.55 1.72 0.22
AC2 55.3 61.16 876 1.29 28.79 1.7 0.37
AC3 20.7 4261 585 279 4875 1.64 0.92
AC4 (cutan) 75 5780 544 143 3533 1.12 0.48
AC5 417 67.06 9.12 0.39 2343 1.62 0.27
AC6 84.0 72.26 10.28 0.30 17.16 1.70 0.18
AW (wax) 447 77.83 11.30 020 10.67 1.73 0.1
cutin? 34.6 7228 1050 0.39 16.85 1.73 0.18
sugar? 132 3398 6.08 3.56 56.38 2.13 1.34

@PP: potato tuber periderm. GC: grape cuticle. TC: tomato cuticle. AC: apple
cuticle. The number in the name of each peridermal or cuticular fraction is identified
as follows: “1” for bulk periderm or cuticle, “2” for dewaxed, “3” for nonsaponifiable,
“4” for suberan or cutan, “5” for dewaxed-hydrolyzed, “6” for desugared. ® The
yields of each fraction were calculated to the percentage contents of correspondingly
bulk sample (PP1, GC1, TC1 or AC1). °Oxygen content was calculated by the
mass difference. “ Calculated results based on mass balance. ® The CHNO data
for tomato and apple cuticular fractions were cited from our previous report (13).

conclusion that the depolymerizable lipids should be included
to gain more accurate readings of plant lipid content besides
waxes (13). Interestingly, the polysaccharide and the insoluble
polymeric lipids (suberan) contents of potato periderim (below-
ground) are higher than those of fruit cuticles (above-ground),
following the order of potato periderm (43.9%) > grape cuticle
(31.5%) > tomato cuticle (24.0%) > apple cuticle (13.2%) for
polysaccharide content, and potato periderm (21.2%) > grape
cuticle (16.0%) > apple cuticle (7.5%) > tomato cuticle (0%)
for cutan or suberan.

The distinct chemical composition results in different ele-
mental characteristics of bulk fruit cuticles and potato periderm
(see Table 1). The percentage content of carbon in bulk potato
periderm (PP1, 47.44%) isless than that of GC1 (60.07%), TC1
(63.45%) and AC1 (69.57%), while PP1 exhibits the highest
oxygen content (43.18%) following the order of GC1 (29.07%)
> TC1 (26.31%) > ACL1 (19.55%). Therefore, for the tested
plant skins, the polarity indices [(N + O)/C] decrease with the
sequence of PP1 (0.74) > GCL1 (0.40) > TC1 (0.33) > AC1
(0.22), which is positively related to the sugar content (y =
0.0172x — 0.0641, R? = 0.929, see Figure 1), confirming that
sugar component is the main polar contributor in plant cuticles
and periderm. For example, the potato periderm exhibits the
highest polarity among the tested bulk plant skins because the
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Figure 1. Relationship between polarity index [(N + O)/C] and polysac-
charide content in bulk fruit cuticles and periderm. AC1: apple bulk cuticle.
TC1: tomato bulk cuticle. GC1: grape bulk cuticle. PP1: potato bulk
periderm.

polysaccharide is the main chemical component in potato
periderm (43.9%). After being dewaxed and depolymerized, the
nonsaponifiable fractions (PP3 and GC3) presented the highest
polarity [(O + N)/C = 1.06 and 0.94] among the potato
peridermal fractions and the grape cuticular fractions, respec-
tively. The nonsaponifiable—nonhydrolyzable fraction (PP4 or
GC4) showed the highest aromaticity (H/C = 1.31 vs 1.27) in
comparison with other corresponding fractions (H/C = ~1.6—1.7).
These observations were consistent with the apple and tomato
cuticular fractions (13). The H/C ratio of isolated waxes of
potato periderm (PW) was similar to waxes in grape cuticle
(GW), i.e.,, 1.72 vs 1.73, consistent with the value of wax in
apple (AW, 1.73), which suggested that the amounts of aliphatic
fractions in these fractions were significantly higher than
aromatic fractions (20). The polarity indices [(O + N)/C] of
sugar and wax component in grape cuticle were 1.30 and 0.11,
approaching those in apple cuticle (1.33 and 0.11). Cutin of
grape cuticle exhibited the lowest polarity [(O + N)/C, 0.08]
in comparison with that in potato periderm (0.15), apple cuticle
(0.18), and tomato cuticle (0.19). The polarities of al sugar-
free fractions including GC4, PP4, PP5, and PP6 were much
lower than their origin fractions, i.e., GC3, PP3, PP2, and PP1,
respectively. The distinct chemical compositions and elemental
characteristics regulate sorption properties of plant skins includ-
ing above-ground and below-ground parts, and then favor to
elucidate the role of chemical components (waxes, cutin/suberin,
cutan/suberan, and polysaccharide) in sorption behavior of plant
cuticle and periderm.

Sorption Results. Sorption of phenanthrene to three bulk fruit
cuticles (GC1, AC1 and TC1) and potato periderm (PP1), along
with their isolated fractions (GC2—GC4, AC2—AC6, TC2—TCB6,
PP2—PP6, GW, AW and PW), were conducted. |sotherms fit
well to the Freundlich equation, and the regression parameters
are listed in Table 2. Sorption coefficients (K4 and Ko) and
Koo/ Kowc ratios were also calculated in Table 2, where the Kqy,e
is the carbon-normalized Koy (Kowe = Kow/foe, Where f is the
percentage of carbon content of octanal, i.e., 73.8%).

Phenanthrene Sorption to Bulk Fruit Cuticles and Potato
Periderm. Sorption isotherms of bulk fruit cuticles (AC1, TCL1,
and GC1) and potato periderm (PP1) are presented in Figure
2. Isotherms for GC1, AC1 and TC1 were linear, while PP1
showed arelatively nonlinear isotherm (Freundlich N value of
0.90) due to its higher polarity. The cuticle (periderm)/water
partition coefficient (K, or Kpy) is defined as the ratio of the
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Table 2. Sorption Regression Parameters of Phenanthrene by Peridermal and Cuticular Fractions, and Their Sorption Coefficients (K and Ko)

Freundlich regression parameters®

plant sorbent @ log Ki N R Ky (mL/g) © linear R? Ko (ML/g) Koo/ Kowe® n®
potato PP1 4117 +0.020 0.904 4+ 0.010 0.998 16222 + 183 0.998 34195 0.90 19
PP2 4.260 £ 0.020 0.953 £ 0.011 0.998 19732 + 361 0.994 40718 1.07 20

PP3 3.221 £ 0.037 0.878 £ 0.022 0.990 1934 + 21 0.998 4902 0.13 20

PP4 3.993 4+ 0.036 0.860 4 0.018 0.993 12628 + 376 0.986 25552 0.67 18

PP5 4.375 4 0.053 1.016 £ 0.030 0.986 21713 £ 278 0.997 36715 0.97 20

PP6 4.403 +0.042 1.029 + 0.023 0.993 22626 + 539 0.990 36701 0.97 19

PW 4105+ 0.013 1.013 £ 0.008 0.999 12575 4+ 185 0.996 18619 0.49 20

grape GC1 4.607 4 0.042 1.066 + 0.021 0.994 34319 + 692 0.993 57132 1.51 19
GC2 4.666 4 0.037 1.076 £ 0.023 0.993 38645 + 521 0.997 69182 1.83 20

GC3 3.551 +0.015 0.986 4+ 0.012 0.998 3463 + 61 0.995 8216 0.22 20

GC4 4198 4+ 0.013 0.859 + 0.008 0.998 18572 + 329 0.994 32871 0.87 20

GW 4.422 4+ 0.037 0.878 + 0.021 0.991 34988 + 906 0.989 45082 1.19 20

tomato TC1 4.739 4+ 0.096 1.093 + 0.045 0.980 40747 £ 966 0.992 64219 1.69 17
TC2 4.802 4 0.071 1.053 + 0.032 0.987 54836 + 725 0.997 86588 2.28 18

TC3 3.563 4 0.022 0.999 + 0.013 0.997 3811 £ 104 0.985 8595 0.23 20

TC5 4,935 + 0.072 1.017 £ 0.030 0.988 87898 + 990 0.998 126636 3.34 18

TC6 4.881 + 0.066 0.967 + 0.027 0.988 89518 + 1829 0.993 127591 3.37 19

apple AC1 4.709 4 0.059 0.996 4 0.026 0.988 54017 4+ 576 0.998 77644 2.05 19
AC2 4.847 + 0.083 1.075 £ 0.037 0.988 57022 + 924 0.996 93234 2.46 18

AC3 3.242 4+ 0.026 0.949 4+ 0.016 0.995 1835 + 29 0.995 4307 0.11 20

AC4 4.271 + 0.027 0.842 +0.014 0.995 20404 + 418 0.992 35301 0.93 20

AC5 5.016 4 0.046 1.041 £ 0.023 0.993 87647 + 1161 0.997 130699 3.45 19

AC6 4.767 + 0.031 0.962 4+ 0.016 0.996 65758 + 1176 0.995 91002 2.40 20

AW 4.744 + 0.034 0.923 4+ 0.016 0.996 63806 + 1293 0.994 81981 2.16 18

@The meaning for the sorbent name was presented in Table 1. ® The Freundlich parameters (K; and N) were calculated using the logarithmic form of the equation Q
= KC.", where Q is the amount sorbed per unit weight of sorbent, mg/kg; C. is the equilibrium concentration, mg/L; K; [(mg/kg)/(mg/L)M is the Freundlich capacity
coefficient; and N (dimensionless) describes the isotherm curvature. R? is regression coefficient. © K is the sorption coefficient (Ky = Q/Cs), calculated from the slope of
linear equation. ¢ K. is the carbon-normalized sorption coefficient (Ko: = Ki/fc), and Koy is the carbon-normalized octanol—water partition coefficient of phenanthrene (Koo

= 37900). ° n is the number of sorption data.

Sorbed amount (mg/Kg)
e

=

g

:

=3

0.00 0.05 0.10 0.15 0.20 02
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Figure 2. Sorption isotherms of phenanthrene by bulk fruit cuticles and

potato periderm. AC1: apple bulk cuticle. TC1: tomato bulk cuticle. GC1:

grape bulk cuticle. PP1: potato bulk periderm.

equilibrium concentration in the cuticle (periderm) to the
equilibrium concentration in the aqueous phase, calculated from
the slope of the linear sorption isotherms (i.e., K4 of GC1, AC1,
TC1 and PP1, list in Table 2). Cuticle/water partition coef-
ficients (Kqy) are useful to evaluate the efficiency of pesticides
application and interpret foliar uptake and accumulation of many
organic contaminants from aqueous sol utions which appear, for
instance, due to wet deposition by fog or rain (1—3). Periderm/
water partition coefficient (K,,) is a significant parameter for
potato tuber, as the uptake of HOCs into potatoes is most likely
viadiffusion through the periderm (24). Based in Figure 2 and
Table 2, sorption magnitude of phenanthrene are in the order
of potato periderm (PP1, 16222 mL/g) < grape cuticle (GCL,
34319 mL/g) < tomato cuticle (TC1, 40747 mL/g) < apple
cuticle (AC1, 54017 mL/g), opposite to the polarity order of

these biopolymers. The calculated ratios Koo/Kowe fOr three
cuticleswere al larger than one unity (see Table 2), suggesting
that these biopolymers were more powerful medium for HOCs
than octanol. However, Kqo/Kow fOr potato periderm was less
than unity (0.90), much lower than that of fruit cuticles, by
factors between 2.12 and 3.33. Periderm/water partition coef-
ficient (Kpw) of potato periderm (1.62 x 10* mL/g) is close to
the root concentration factor (RCF) for phenanthrene by maize
plants (1.8 x 10* mL/g, (16)).

Sorption variations among different cuticles and periderm
cannot be explained by the extractable lipids (waxes) which
were widely used to predict plant uptake ( (17) and therein),
and are also unable to be accounted for the depolymerizable
lipids (cutin or suberin) alone, see Figure 3A. Linear correlation
Kgq with the sum content of waxes and cutin/suberin is observed
(linear R? = 0.89), and correlation K4 with the sum content of
waxes + cutin/suberin + cutan/suberan exhibits high linear
(linear RZ = 0.99), presented in Figure 3A. As mentioned above,
the sorption variation was due to polarity differences of the
sorbents, which were governed by the sugar contents. Therefore,
the Kqy values are negatively and linearly correlated with the
sugar content of bulk plant skins, demonstrated in Figure 3B.
For example, the relative lowest sorption coefficient of potato
periderm was attributed to its highest polarity [(N + O)/C =
0.74], contributing the highest sugar content (43.9%).

Phenanthrene Sorption to the Isolated Cuticular and
Peridermal Fractions. Selected sorption isotherms of the fruit
cuticular and potato peridermal fractions are presented in Figure
4. The isotherms of dewaxed-fractions were close to bulk
cuticles/periderm, and the isotherms of dewaxed-hydrolyzed
fractions were approximate to desugared-fractions, hence the
isotherms of dewaxed-fractions and dewaxed-hydrolyzed frac-
tions are not presented in Figure 4 for clear demonstration.
Sorption isotherms by bulk fruit cuticles of tomato, apple and
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grape were relative linear (Freundlich N = 1.00), suggesting
the sorption was dominated by the partition process. To the
sorption properties of phenanthrene by fruit cuticular fractions,
several conclusions are drawn: (i) sorption coefficients (Kg)
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appreciably increased after wax remova (TC2/TC1l = 1.35;
AC2/AC1 = 1.06; GC2/GC1 = 1.13); (ii) cutin (polymeric
lipids) is the dominant sorption medium of the cuticle fractions,
and K4 value reduced significantly after cutin was removed by
saponification (TC3/TC2 = 0.07; AC3/AC2 = 0.03; GC3/GC2
= 0.09); (iii) Kq values increased after acid hydrolysis, and
sorption capacity of nonsaponifiable fractions (TC3, AC3, and
GC3) was the lowest; (iv) isotherms of cutan components (AC4
and GC4) exhibited high nonlinearity (Freundlich N values of
0.84 and 0.86, respectively) due to their higher aromaticity.
These observations were consistent with the previous reports
(13).

Similar to the nonsaponifiable biopolymers (i.e., cutan) in
plant cuticles, suberan (PP4) presented the highest nonlinearity
(Freundlich N vaue of 0.86). The nonlinearity of suberan and
cutan may be attributed to the condensed domains in the
periderm and cuticles (relative high content of aromatic moieties,
H/C), which offered adsorption sites for phenanthrene (7). The
affinity of the extractable lipids of periderm (Ky = 12575 mL/
g) was allittle lower than bulk potato periderm (16222 mL/g).
The Ky value of the periderm increased dlightly (PP2/PP1 =
1.22) after removal of waxes. The absence of suberin monomer
sharply decreased the Ky vaue (PP3/PP2 = 0.10). These
phenomena indicate that the deploymerizable lipids (i.e., suberin)
rather than the extractable lipids (i.e., waxes) in periderm play
a significant role in sorption of HOCs. The sorption capability
of the nonsaponifiable fraction (PP3) with phenanthrene was
the lowest (Kod/Kowe = 0.13) due to its highest polysaccharide
content. Sorption coefficient (Ky) of the nonsaponifiable faction
(PP3) increased grestly after sugar removal (PP4/PP3 = 6.53),
while Ky values of PP1 and PP2 just slightly increased (PP6/
PP1 = 1.40; PP5/PP2 = 1.10) after acid hydrolysis. Conse-
quently, sorption variations among the isolated fruit cuticular
fractions (above-ground parts) were similar to those of the
isolated potato peridermal fractions (below-ground parts).

The Role of Chemical Compositionsin Sorption of Plant
Skins. (i) The Soluble Lipids. Sorption isotherms to waxes of
apple and grape cuticles as well as potato periderm are presented
in Figure 5. From Figure 5 and Table 2, the relative magnitudes
of sorption capabilities (Kq) of the isolated waxes were in the
order of potato periderm (PW, 12575 mL/g) < grape cuticle
(GW, 34988 mL/g) < apple cuticle (AW, 63806 mL/qg).
Similarly, the differences in K4 values were also attributed to
the different polarity and carbon content. Waxes, the soluble
lipids extracted by organic solvents, have been widely used to
predict for plant accumulation of organic contaminants due to
their high affinities with organic contaminants in comparison
with carbohydrates (17, 18). Based on this presumption, sorption
coefficients (Kq) for bulk fruit cuticles and potato periderm
should be close to fyax x Kwax, i-€., 28521 L/mg (apple cuticle),
8782 L/mg (grape cuticle) and 1685 L/mg (potato periderm).
However, these data were much lower than the real situation
(Table 3, and the dashed lines in Figure 4), indicating that the
soluble lipid is not the main sorption medium for organic
contaminants, and there must be other powerful sorption
mediums besides waxes. Therefore, the plant accumulation of
organic contaminants would be seriously under-predicted if only
by the soluble lipid content (13). Indeed wax/water partition
behavior has been extensively investigated with regard to its
action as a potential barrier to the penetration of pesticides and
pollutants. Generally, wax/water partition coefficients (Kyuy)
were found to be significantly smaller than the cuticle/water
partition coefficients (Kqy) and Ko, (ref 3 and therein). The
relative lower sorption capacity of waxes was attributed to its
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solid and partialy crystalline nature at room temperature which
reduced the accessibility of sorbents for organic
contaminants (3, 13).

(i) The Depolymerizable Lipids. Cutin has been demonstrated
to be most powerful sorption medium due to the amorphous
nature, and suberin was assumed to have a similar dominant
sorption capacity due to the similar chemical composition. Itis
hard to investigate the sorption behavior of the pure cutin in
apple and grape cuticles as well as suberin in potato periderm
directly because the cutan (suberan) component could not be

Table 3. Relative Contribution of Waxes, Cutin/Suberin, and Cutan/
Suberan to the Sorption of Phenanthrene by Bulk Fruit Cuticles and Potato
Periderm?

RC, %°
plant Ky, mU/g® waxes cutin/suberin  cutan/suberan Y. RC, %?
potato 16222 +183  10.39 97.58 16.50 124
grape  34319+692 25.63 79.52 8.64 114
tomato 40747 £ 966 —° 124 —° —°
apple 54017 £576 52.80 57.67 2.83 113

@Waxes are the extractable lipids by organic solvents. Cutin/suberin are the
solubly polymeric lipids by saponification. Cutan/suberan are the insoluble polymeric
lipids. Cutin and cutan are for cuticular composition of above-ground fruits (grape,
tomato, and apple), while suberin and suberan are for the periderm composition
of below-ground tissue of plant (potato). ® Sorption coefficients (Ky = Q/Ce) were
calculated from experimental isotherms of bulk cuticles and periderm. ° The relative
contribution (RC) of each component was calculated by the ratio of the fKjy; to Ky
of bulk cuticle or periderm. The symbol i represents wax, cutin/suberin and cutan/
suberan; f is the percentage of i component in bulk sample (see Table 1); Kj; is
the sorption coefficient of i component. Y, RC is the sum of RC of waxes, cutin/
suberin, and cutan/suberan. € The data are not presented due to lack of experimental
results.

removed without disturbing the depolymerizable lipids by
enzymatic or chemical methods. To assess the sorption proper-
ties of the depolymerizable lipids (i.e., cutin and suberin), their
sorption coefficients (Kq) were estimated through mass balance,
i.e., Kd,z X fz = Kd’3 X f3f + Kd,SPL X f5p|_, where Kd,z, Kd,g, and
Kgsp. are sorption coefficients of the dewaxed fraction, the
nonsaponifiable fraction and the soluble polymeric lipids (SPL),
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respectively; Thef,, f3, and fsp. are their corresponding contents
inthe bulk cuticle or periderm, and fsp. = f, — f3 (13), presented
in Table 1. The calculated results are as follows: 72193 mL/g
for cutin in tomato cuticle, 73623 mL/g for suberin in potato
periderm, 90039 mL/g for cutin in apple cuticle, and 99636
mL/g for cutin in grape cuticle. As expectation, these data were
in a similar range and much higher than the K, vaue of
phenanthrene (28840). Contributions of the depolymerizable
lipids to sorption of bulk cuticles (periderm) were much higher
than those of waxes (see Table 3). Note that the calculated Kgq
for the tomato cutin (TC5) was 72,421 mL/g, whereas the
experiment value was 87,939 mL/g (see Table 2). This
difference was attributed to the finding, reported by Chefetz
(6), that some of the cuticle and periderm fractions are
intermediate between physical and chemical mix. The higher
sorption capability of tomato cutin (87,939 mL/g) was sup-
pressed by the coexisting components (e.g., sugar) in the
dewaxed tomato cuticular fractions (TC2), which resultsin the
lower calculated Ky values (72,421 mL/g) than the direct
experiment value.

(iif) The Nonsaponificable Lipids. Consistent with the ho-
mologous chemical compositions, K, values of the nonsaponi-
fiable lipids (i.e., cutan and suberan) were similar: AC4 (35301
mL/g), GC4 (32871 mL/g) and PP4 (25552 mL/g). The sorption
differences of these biopolymers were also attributed to their
differencesin polarity: AC4 [(N + O)/C = 0.48] < GC4 (0.50)
< PP4 (0.69). A linear negative relationship exists between Ko
values and the polarities of these biopolymers (figure not
shown). However, these data were lower than the purified cutan
fraction in the leaves of A. americana (91200 mL/g, (12)).
Contributions of nonsaponicable lipids to sorption of bulk
cuticles/periderm) were very low (see Table 3), due to the small
contents.

(iv) Polysaccharide. As mentioned above, al nonsaponifiable
fractions (PP3, GC3, TC3, and AC3) presented the lowest
sorption capacity, due to their highest sugar contents. In a plot
of Ko values of bulk cuticle/periderm versustheir sugar contents,
a negative linear relationship was observed, suggesting the
negative role of polysaccharide in organic contaminants ac-
cumulation. The poor affinities of polysaccharides with HOCs
have been widely reported in previous studies (11, 25—29). The
sorption coefficients of the cellulose with HOCs were much
lower than other natural organic matter, suggesting that carbo-
hydrates were not important in sorption of HOCs because of
its high polarity (17, 18, 25). Chen et a. (11) reported a negative
linear relationship between sorption coefficients (Kq) and sugar
contents in the isolated tomato cuticular fractions, and demon-
strated the negative role of sugar in sorption of HOCs. Wang
et al. (29) found the sorption capabilities of cellulose with HOCs
was much lower than that of lignin. Jonker (28) investigated
the sorption of a series of PAHSs (log Ko range of 4.6—7) to
cellulose, and found that the affinity of PAHs for cellulose
appeared to be about 400 times lower than that of octanol. In
this study, a negative linear trend of Ko with polarity (N +
O/C) in bulk cuticle/periderm (PP1, GC1, TC1 and AC1) was
also obained (linear R? = 0.98), further confirming the regulating
role of polarity in sorption of organic contaminants.

The total sorption contributions of all lipids (2 RC) in Table
3 were al higher than 100%, indicating that the accessibility
of each cuticle component with organic contaminants is
restricted. There are two reasons: (1) the high crystalline phase
of soluble lipids (i.e, waxes) reduces the effective accessibility
of polymeric lipids (13); (2) the cuticle fractions are not only
physical mixed but some of them also are intermediate between
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physical and chemica mix (6), which impacts the accessibility
of these lipids to the organic contaminant. On the other hand,
the over 100% Y. RC of lipids is a good evidence that these
lipid components are the main sorption contributors in cuticle
and periderm. Sorption coefficients (Kg) of bulk cuticle/periderm
normalized by lipids were calculated by Kiipias = Kd/fiipia, Where
fiipia represents the mass content of the total lipids including
waxes, depolymerizable insoluble lipids and nonsaponifiable
lipids. Interestingly, alinear negative relationship between Kjipig
values and the sugar contents of the cuticle/periderm was
observed [Figure 3C], indicating sugar would restrict the
sorption efficacy of lipids. Sugar functionsin adual rolein plant
accumulation of organic contaminants: it functions as a weak
sorption medium and then restricts the sorption capacity of other
powerful sorptive zones (such as lipids). Based on the linear
equation in Figure 3B, it is practical to predict sorption of plant
cuticle/periderm of different species with their polysaccharide
content, determined by acid hydrolysis.

In summary, the distinct sorption properties of fruit bulk
cuticles (above-ground) and potato periderm (below-ground) are
attributed to their different compositional characteristics. The
roles of the extractable lipids (waxes), the soluble polymeric
lipids (cutin/suberin), the insoluble polymeric lipids (cutan/
suberan) and the polysaccharide in sorption of plant skins are
clearly elucidated. The cutin/suberin rather than waxes serve
as the main component to control affinity of bulk cuticle/
periderm with HOCs, but the Ky values of skins are linearly
correlated with the total lipid contents of plant cuticle/periderm.
Polysaccharide plays a negative role as a sorption medium for
its obviously poor affinity with HOCs and restriction effect
which suppresses the high sorption ability of other powerful
sorptive regions in cuticle/periderm (such as lipids). The
significantly lower sorption of the bulk periderm (bel ow-ground)
than the cuticle (above-ground) is explained by the former
having higher polysaccharide and lower soluble polymeric lipids.
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