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Preparation and Characterization of Inclusion Complex of
Iprodione and B-Cyclodextrin to Improve Fungicidal Activity
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The effect of S-cyclodextrin (5-CD) on the improvement of the fungicidal activity of iprodione has
been investigated. The inclusion complexation of -CD with iprodione has been prepared and
characterized by integrating some analytical techniques (such as electrospray ionization—mass
spectrometry, differential scanning calorimetry, thermogravimetry, x-ray diffraction, and scanning
eletron microscopy) and molecular simulation methods. The g-CD/iprodione inclusion complex has
exhibited different spectroscopic features and properties from iprodione. The stoichiometric ratio and
stability constant describing the extent of formation of inclusion complexes have been determined by
phase solubility studies. The calculated apparent stability constant of the iprodione/3-CD complex
was 407.5 M~1. The obtained inclusion complexes were found to significantly improve the water
solubility of iprodione, and there is a 4.7-fold increase in the presence of 13 mM j3-CD as compared
with the solubility of iprodione in deionized water in the absence of 5-CD. The bioassay demonstrated
that the complex displayed over two-fold increase of the fungicidal activity. In addition, the possible
structure of the S-CD/iprodione complex was proposed according to the results of the molecular
dynamic simulation. The present study provided useful information for a more rational application of
iprodione, diminishing the use of organic solvents and increasing its efficacy.
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INTRODUCTION Scheme 1. Chemical Structure of Iprodione

Cyclodextrins (CDs) are a class of natural cyclic oligosac- cl Q
charides composed of sixa{), seven f-), or eight ¢-) »—\ 0
D-glucopyranose residues linked by(1,4)-bonds 1). Because NTN_(NH/<
of its high molecular recognition ability toward a variety of guest cl o
molecules, CDs have been widely used in the pharmaceutical
industry with the aim to enhance the water solubility, chemical
stability, and bioavailability of insoluble or poorly soluble drugs,
to reduce toxicity, and to control the release rd&e-%). The

same effect has been demonstrated with other drugs of interes
in the agriculture industry (6—14).

However, there is no report about the bioactivity change upon
the formation of the iprodione/s-CD complex.

The aim of this work is to investigate the possibility of
obtaining inclusion complexes of iprodione withCD, as a
first step to obtain formulations that supply a more rational use
) i 7 . of this fungicide, improving its water solubility, bioavailability,

Iprodione, a d|cz_;1rbOX|m|de fungicide as §howntherr_1e and fungi(?idal activliiy. Ad%itionally, the pres)tlent work is basyed
1, has been extensively used to control a variety of crop dlse_ase%n an integrated experimentatomputational approach. As
for decades (16-18). It has been established that iprodionecompared to the previously used pure experimental approaches,
exhibited its fungicidal activity by inhibiting the spores’ ¢ integrated experimental—computational approach not only
germination and the mycelia’s growth. However, iprodione has yemonsirates some macroscopic information about the solubility

a poor water solubility (1.3< 107°g/L) and transportation = 44 possible intermolecular interactions through wet experi-
property. Therefore, significant increases in resistance againStyental measurements but also provides valuable information

iprodione were observed in a range of important plant pathogens ot the microscopic binding through the computational
after a long-time field application1@). Recently, Pospisil's

: . modeling.
group reported the influence gECD on the reduction mech- g
anism of iprodione in a dimethylsulfoxide solvent (221). MATERIALS AND METHODS
* To whom correspondence should be addressed. F86-27-67867800. Materials and Instruments. All materials were obtained from
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China. Iprodione was recrystallized from ethanol and dried at a low 8
temperature. UV spectra were recorded on a UV-2550 (Shimadzu) UV 757
spectrophotometer. Thermogravimetry (TG) and differential scanning 77
calorimetry (DSC) analyses were performed on a Netzsch STA 409 365 |
PG/PC instrument with a heating rate of 10/min from 50 to 500 352 I
°C. Electrospray ionization mass spectrometry (ESI-MS) experiments § 5t
were performed on a LCQ ion trap mass spectrometer (Finnigan) 45t
equipped with an electrospray ion source. 4t
Preparation and Characterization of Iprodione and f-CD 35
Complex. Iprodione (0.33 g) angs-CD (1.25 g) were completely 3
dissolved in 60 mL of solution of acetone and water (%\1:6). The 0 0.5 1 15 2 25

clear solution was stirred at 6C for 3 days. After removal of 30 mL logC

of a acetone-water mixture under vacuum, the reaction mixture was Figure 1. Fungicidal activities of iprodione (A, y = 2.1537x + 3.3638,
cooled at 2°C overnight. The precipitate was filtered and washed by gc., = 1.74 ug mL~?) and iprodione/8-CD complex (M, y = 1.6805x +
a little hot water in order to remove the unreacte@D. The obtained 3.9434. ECsy = 0.76 -1 inst R. solani

residue was dried at 30 overnight under high vacuum. = 76 ug mL™) against R. solan

Phase solubility studies were carried out according to Higuchi and 757
Connors’s method. An excess amount of iprodione (2 mg) was added 7 o A
to 10 mL of aqueous solutions containing different concentrations of 6.5 i
p-CDs (0, 2, 4, 6, 8, 10, 12, and 13 mM). Flasks were sealed to avoid |
changes due to evaporation, and the solutions were magnetically stirred = 6
for a week in a thermostatic bath at 28. After equilibrium was Z55[
reached, a small volume of the supernatant was withdrawn and filtered 8 5¢
through a 0.45:m hydrophilic membrane filter. The concentration of E45
iprodione in the filtrate was determined by a bVis spectrophotom- 4
eter. The experiments were carried out in triplicate. 35 L
The powder X-ray diffraction (XRD) patterns were obtained from a '3 . ,
Y-2000 Automatic X-ray diffractometer. The samples were irradiated 0 0.5 1 L5 5 25

with monochromatized Cu Kaadiation and mounted on a sample
holder and scanned with a step size of ®Getween 26= 5 and 60 log C
°C. The voltage and current were 30 kV and 20 mA, respectively.  Figure 2. Fungicidal activities of iprodione (A, y = 1.6403x + 3.9327,
The surface morphology of the raw materials and of inclusion ECsy = 1.35 ug mL~%) and iprodione/3-CD complex (M, y = 1.345x +
complexes was examined by the field emission scanning electronic 3.3707, ECs, = 0.60 g mL1) against P. piricola.
microscopy (SEM). These experiments were performed on a JSM-
6700F field emission SEM. The samples were fixed on a brass stub
using double-sided tape and then gold coated in vacuum by a sutter
coater. The pictures were taken at an excitation voltage of 30 kV.
Molecular Modeling. The computations were performed on SGI
Fuel workstations and a 128 processor IBM x335 Linux cluster in our
lab. The Tripos molecular modeling software package Sybyl 7.0 was
used to construct the starting structures of iprodigr€D, and possible
iprodione/-CD complexes. The Sander module of Amber 8 program
package was used to perform molecular dynamics (MD) simulations
on the structures of the free molecules and complexes. The partial 0 5 10 15
atomic charges of iprodione apeCD required for the MD simulations CD(mM)
were calculated by using the RESP protocol implemented in the Figure 3. Phase solubility diagram of iprodione in the presence of 8-CD.
Antechamber module of the Amber 8 package following electrostatic
potential calculations at ab initio HF/6-31G* level with the Gaussian ,qe a5 the blank control. Three replicates of each test were carried
03 program. The general procedure for carrying out the MD simulations out. The mycelial elongation radius (mm) of fungi settlements was
in water was essentially the same as that used in our previously reporteqneasured after 48 h of culture. The growth inhibition rates were
other computational studie2Z—24). The MMGBSA (molecular calculated with the following equationt = [(C — T)/C] x 100%.
mechanics-generalized Born solvent accessibility) methodology in ey |'is the growth inhibition rate (%)C is the control settlement
principle can perform several types &Guinding Calculations (enzyme radiu’s (mm), and’ is the treatment group fungi settlement radius (mm).

substrate, proteinfprotein,_ and DNArotein) .(25727_)' Basically, . From a concentrationinhibition ranking ralationship as exemplified
MMGBSA calculations predict mean values of interaction free energies ;| Figures 1 and 2 for iprodione againsR. solaniand P. piricola

as estimated over a series Of reprt_esentativéO(—lOO) snapshots respectively, the concentration to give 50% inhibition was defined as
extracted from classical MD simulations. The snapshots were post- EC,
processed through the removal of all solvent. In this work, a set of Bi-oassay as shown Figures 1and2 revealed that the Bgvalues
lf)c(:)lggpres?rnt_atl\t/erstrfurct;rezs 4((3))(()tr?cte3d4g\(/)ery 10 rﬁ)j along th%lproglo?elof the inclusion complex again®&. solani and Dothiorella gregaria
g uiv?’—ilr]seldr:t ;izcsoh)c/)ts 0extracted gve 5 pi‘ ?romathseec(? rod?gne? were 0.76 and 0.6k, respeciively, whereas the Efvalue of

q >hap y > P P iprodione againsR. solaniandD. gregariawere 1.74 and 1.35M,
CD)oussige trajectory _from 2100ps to 2600p$ were postprocessed to respectively. This means that the complexation of iprodione g+@D
calculate the binding free energies of (iprodigh@D)nsice and significantly improved the bioavailability of iprodione due to the
(iprodione/B-CD)uside respectively, using the MMGBSA approach. : L

. L 2 . . improvement of the water solubility.
Bioassay.The fungicidal activities of iprodione and the complex

againstRhizoctonia solanand Physalospora piricolan vitro were
tested according to our previously reported mett2&+@0). The tested RESULTS AND DISCUSSION

samples were dissolved in 0.5 mL of acetone at a concentration of 500 - .
mg/L. The solutions (1 mL) were mixed rapidly with thawed potato Phase Solubility and MS Spectrum.The complexation of

glucose agar culture medium (9 mL) under %0 The mixtures were  iProdione angs-CD was evaluated by using the phase solubility
poured into Petri dishes. After the dishes were cooled, the solidified Method as shown irFigure 3. According to Higuchi and
plates were incubated with 4 mm mycelium disk, inverted, and Connors (31), the phase solubility diagram of iprodione and
incubated at 28C for 48h. The mixed medium without sample was (3-CD is classified as type /Aand indicated the formation of a

Iprodione (mM)
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Figure 4. ESI-MS spectrum of the iprodione/3-CD complex. Figure 5. TG thermograms of 8-CD, iprodione, and their complex.

1:1 inclusion complex between iprodione gfwCD. Figure 3
shows that the solubility of iprodione increased linearly with
increasing concentrations gfCD. Then, the apparent stability
constantK, of iprodionep-CD complex can be calculated from
the slope and the intercept of the linear segment of the phase
solubility line, according to the following equation:

K, = kS (1—K)

where & is the intrinsic solubility of iprodione in deionized
water in the absence @FCD andk is the slope of the straight
line. The calculated apparent stability constant of the iprodione/
B-CD complex was 407.5 M, which indicated that the
interactions between iprodione affdCD are very strong. As
compared with the solubility of iprodione in deionized water

in the absence oB-CD, there is a 4.7-fold increase in the Figure 6. DSC thermograms of 5-CD, iprodione, and their complex.

presence of 13 mN§-CD. 1800
MS has become a powerful tool for the examination of
noncovalent complexes because it is more sensitive as compared Beta-CD
. . . . —— iprodione
to other analytical methods, and most importantly, it provides inclusion complex
molecular weight data that allow one to determine the stoichi- 1200

ometry of the complex32—34).Figure 4 illustrates the mass
spectra of the inclusion complexes of iprodione yitkCD, from
which the most abundant peak observethvat1467 correspond
to [3-CD + iprodione+ H]*. These experimental data reveal
a dominant host:guest ratio of 1:1 for the iprodigh€D
inclusion complex in which each iprodione molecule binds with
a 5-CD molecule.

TG and DSC. A systematic analysis on the TG curves as
shown inFigure 5 indicated that iprodione ang-CD decom-
posed at 249 and 305°€, respectively. However, the iprodione/ 10 20 30 40 50
B-CD inclusion complexes decomposed at 2203 The TG 20
curve of the complex indicates that it starts to lose material at Figure 7. Powder XRD of 3-CD, iprodione, and their complex.

a temperature much lower than that of the components, which
suggest that the complexation makes the included molecule lessstates. The diffraction pattern of the complex is supposed to be

8

Intensity [cps]

stable during heating. When the temperature reached®@50
the weights lost of iprodiong3-CD, and the iprodione/s-CD

clearly distinct from that of the superposition of each of the
components if a true inclusion complex is formed. As shown

complex are 100, 76, and 97%, respectively. In addition, DSC in Figure 7, some sharp peaks originally in tffeCD sample
thermograms provided further information about the thermal (e.g., 5.8, 8.0, 14.7, 20.7, and 22.30) and in the iprodione

property of the iprodione/3-CD complex. As shownRigure

sample (e.g., 20.0 and 25.Q20) disappeared, whereas a few

6, iprodione displayed three thermogram endothermic peaks atnew sharp peaks in the complex sample (e.g., 11.3, 17.7, and

132, 276, and 370C, andS-CD demonstrated a thermogram
endothermic peak at 30T. However, the thermogram endo-
thermic peaks of the iprodion&CD complex appeared at 125,
275, and 373C. Additionally, a broad exothermic peak can be
observed around 20TC.

XRD. Powder X-ray diffractometry is a useful method for
the detection of CD complexation in powder or microcrystalline

26.0°20) appeared, suggesting the formation of the iprodione/
p-CD complex.

SEM Images. The surface morphology of the powders
derived from iprodionef-CD, and their inclusion complexes,
as assessed by field emission SEM, is provideBigure 8. A
comparison of the images revealed that the complex was
structurally distinct from the isolated components, those being



3538 J. Agric. Food Chem., Vol. 55, No. 9, 2007 Zhu et al.

Figure 8. Field emission SEM photographs of (A) pure iprodione, (B)
f3-CD, and (C) their complex.

the unmanipulated iprodione aidCD. The sizes and shapes
of iprodione and3-CD particles were different from those of
the inclusion complex, which confirmed the formation of the
inclusion complex.

Proposed Structure of the Iprodionef3-CD Complex by
Molecular Modeling. From the above results revealed by phase
solubility and MS analysis, we can conclude that a dominant
iprodione/$-CD inclusion complex with the stoichiometry of
1:1 was formed. However, we do not know how the iprodione
molecule bound with thes-CD molecule. To answer this
question, we carried out molecular modeling and MD simula-
tions on various possible microscopic iprodigi€D binding
modes. Theoretically, there are two possible structures for the
iprodione/$-CD inclusion complex with the stoichiometry of Z
1:1, which were named (iprodionCD)insiqe and (iprodione/ 2
B-CD)outside  respectively. In the structure of (iprodiofie/ L
CD)insice @s shown inFigure 9a, the phenyl group of the 0 400 800 1200 1600 2000 2400 2800 3200 3600
iprodione molecule stays inside the hydrophobic cavity-6fD, Time (ps)
with the other side of the iprodione molecule staying outside
the cavity on the tail side of thg-CD. In the structure of
(iprodioneB-CD)outsige@s shown irFigure 9b, the amino group a
of the iprodione molecule stays inside the hydrophobic cavity g
of 5-CD, with the phenyl group of the iprodione molecule
staying outside the cavity on the tail side of {feCD.

Figure 10 shows the time dependence of the root-mean- 0 400  B0OO 1200 1600 2000 2400
square deviations (rmsd) of the MD-simulated atomic positions Time (ps)
of the iprodiongs-CD complexes from the corresponding atomic  Figure 10. Time dependence of the root-mean-square deviations (rmsd)
positions of the energy-minimized structures. These plots are of atomic positions in the MD-simulated complexes from the (iprodione/
based on the MD simulations in water performed at 298.15 B-CD)insice (A) and (iprodione/3-CD)ousige (B) geometries.

K and P = 1 atm. For each MD simulation, the rmsd values
were calculated for the positions of all of the atoms in the indicated that the (iprodiong/CD)insiqe COMplex is much more
simulated complex. As seen Figure 10, the trajectories of  stable than the (iprodion@/CD)ouisisecOmplex, and the hydro-

Figure 9. Obtained energy-minimized geometries of two possible iprodione/
[-CD inclusion complexes after MD simulation.

[ ]
o0
(=]
(=]

the MD simulations on both (iprodion@CD)insige and (iprodi- phobic binding between the phenyl ring and the inie€D
one/-CD)usisecOmplexes in water were stabilized during the cavity might be the main driving force for the formation of the
MD simulations. The MD trajectory was stabilized afte2400 complex.

ps for (iprodiongd-CD)isige @and after ~2100 ps for the In summary, extensive experimental data along with com-

(iprodioneS-CD)ousisecomplex. After the MD trajectories were  putational modeling reveal the formation of a dominant iprodi-
stabilized, the average rmsd values were 2.43 A for the simulatedone3-CD inclusion complex with a stoichiometry of 1:1 through
(iprodione/B-CD)sige complex and 2.80 A for the (iprodione/  hydrophobic binding. The apparent stability constant of the
B-CD)outsicecomplex. These results indicate that the (iprodione/ iprodione/#CD complex of 407.5 M! was calculated according
B-CD)insice cOMplex is more stable than the (iprodighte/  to the phase solubility diagram. The complexation of iprodione
CD)outsisecoOmplex. Furthermore, the MMGBSA mod&i3) was with 5-CD significantly improved the bioavailability of iprodi-
applied to calculate the binding free energy of the (iprodione/ one and, therefore, resulted in over two-fold increase of the
B-CD)insidze and (iprodione/B-CDyusige cOMplexes. TheAG fungicidal activity. The significant increase of the bioactivity
values of the (iprodionB+CD)insige and (iprodiong3-CD)oyside of iprodione in the presence @f-CD provides an effective
complexes are-46.14 and—40.54 kcal/mol, respectively, which  approach for a more rational application of iprodione, diminish-
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ing the use of organic solvents and the amount of iprodione (20) Hromadova, M.; Pospisil, L.; Giannarelli, S.; Fuoco, R.; Co-

and increasing its efficacy. lombini, M. P. Electrochemical evidence of host-guest interac-
tions. Changes in the redox mechanism of fungicides iprodione
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