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Mechanisms of Cuticular Uptake of Xenobiotics into Living
Plants: Evaluation of a Logistic —Kinetic Penetration Model
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The objective of this study was to determine whether a logistic—kinetic penetration model could be
applied to whole plant uptake. Uptake over 24 h was determined for three model compounds, applied
in the presence and absence of surfactants, into the leaves of two plant species. Data for two time
intervals were used in the model to predict uptake at intermediate intervals and compared with
experimental results. Overall, the model fit the whole plant uptake data well. The study confirmed
that an increase (or decrease) in active ingredient (ai) concentration or an increase in contact area
will have no effect on the penetration rate factor, g, within the normal working concentration range.
This enabled uptake to be predicted at different times for concentrations of ai not already studied,
having first derived g for one concentration of the formulation of interest and having 24 h (maximum)
uptake results for all formulations and concentrations of interest. The advantages of the models and
equations described are that few variables are required, and they are simple to measure.

KEYWORDS: Cuticular uptake; dose; mechanisms; kinetics, rate, Chenopodium album ; Hedera helix ;
triethylene glycol monododecyl ether; hexaethylene glycol monododecyl ether; trisiloxane ethoxylate

INTRODUCTION xenobiotics differing in lipophilicity into two plant species over
- . time, applied alone and in the presence of a range of surfactants,
Pesticide spray efficacy depends on several processes, nameI){b determine whether the logisti&inetic penetration model as

I(;i%?ﬁm%r:]’ ;gfgmg)?é uigtlaksé?gﬁ;':r;s'()lf:gf;')lﬁjSgéa%giioglﬁtdescribed by Watanab8)(could be applied to in vivo uptake.
9 9 pialy q P In the current studyChenopodium albumwhich has a thin

to solvent evaporation, but uptake into the leaf can occur over cuticle, was compared withledera helix which has a thick

many hours. Total uptake after 24 h can be the same for a " . . o ;
compound formulated with different surfactants, but rates of cuticle and has been widely used in isolated cuticle weik (

uptake in the intervening period (and therefore rain-fastness and
subsequent translocation to target sites) can be quite different MATERIALS AND METHODS

Therefore, there is a requirement to be able to model uptake The materials and methods used have been described elseere (
over time into plant foliage. However, the following is a summary of the most pertinent features.
There is general agreement that uptake of xenobiotics (e.g., Plant Material. C. album (common lambsquarters) plants were
pesticides) through the leaf cuticle is a diffusion procegs ( grown from seed and raised under controlled environment conditions.
However, Fick’s first law of diffusion as modified for plant ~H. helixplants were grown from cuttings raised in a glass house and

cuticles in vitro (L, 2) may not be appropriate for in vivo used at 69 months of age. Two weeks prior to use, Hehelix plants
situations when the applied quantity is a finite dose from a Were_t_ransferred into growth cabinets having controlled environment
droplet deposit. Watanab8)(reviewed available uptake models conditions that were the same as for Dealbumplants.

and found that the ones dealing with nonequilibrium transcu- Chemicals.Model Compoundg-Deoxyo-glucose (DOG; Aldrich
9 q Chemical Co., Inc.; 99% purity), 2,4-dichlorophenoxyacetic acid (2,4-

ticular penetration kinetics did not fully represent all of the . b6y Agrosciences (NZ) Ltd.; 92% purity) andRS,3SR)-1-[3-(2-
k|n(_3t|c parameters involved in penetration from a droplet_ chlorophenyl)-2-(4-fluorophenyl)oxiran-2-ylmethylJHt 1,2, 4-tri-
residue. This led him to develop a non-steady-state, nonequi-azole (epoxiconazole; BASF; 96% purity) were studied initially at one
librium model (3), termed “the logistickinetic penetration concentration each (0.75 gLDOG, 1.09 g -t 2,4-D, 1.554 g !
model”, using isolated cuticles in the development of the model. epoxiconazole) providing a molar concentration (0.0045 ma| 1.1

The objective of our study was to determine the uptake of model nmol per 0.24L droplet) close to that of the surfactant’s concentration.
A second experiment o8. albumdetermined the uptake of DOG, 2,4-
D, and epoxiconazole, each at two concentrations (0.1107 and 54.29
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; . nmol per 0.24uL for DOG; 0.024 and 10.87 nmol per 0.24 for
alison.forster cnz.co.nz; fak 64 7 343 5811). : -
ITPIant pm%gﬁonz(;hemziswl ) 2,4-D; 0.029 and 2.19 nmol per 0.24 for epoxiconazole) in the
§ Universitd Wirzburg. presence of the three surfactants. The solubilities in watef @ ®f
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DOG, 2,4-D, and epoxiconazole are 100, 0.620, and 0.0000663 g L

respectively §, 7); the log P values are—2.69, 2.62, and 3.44,

respectively (78); and the molecular weights are 164, 221, and 330.
SurfactantsSilwet L-77 [TSE7.5, a trisiloxane ethoxylate with mean

ethylene oxide (EO) content of 7.5, supplied by GE Advanced

Materials—Silicones], triethylene glycol monododecyl ethenBDs),

and hexaethylene glycol monododecy! ethepBOs), both from Fluka,

Forster et al.

U/(VCA). Thus, eq 1 can be transformed to
f=VCAP[K/(K + e M](1 —e ™ ()

All of the variables in eq 1, excep}, are known for each
rate study described in the methods. Rearranging eq 1 to solve

were used. All surfactants were studied at an equimolar concentrationfor g produces

(0.0044 mol L%, corresponding to 2.3 g1t TSE7.5, 1.4 g [* Cy-

EQ; and 2.0 g ! C12EQs), approximating typical use rates. The
molecular weights of the surfactants,EQs, Ci12EOs, and TSE7.5 are
319, 451, and 517, respectively. All xenobiotics were studied alone
and in the presence of each of the surfactants.

Uptake. Radiolabeled 2-deoxg-(U-14C)glucose (DOG), 2,4-dichlo-
rophenoxyacetic acid-carbo¥§€ (2,4-D), and (2RS,3SR)-3-(2-chlo-
rophenyl)-2-(4-fluorophenyl-2-H-1,2,4-triazol-1-yl)methyl]oxirane-
[chlorophenyl-U4C] (epoxiconazole) were incorporated into treatments
(added at+1400 dpm per droplet) prior to use. All solutions were made
up in water+ acetone (1:1 by volume). The use of 50% acetone/water
for model uptake experiments is common, and this mixture is considered
to have no significant effect on the uptake of the active ingredient (ai)
(9). This enabled higher concentrations of lipophilic xenobiotics to be

q=—1/tIn[K(U — f)/UK + f] (4)

In most cased) (total uptake) was taken as the uptake at 24
h. This was considered to be valid as the authors have found
that in most cases the majority of uptake into whole plants has
occurred by 24 h. A value of 0.6 was used #rand in the
majority of cased (uptake at a given time) at 2 h was used.
The exception was 2,4-D uptake infb album, for which at 2
h most of the uptake had already taken place, necessitiaiing
be taken at an earlier time (10 min, 600 s). In the case of DOG
applied alone toC. album, uptake was very low, with no
significant difference in uptake over time. However, although

studied, as well as the xenobiotic in the absence of a surfactant. Dropletsuptake was not significantly different, the quantity at 2 h (0.11

of each solution (0.24L, ~770 um diameter) were applied to the
upper surface of the youngest fully expanded leaveS.albumand

H. helix (14 per leaf) on five separate plants per species, wigh of

the start of the illumination period. Treated leaves were excised at 0.5,
2, 4, and 6 h after treatment. A previous study) had already
determined 24 h uptake. In the second experiment, treated leaves wer

as the proportion of the applied radiolabel not recovered by washing
the treated leaves.
Droplet Spread Area Determination. The droplet spread areas for

nmol or 10% uptake) was larger than that at 24 h (0.07 nmol
or 7% uptake). Hence) was taken 86 h andf at 30 min for
illustrative purposes. After the value forhad been derived,
uptake over timef] was calculated using eq 3. The units used
wereV (uL), C (nmoluL=1), A (mmP), Py (mm~2), q(s1), and

excised at 2 and 6 h after treatment. Percentage uptake was determine% (8). In all cases the volume applied was 024 and the

concentration was-4.6 nmoluL %, except for 2,4-D withH.
helix for which the concentration was5.1 nmoluL~1. The
values oft, A, Py, andq used in eq 3re shown inTables 1

the different formulations, on the three plant species, were measuredand?2, for uptake intcC. albumandH. helix, respectively. These

under UV illumination using V* for Windows image analysis software,
with added Blankophor-P fluor (Bayer NZ) to treatments containing
DOG or epoxiconazole and UVITEX NFW 450 (Ciba Geigy) to
treatments containing 2,4-D.

Statistical Analyses.The statistical software package Statistix was
used to analyze the data, with least significant difference (LSD) tests
used to compare treatments. Stabilizing transformations were performed
when required, prior to analysis.

RESULTS AND DISCUSSION

The intention of this study was to validate the logistignetic
penetration model, and hence formulation differences due to

tables also show calculated and actual uptake (both in nanomoles
and by current convention, by percentageyures 1—6graph

the actual uptake (nanomoles) values over time, along with the
calculated curves for the two species, three surfactants, and three
xenobiotics used. Overall, agreement between calculated and
actual values is remarkably good, particularly where a plateau

'has been very obviously reached within 2886400 s;Figures

1-3). This highlights the fact thdtl in the Watanabe3) model

is defined as total uptake, meaning maximum uptake possible,
and if maximum uptake, or a plateau, has not been reached at
24 h, thenP, andq cannot be derived correctly. This may be
the case for uptake intdl. helix of some of the formulations,

the surfactants and xenobiotics studied are not discussed in thgy particular DOG, when applied in the presence gEDs

conventional sense. Howevefrables 1 and 2 show actual
percent uptake, along with statistical significance for all of the
formulations tested.

Validation of a Logistic—Kinetic Penetration Model to in
Vivo Systems.The model by Watanabe (3) is

f=UK/I(K+e )@ —-e (1)

wheref is the amount penetrated at a given tirdeis the total
amount of penetration (i.e., the maximum uptak€)js the
integral constantl = 0.6 or 0.7 is postulated for linearity or
slight convexity, respectively, in the initial period of penetra-
tion), q is the penetration rate factor, ahds time.

U = VCAP, (2)
where V is the volume of the droplet applied? is the
concentration (molar) of the xenobiotic, afdis the contact
(spread) area of the droplet. The unit partition ratig) @f the
pesticide is the ratio of the amount of pesticide partitioned from
the droplet into the cuticular membrane (CM) relative to the
amount applied (VC) per unit contact area, as define® by

(Figure 4). However, in this particular case,fifit 4 h is used

to deriveq, rather tharf at 2 h as hadeen used throughout,
then the data points correspond much better (data not shown)
even though the calculatédt 2 h is notgreatly different from

the actualf (3 versus 1% uptake at 2 h). This change&he
penetration rate factor) to 0.00006 rather than the 0.00002 in
Table 2. This demonstrates the importance of obtaining very
accurate uptake data for the steep portion of the curve when
using the logistic—kinetic model to predict uptake at different
times. The penetration rate factoy,is overall markedly lower

for DOG and 2,4-D uptake intél. helix, compared withC.
album, whereas the difference gnis much less for epoxicon-
azole(Tables 1and?2).

These results show that the equation developed by Watanabe
for uptake through isolated cuticles can be used to calculate
uptake over time into whole plants, with either thin or thick
cuticles. The logistie-kinetic transcuticular penetration model
(3) in most cases correctly predicts a linear increase in the
penetration rate for the initial period, followed by a gradual
decrease in penetration rate, with maximum penetration being
approached asymptotically.



Cuticular Uptake of Xenabiotics J. Agric. Food Chem., Vol. 54, No. 8, 2006 3027

Table 1. Watanabe Model Parameters? and Calculated and Actual Uptake into C. album Foliage over Time of DOG, 2,4-D, and Epoxiconazole,
Applied in the Absence or Presence of Surfactants

total uptake spread area unit partition calcd uptake actual uptake calcd actual
formulation time* (s) (Uy* (nmol) (A)* (mm?) ratio (Py)* (mm~2) g (s ( (nmol) (nmol) uptake (%) uptake® (%)
DOG 1800 0.0793 0.69 0.1058 0.00248 0.07688 0.07688 7.08 7.08 fgh
7200 0.07926 0.10564 7.30 9.73 efgh
14400 0.07926 0.05780 7.30 5.32h
21600 0.07926 0.07926 7.30 7.30 fgh
86400 0.07926 0.07219 7.30 6.65 fgh
DOG + 1800 0.3831 13.76 0.0256 0.00022 0.05808 0.13802 5.35 12.71 def
C12EQ3 7200 0.22394 0.22394 20.62 20.62 bed
14400 0.34095 0.25910 314 23.86 bed
21600 0.37369 0.06577 34.4 6.06 gh
86400 0.38305 0.38305 35.3 35.28b
DOG + 1800 0.9304 121 0.7082 0.00036 0.23431 0.17778 21.58 16.37 cde
C12EQ¢ 7200 0.76084 0.76084 70.07 70.07 a
14400 0.91577 0.92091 84.34 84.81a
21600 0.92924 0.85980 85.58 79.19a
86400 0.93038 0.93038 85.69 85.69 a
DOG + 1800 0.3951 31.13 0.0117 0.00013 0.03673 0.24480 3.38 22.55 bed
L-77 7200 0.14980 0.14980 13.80 13.80 defg
14400 0.27223 0.30842 25.07 28.411 he
21600 0.34195 0.35798 31.49 32.97 be
86400 0.39508 0.39172 36.39 36.39b
2,4-D 300 0.6359 0.87 0.6533 0.0019 0.13961 0.08373 12.85 7.48 jk
600 0.27669 0.28511 25.48 25.48 ghi
1200 0.47644 0.51426 43.88 45.96 e
86400 0.61709 0.63589 56.83 57.82 de
2,4-D+ 300 1.0552 3.4 0.2766 0.0025 0.30654 0.07219 27.32 33.16¢g
C12EQ3 600 0.58953 0.58953 52.55 52.55 ef
1200 0.92001 0.74633 82.00 66.52 cd
1800 1.0223 0.92756 91.11 82.67h
7200 1.0552 1.0490 94.05 9349a
14400 1.0552 1.0592 94.05 94.4 a
21600 1.0552 1.0850 94.05 96.71a
86400 1.0552 1.0552 94.05 94.05a
2,4-D+ 300 1.1005 131 0.7469 0.0007 0.09504 0.09504 8.45 6.79k
C12EQ¢ 600 0.19316 0.19316 17.17 12.89 ij
1200 0.38894 0.38894 34.58 26.51 ghi
1800 0.56880 0.56880 50.57 68.38 ¢
7200 1.0873 1.0873 96.67 9259 a
14400 1.1005 1.1005 97.84 96.88 a
21600 1.1005 1.1005 97.85 97.47a
86400 1.1005 1.1005 97.85 97.85a
2,4-D+ 300 1.0498 44.13 0.02111 0.0010 0.11871 0.20953 10.53 18591
L-77 600 0.24123 0.24123 21.40 21.40 hi
1200 0.47741 0.35456 42.36 31.46 gh
1800 0.67433 0.78568 59.83 69.71¢
7200 1.0473 1.0046 92.92 89.13 ab
14400 1.0498 1.0302 93.14 91.40 ab
21600 1.0498 1.0555 93.14 93.69a
86400 1.0498 1.0498 93.14 93.14a
Epoxi 1800 0.44237 0.69 0.57587 0.0001 0.04576 0.16735 411 15.03 gh
7200 0.18541 0.18541 16.65 16.65 fg
14400 0.32691 0.36499 29.36 32.7cd
21600 0.39814 0.34440 35.76 30.94 cd
86400 0.44236 0.44237 39.73 39.73 be
Epoxi + 1800 0.52443 5.93 0.07933 0.0002 0.07304 0.23817 6.55 21.36 ef
C12EO; 7200 0.28602 0.28602 25.66 25.66 de
14400 0.45197 0.38638 40.54 34.66 bed
21600 0.50596 0.36149 45.38 3243 cd
86400 0.52443 0.52443 47.04 47.04b
Epoxi + 1800 0.24107 131 0.16515 0.0003 0.04406 0.14024 3.95 12.59h
C12EQ¢ 7200 0.1623 0.16230 14.57 14.57 gh
14400 0.22641 0.20564 20.32 18.45fg
21600 0.23874 0.20600 21.42 18.49 fg
86400 0.24107 0.24107 21.63 21.63 ef
Epoxi + 1800 1.0260 338 0.02731 0.0004 0.2818 0.39738 25.35 35.75 bed
L-77 7200 0.87385 0.87385 78.61 78.61a
14400 1.0158 0.97333 91.37 87.55a
21600 1.0254 0.99095 92.24 89.14a
86400 1.0260 1.0260 92.29 92.29a

a Required inputs for Watanabe model (3) are marked with an asterisk. ® Treatments within each xenobiotic series with no letter in common are significantly different (p
=0.05).
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Table 2. Watanabe Model Parameters? and Calculated and Actual Uptake into H. helix Foliage over Time of DOG, 2,4-D, and Epoxiconazole,
Applied in the Absence or Presence of Surfactants

total uptake spread area unit partition ratio calcd uptake actual uptake caled actual
formulation time* (s) (Uy* (nmol) (A)* (mm?) (Py)* (mm~2) g (s (f (nmol) (nmol) uptake (%) uptake® (%)
DOG 1800 0.04058 0.48 0.07785 0.00023 0.00644 0.02866 0.59348 2.64 ef
7200 0.02461 0.02461 2.2663 2.27 ef
14400 0.03668 0.09365 3.3781 7.93 bed
21600 0.03977 0.03197 3.6631 2.94 ef
86400 0.04058 0.04058 3.7369 3.74 def
DOG + 1800 0.11289 1.65 0.06301 0.00012 0.00922 0.04983 0.84908 459 cde
C1,EO3 7200 0.03780 0.03780 3.4815 3.48 def
14400 6.5214 0.04409 6.5214 4.06 de
21600 8.4875 0.07016 8.4875 6.07 cde
86400 10.396 0.11289 10.396 10.40 be
DOG + 1800 0.20765 1.33 0.14379 0.00002 0.00255 0.02131 0.2343 1.96 ef
C12EOs 7200 0.01029 0.01029 0.9475 1.17f
14400 0.02083 0.06638 1.9186 6.11de
21600 0.03155 0.07252 2.9054 6.68 bcde
86400 0.12160 0.20765 11.199 17.38a
DOG + 1800 0.14901 18.23 0.00753 0.00013 0.01346 0.03608 1.2397 3.32ef
L-77 7200 0.05498 0.05498 5.0636 5.06 cde
14400 0.10065 0.04691 9.2695 4.32de
21600 0.12745 0.04236 11.738 3.90 de
86400 0.149 0.14901 13.723 13.72 ab
2,4-D 1800 0.37865 0.678 0.45046 0.00012 0.03011 0.02879 2.4288 232
7200 0.12357 0.12357 9.9668 9.97 ghij
14400 0.23271 0.0991 18.770 7.99 hij
21600 0.30496 0.08662 24.598 6.99j
86400 0.37860 0.37865 30.538 30.54 def
24-D+ 1800 0.91370 1.557 0.48090 0.00011 0.07138 0.07219 5.8497 6.17j
C12EO3 7200 0.29305 0.29305 24.015 24.02 ef
14400 0.55382 0.61384 45.385 50.30 bed
21600 0.72907 0.67957 59.746 55.69 abc
86400 0.91357 0.91371 74.865 74.88 a
2,4-D+ 1800 0.7697 1.188 0.52572 0.00012 0.06128 0.07992 4.9720 6.48 ij
C12EOs 7200 0.25145 0.25145 20.402 22.54 fgh
14400 0.47353 0.29071 38.415 23.59 ef
21600 0.62029 0.50512 50.329 40.98 cde
86400 0.76964 0.76974 62.447 70.89 ab
24D+ 1800 0.30226 13.696 0.01812 0.00026 0.05580 0.11825 45810 9.71 ghij
L-77 7200 0.20493 0.20493 16.825 16.82 fghi
14400 0.28451 0.25624 23.358 21.04 fg
21600 0.29949 0.11328 24.588 9.30j
86400 0.30226 0.30226 24.815 24.82 def
Epoxi 1800 0.28736 0.986 0.26011 0.00030 0.06104 0.20412 5.4476 18.22 bedef
7200 0.21370 0.21369 19.072 19.07 bedef
14400 0.27754 0.19194 24.770 17.13 bedefg
21600 0.28622 0.20308 25.545 18.12 bedef
86400 0.28736 0.28736 25.647 25.64 bed
Epoxi + 1800 0.52183 1.647 0.28107 0.00012 0.04180 3.7080 3.7080 15.56 defgh
C12EO; 7200 0.17148 15.213 15.213 15.21 cdefg
14400 0.32249 28.610 28.610 17.43 bedefg
21600 0.42184 37.424 37.424 25.43 be
86400 0.52177 46.289 46.289 46.29 a
Epoxi + 1800 0.3200 1.44 0.19989 0.00021 0.04718 0.03891 4.2437 3501
C12EOs 7200 0.18291 0.18291 16.453 16.93 bedefg
14400 0.28198 0.13491 25.364 12.13 efgh
21600 0.31115 0.13294 27.988 11.96 efgh
86400 0.32000 0.32000 28.785 28.78b
Epoxi + 1800 0.24085 441 0.04864 0.00014 0.02297 0.02297 2.0460 5.52 hi
L-77 7200 0.09357 0.09357 8.3333 8.33 ghi
14400 0.16889 0.16889 15.041 10.96 fghi
21600 0.21059 0.21059 18.755 16.44 bedefg
86400 0.24084 0.24084 21.449 21.45 bede

aRequired inputs for Watanabe model (3) are marked with an asterisk. ? Treatments within each xenobiotic series with no letter in common are significantly different (p
= 0.05).

In comparison, a dynamic nonlinear simulation model that transport of foliar-applied xenobiotics, predictk2] a steady
included an equation describing the cuticular sorption process, (fairly linear) increase over a 72 h period for hydrophilic,
developed (10) and apparently validated (11) for whole plant intermediate polarity, and lipophilic compounds, which is not
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Figure 1. Uptake (nanomoles) over time of DOG into C. album foliage,
in the absence (#) and presence of the surfactants C;,EO; (M), C1,EOg

(a), and TSE7.5 (@). Symbols represent actual results; lines are calculated
from eq 3.
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Figure 2. Uptake (nanomoles) over time of 2,4-D into C. album foliage,
in the absence (#) and presence of the surfactants C;,EO; (M), C1,EOg

(a), and TSE7.5 (®). Symbols represent actual results; lines are calculated
from eq 3.
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Figure 4. Uptake (nanomoles) over time of DOG into H. helix foliage, in
the absence (#) and presence of the surfactants C;,EO; (M), C1,EOg

(a), and TSE7.5 (@). Symbols represent actual results; lines are calculated
from eq 3.
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Figure 5. Uptake (nanomoles) over time of 2,4-D into H. helix foliage, in
the absence (#) and presence of the surfactants C,EO; (M), C1,EOg

(a), and TSE7.5 (@). Symbols represent actual resullts; lines are calculated
from eq 3.
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Figure 6. Uptake (nanomoles) over time of epoxiconazole into H. helix
foliage, in the absence () and presence of the surfactants C;,EO; (H),
C12EQ¢ (A), and TSE7.5 (@). Symbols represent actual results; lines are
calculated from eq 3.

Figure 3. Uptake (nanomoles) over time of epoxiconazole into C. album
foliage, in the absence (®) and presence of the surfactants C;,EQ; (M),
C12EQq (4), and TSE7.5 (@). Symbols represent actual results; lines are
calculated from eq 3.

model in the form of cuticle thickness, and prediction versus
what is found in practice. However, the advantage of the model actual uptake appears to be good. A more recent study (14)
by Satchivi et al. {0—12) is that it can be used to examine again using isolated cuticles developed a one-dimensional,
how different chemical and plant properties, as well as membrane diffusion model for cuticular penetration of a
environmental factors, might affect the absorption and translo- bioregulator (1-naphthylacetic acid) applied as a finite dose to
cation of xenobiotic compounds. The disadvantage is the numbera plant surface. The authors found satisfactory agreement over
of factors required, including many derived from isolated cuticle the experimental time course of 120 h, but for the first 10 h of
studies (e.g., xenobiotic diffusion coefficient, wax/water partition penetration, the model predicted an overestimate of penetration.
coefficient, cuticle/water partition coefficient, thickness of the They concluded that the cause may be that the model is of a
limiting skin, xenobiotic concentration in the formulation residue uniformly decaying form from the time transport begins. The
and in the cuticular membrane, and the critical micelle authors considered that a model is required such that diffusivity
concentration of the surfactant). Another method of modeling starts at a relatively low value, increases to a peak, then decays
foliar uptake of pesticidesl@) also requires numerous inputs uniformly with time. This type of model would simulate an
such as diffusion coefficient, partition coefficient between initial increase in solute concentration as solvent evaporated,
droplet and cuticle and between cuticle and plant, cuticle followed by a gradual transition to a hydrated residue state with
thickness, droplet volume and diameter, and duration of the a slower transport rate. The Watanabe logiskimetic penetra-
experiment. Species differences are taken into account in thistion model describes this process. However, it cannot predict
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Table 3. Calculated Uptake into C. album Foliage at 2 and 6 h of DOG, 2,4-D, and Epoxiconazole, Applied in the Presence of Surfactants, Using g
Derived for Another Concentration of Each Al, and 24 h Uptake Data for the Predicted Concentration

nmol applied total uptake spread area calcd uptake actual uptake calcd uptake actual uptake
formulation per 0.24 uL time*2 (s) (U)* (nmol) (A* (mm?) g (s (f (nmol) (nmol) (%) (%)
DOG + C12EO3 0.1107 7200 0.02088 10.92 0.00022 0.01223 0.0066 11.04 5.96
21600 0.02038 0.00892 18.40 8.05
DOG + C2EO3 54.292 7200 24.736 231 .00022 14.488 3.2502 26.69 6.29
21600 24.137 6.3478 44.46 16.00
DOG + C12EOs 0.1108 7200 0.04653 15 0.00036 0.03806 0.02755 34.34 25.37
21600 0.04647 0.03296 41.94 29.74
DOG + C12EOs 54.292 7200 52.034 12 0.00036 42.558 2.3440 78.39 4.32
21600 51.97 8.30 95.72 15.29
DOG +L-77 0.1106 7200 0.03284 46.51 0.00012 0.01134 0.03207 10.25 29.53
21600 0.02723 0.06040 24.62 52.85
DOG +L-77 54.292 7200 11.99 325 0.00012 4.1405 5.8707 7.63 10.81
21600 9.9402 8.1237 18.31 14.96
2,4-D + C;5EOQ3 0.02403 7200 0.01568 235 0.0025 0.01568 0.01372 65.26 57.09
21600 0.01568 0.01695 65.26 70.53
2,4-D + C;5EO3 10.87 7200 7.9976 1.81 0.0025 7.9976 9.3676 73.56 86.16
21600 7.9976 10.186 73.56 94.27
2,4-D + C15EQs 0.02396 7200 0.02186 161 0.0007 0.02149 0.00657 89.68 60.31
21600 0.02186 0.01891 91.24 78.91
2,4-D + C15EQs 10.87 7200 8.9402 1.37 0.0007 8.7876 8.956 80.83 82.38
21600 8.9402 9.8229 82.23 90.36
2,4-D +L-77 0.02512 7200 0.02341 33.29 0.001 0.02336 0.00776 93.19 71.23
21600 0.02341 0.00981 93.19 90.07
2,4-D +L-77 10.87 7200 8.1320 3.66 0.001 8.1158 7.9534 74.64 73.15
21600 8.1320 9.1700 74.79 84.34
Epoxi + C12EO; 0.02994 7200 0.02874 6.65 0.0002 0.01572 0.02822 52.51 94.27
21600 0.02774 0.02858 92.66 95.45
Epoxi + C12EO;3 2.1915 7200 0.49965 2.73 0.0002 0.27333 0.49012 12.47 21.83
21600 0.48231 0.3924 22.01 16.97
Epoxi + C12EO¢ 0.02872 7200 0.02816 141 0.0003 0.02090 0.00810 72.76 74.28
21600 0.02805 0.02774 97.65 96.60
Epoxi + C12EOs 2.1901 7200 0.41874 147 0.0003 0.31073 0.36387 14.19 16.61
21600 0.41703 0.33263 19.04 15.19
Epoxi + L-77 0.02968 7200 0.02862 26.09 0.0004 0.02470 0.01004 83.23 92.08
21600 0.02861 0.01055 96.39 96.56
Epoxi + L-77 2.1906 7200 1.7234 36.65 0.0004 1.4875 0.93170 67.90 42.53
21600 1.7226 1.5138 78.63 69.10

@Required inputs for Watanabe model (3) are marked with an asterisk.

total or maximum uptake, and this value needs to be known, astimes lower and 50 times higher than the original concentration
well as uptake at a time on the steep portion of the uptake curvestudied; for 2,4-D these were 100 times lower and 10 times
(e.g., uptake at 2 h), for all formulations, to deriyand use eq higher; and for epoxiconazole they were 100 times lower and
3. 2 times higher. Uptake at two intervals (2 and 6 h, 7200 and
Application of a Logistic—Kinetic Penetration Model. 21600 s) was predicted and then tested experimentally. The
Watanabe (3) states that an increase in ai concentration or arcorrelation between actual and predicted uptake was mainly poor
increase in contact area will have no effect on the penetration (Table 3). Epoxiconazole showed the best correlation, followed
rate factor (g). A previous studp) had determined uptake at by 2,4-D and then DOG. The largest discrepancy was with DOG
24 h for the same formulations as used in the preceding sectionsjn the presence of GEOs, particularly at the higher concentra-
but with a much wider range of concentrations for DOG, 2,4- tion. This formulation of DOG spreads the least, meaning that
D, and epoxiconazole. If the Watanabe concept is correct, andthe dose is highest. It has been rationaliz&8)(that actual
applicable to whole plant uptake, then the valuesgfderived uptake can be much lower than predicted due to a significant
in the current study, along with the 24 h uptake data determined amount of crystallization of xenobiotic on the surface of the
in the previous study, should enable uptake to be predicted atleaf (15). However, in the current case, contact phytotoxicity
any given time prior to 24 h using eq 1. This proposition was to the leaf surface is observed when DOG is applied in the
tested using two widely different concentrations of DOG, 2,4- presence of GEOs, whereas none is observed when DOG is
D, and epoxiconazole, all applied in the presence of the applied in the presence ofi§£0; or TSE7.5. A much better
surfactants GEOs, C1oEOs, and TSE7.5, ont€. album. The correlation is found between predicted and actual uptake of the
concentrations used were chosen to be well below and considerhighest concentration of DOG formulated with TSE7.5, which
ably above the original concentration used in the rate experimentspreads the most, meaning that the dose per unit area is much
described earlier. The concentrations chosen for DOG were 10less. This lends weight to the postulate that the reason for DOG
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Table 4. Calculated Uptake into C. album Foliage at 2 and 6 h of Epoxiconazole, Applied in the Presence of Surfactants, Using g and P, Derived

from Another Concentration of Epoxiconazole

nmol applied total uptake spread area calcd uptake actual uptake calcd uptake actual uptake
formulation per 0.24 uL time*a (s) (U)* (nmol) (A)* (mm?) g (s (H (nmol) (nmol) (%) (%)
Epoxi + C15EO; 0.02994 7200 0.02874 6.65 0.0002 0.00864 0.02822 28.86 94.27
21600 0.01525 0.02858 50.92 95.45
Epoxi + C12EO3 2.1915 7200 0.49965 2.73 0.0002 0.25963 0.49012 11.84 21.83
21600 0.45814 0.3924 20.91 16.97
Epoxi + C12EQs 0.02872 7200 0.02816 141 0.0003 0.00496 0.00810 17.28 74.28
21600 0.00666 0.02774 23.19 96.60
Epoxi + C1,EQs 2.1901 7200 0.41874 1.47 0.0003 0.39454 0.36387 18.01 16.61
21600 0.52952 0.33263 24.18 15.19
Epoxi + L-77 0.02968 7200 0.02862 26.09 0.0004 0.01825 0.01004 61.50 92.08
21600 0.02114 0.01055 71.22 96.56
Epoxi + L-77 2.1906 7200 1.7234 36.65 0.0004 1.8925 0.93170 86.39 42.53
21600 2.1916 1.5138 100.04 69.10

@ Required inputs for Watanabe model (3) are marked with an asterisk.

Table 5. Calculated Uptake of Epoxiconazole, Applied in the Presence of Surfactants, into C. album Foliage at 2 and 6 h, Using g Derived for

Another Concentration of Epoxiconazole and 24 h Uptake Data Predicted from Alternative (5) Dose Uptake Equation

nmol applied total uptake spread area calcd uptake actual uptake calcd uptake actual uptake
formulation per 0.24 uL time*a (s) (U)* (nmol) (A)* (mm?) g (s (f (nmol) (nmol) (%) (%)
Epoxi + C15EO3 0.02994 7200 0.03685 6.65 0.0002 0.02016 0.02822 67.33 94.27
21600 0.03557 0.02858 118.80 95.45
Epoxi + C12EO;3 2.1915 7200 0.71920 2.73 0.0002 0.39344 0.49012 17.95 21.83
21600 0.69424 0.3924 31.68 16.97
Epoxi + C12EQs 0.02872 7200 0.02405 141 0.0003 0.01785 0.00810 62.15 74.28
21600 0.02396 0.02774 83.41 96.60
Epoxi + C1,EQs 2.1901 7200 0.61388 1.47 0.0003 0.45553 0.36387 20.80 16.61
21600 0.61138 0.33263 27.92 15.19
Epoxi + L-77 0.02968 7200 0.05188 26.09 0.0004 0.04477 0.01004 150.86 92.08
21600 0.05185 0.01055 174.70 96.56
Epoxi + L-77 2.1906 7200 1.3943 36.65 0.0004 1.2034 0.93170 54.93 42.53
21600 1.3936 1.5138 63.62 69.10

@Required inputs for Watanabe model (3) are marked with an asterisk.

showing the poorest correlation between predicted and actualP, (and q) was based, whereas the highest concentration was
uptake is due to the 50 times higher concentration used.only 2 times greater, which would explain why the differences
Considering the range of concentrations used, compared to theare not as large for the higher concentration of epoxiconazole.
original concentration used to deriggethe correlations between In the current study it has been possible to predict the rate of
actual and predicted uptake are remarkably good. More work uptake for concentrations of active ingredients not already
is required, but the conclusion at this stage is that the Watanabemeasured (for 2,4-D and epoxiconazole, but not DOG), at
theory is largely correct; that is, a change in ai concentration or different time intervals. Howeveg needs to be derived for one
contact area (i.e., a change in initial dose) does not alter theconcentration of the formulation (into the specific species being
penetration rate factog, However, a caveat needs to be added, considered), and maximum uptake needs to be known for all
to limit the concentration ranges over which specific xenobiotics formulations and concentrations of interest. Recent studies (
should be estimated. 16) have shown that mass uptake at 24 h on a per unit area
If eq 1 can be used to predict uptake, then can eq 3 also bebasis is related to the initial dose of xenobiotic applied, by an
used to predict uptake? Total uptake needs to be known to utilizeequation of the following form: uptakgno mm? = a[ID]® at
eq 1, whereas total uptake is not required to utilize eqR,if time t = 24 h, where ID is the initial dose or the mass of
is also constant across concentration or contact area. Usingkenobiotic applied per unit area M{molxenobiotic applieh
epoxiconazole data as an example (fréable 3), thenTable Adroplet spread arja @Nd @ and b are constants specific to each
4 shows predicted uptake using eq 3. It can be seen that thexenobiotic applied to a specific species. Total mass uptake at
correlation between predicted and actual uptake is generally24 h could be calculated from an equation of the form total
poor. This shows that althoughremains constanB,, the unit uptakeme = a[ID]PA. Again, using epoxiconazole as the
partition ratio of the pesticide, changes when the concentration example, can this equation be used to predigtotal uptake)
of the ai is changed. It would appear from these results that and then used to derivggand eq 1. In the case of epoxiconazole,
lowering the concentration of the ai increadeg that is, it Forster et al.§) found that uptake (epoxiconazole in nmsl)
would need a much highé®, to increase the predicted uptake 0.3103(IDY-7“Yspread area). When the predicted uptake value
to a value closer to the actual uptake. Increasing the concentrafrom this calculation is used in eq 1, the overall correlation
tion results in a similar, if not loweR,. The lowest concentra-  between actual and predicted uptake at 2 and 6 h is variable
tion of epoxiconazole used was 100 times less than that on which(Table 5). There are some large discrepancies, and when
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predicted uptake is well over 100%, actual uptake is close to
100%. Obviously, the equation using initial dose (ID) to predict
uptake at 24 h needs to be refined further. The relative (10) Satchivi, N. M.; Stoller, E. W.; Wax, L. M.; Briskin, D. P. A
importance of each of the variables involved in uptake, that is,
species, ai, ai concentration (g1, and surfactant has also been

established recently (17), and surfactant has been shown to be

highly significant, even after taking spread area into account.

Progress needs to continue in this area to produce a more
accurate model for uptake at 24 h. However, using the equations

based on initial dose provides a good rule of thumb for uptake
at 24 h (18), and using these in conjunction with the Watanabe (12) Satchivi, N. M.; Stoller, E. W.; Wax, L. M.; Briskin, D. P. A
model has significantly advanced our understanding and ability

to model xenobiotic uptake. The advantages of these models

Forster et al.

surfaces and their interactions with spray droplesstic. Sci.
1987,19, 265—281.

nonlinear dynamic simulation model for xenobiotic transport and
whole plant allocation following foliar application I. Conceptual
foundation for model developmen®estic. Biochem. Physiol.
2000,68, 67-84.

(11) Satchivi, N. M.; Stoller, E. W.; Wax, L. M.; Briskin, D. P. A
nonlinear dynamic simulation model for xenobiotic transport and
whole plant allocation following foliar application Il. Model
validation.Pestic. Biochem. Physio2000,68, 85-95.

nonlinear dynamic simulation model for xenobiotic transport and
whole plant allocation following foliar application IlI. Influence

and equations are that few variables are required and they are of chemical properties, plant characteristics, and environmental
simple to measure.
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