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ABSTRACT

Thez-A isotherms for monolayers of three amphiphilitmesters, rutin-4"-O-stearate (RS), rutin-4”-Qaurate
(RL) and rutin-4"-O-caproate (RC), were measurettize air-water interface and an air-aqueous aluamnsulfate
solution interface. Although RS and RL showed scaater solubility, they formed monolayers with the
liquid-expanded phase when spread on water. Araesdimary value of the limiting molecular area walkserved
for the RC monolayer, which may be due to the lakgater solubility of RC. A model was proposed fioe
molecular conformations of RS and RL monolayerthatsurface pressure at collapse,(). In this model, two
saccharide groups were under the water and perperali to the surface, the aglucone portion was agreut on
the surface and the alkyl chain was orientationaliyordered in air. When spread on an aqueous aiumi sulfate
solution, the formation of a complex between thenghum ions and the rutin ester resulted in high&ues of g,
and lower values at., for RS and RL monolayers compared with their \sloie water, and RC could spread as
liquid-expanded phase monolayer. The results diesdrin this paper provide valuable information fiovestigating
the interaction of flavonoids and biomembranes tiredanti-oxidant mechanism of flavonoids.
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INTRODUCTION

Flavonoids exist widely in various types of plaatgl exhibit a wide range of biological activitids]2]. According
to their different biological properties, flavoneitiave been used in food, cosmetic and pharmaakptieparations
and this subject currently attracts great intef&3f 14]. Unfortunately, most natural flavonoidsaimy flavonoid
glucosides) exhibit hydrophilic properties, whigsults from their polyhydroxyl and saccharide gsupherefore,
flavonoid glucosides show low solubility and stapilin lipophilic media [15] and are not effective stabilizing
fats and oils [16]. These properties limit the depenent of nutritional foods, commodities and drugstaining
flavonoids. Esterification of hydroxyl groups bytfaacids is one approach to improving the hydrdpt@roperties
of flavonoid glucosides. Rutin-4"-O-stearate (R8)tin-4"-O-laurate (RL) and rutin-4"-O-caproatRC) were
obtained by acylation of rutin with stearic acitisjric acids and-caproic acid, respectively, using immobilized
Candida antarcticalipase B (Novozym 435) as a catalyst in our latmsa RS, RL and RC are amphiphilic
molecules with a rutin portion as polar groups afid/l chains as hydrophobic groups (Fig.1). Thisphiphilic
structure will enable an appropriate hydrophilefipile balance to maintain improved solubility sstdbility of
rutin esters in lipophilic media and probably impamore effective anti-oxidant activity [17].

The absorption and metabolism of flavonoids is lmed in the interaction between flavonoids and k@atbranes.
It is reported that there is a close relationshipween anti-oxidant activity, an appropriate hydhitgslipophile
balance of flavonoids and the ability to migrateotigh the aqueous environment and to cross bionsrabr[18,
19]. Knowledge of the properties of flavonoid mamars at the air-water interface are a prerequifsite
investigating the interaction of flavonoids withobiembrane and the anti-oxidant mechanisms of flaidsn
However, little attention has been paid to thisjsct The most likely reason is that flavonoidsraarnbe spread at
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the air-water interface in the same way that otmrjugated aromatic molecules can. Fortunately, hiphiic
flavonoid esters obtained by esterification carspeead at the air-water interface to form a mored20-22]. In
the current paper, we studied the properties of Wayers of amphiphilic RS, RL and RC at the airevahterface
and the influence of aluminum ions in the substtate-A isotherms of RS, RL and RC monolayers to provide
valuable information for investigating the inteiiaat between flavonoids and biomembranes and thieoaiatant
mechanism of flavonoids.
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Fig.1 Chemical structuresof rutin esters
EXPERIMENTAL SECTION

Materialsand M ethods
The rutin esters, RS, RL and RC were synthesizedrding to a previously described method [23]. @bflorm and
methanol were all analytical reagents from Chengellong Chemical Plant, Chengdu, PR China.

Film balance measurements were performed using\atikgigh (KSV Instruments Ltd., Helsinki, Finlandjth a
Wilhelmy type microbalance using a platinum pl&®&, RL and RC were dissolved at a concentratioh @, 1.08
and 1.00 mg/mL, respectively, in a mixture of cbform and methanol with a volume ratio of 9:1. Eackution
was spread on the substrate, the temperature chwiés controlled to 25.0 + 0.5 °C. The compressaia was
fully controlled in the trough system using a comepu

RESULTSAND DISCUSSION

Monolayers of RS, RL and RC at the air-water interface

The 72A isotherms recorded for RS, RL and RC are showhig?. Following the evaporation of the solvent (20
min), the monolayers were compressed at a ratenwhfimin. The isotherms indicated that RS and RlLevezpable
of forming monolayers with the liquid-phase at #iewater interface.
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Fig.2 77A | sotherms of rutin esters spread on water
(A)RS(B) RL (C) RC

The intermolecular hydrogen bonds between wateraghacone groups of rutin esters would lead flagomeclear
parent to form a large, flat layer on the air-watdgerface. The packing of the molecules in the olayer are
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affected by two contributions. One is the hydropboimteraction between the alkyl chains; the otierthe
interaction between the lateral surfaces of theapgroups. The packing of the molecules in the R8 BL
monolayers seemed to be mainly determined by titer laontribution. Compared with the large polaoups, the
alkyl chains were relatively short. Near to thelajpée of the monolayers, the polar groups werengea tightly at
the air-water interface, while the alkyl chains eémed outside the critical interaction distance aadhained
orientationally disordered in air. Thus, isotherfos RS and RL monolayers with a liquid-expanded gghaere
observed.

The value of the molecular area at the collapsg)(of the RS monolayer was 45°,Awhich corresponds to the
limiting area per molecule (extrapolation of theelar parts on the isotherms to the abscissa) otepiie palmitate
molecules (QP) [18, 19]. This indicates that imragely prior to the RS monolayer collapse, only fla@ones
nuclear parent contributed to tag, value. Accordingly, a molecular model of the RSnmlayer near to the surface
pressure at the collapse.d;) can be proposed that involves the two sacchayidaps being under the water and
perpendicular to the interface, with the aglucormtipn spreading on the interface and the alkylirtha
orientationally disordered in air (Fig.3).

alkyl chain

aglucone section
ool coll
=>
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(b)

Fig.3 Schemesillustrating the molecular arrangement of RS monolayer s near to . (a) and RS (b)

In theory, when the polar group of a monolayer male is large and the alkyl chain is relatively ghthe value of
acon IS determined by the structure and the numbermtdrpgroups retained at the air-water interfaceéhéuigh the
initial numbers of RS and RL molecules spread otemaere equal and RS and RL have the same palapgnd
rutin section, the,,, value of RL monolayer was 352 Awhich was smaller than that of the RS monolaykis was
probably due to partial dissolution of RL in water.

A longer alkyl chain favors an array of moleculegtie monolayers, thus the valuergf; of the RS monolayer was
37.3 mN/m, which was larger than that of the RL olager, 29.0 mN/m.

For the 7zA isotherm of RC, a rapid increase in the slopehef ¢urve indicates the formation of a Langmuir
monolayer with a liquid-condensed phase. By exiatpm the linear portion of the curve to zero pres, a
limiting area of about 8 Awas obtained. This average molecular area wassrea}i compared with the large polar
group of RC. Furthermore, the valuem{, could not be obtained for the same spreading tiongdias RS and RL.
The Langmuir trough experiments are useless fodR&to its larger water solubility.

We examined the relaxation of the RS and RL morakgfter compression and the result is showndmFAfter
compression, the barrier was fixed once the surfaessure reached 25 mN/m. The surface pressurghgas
observed continuously as a function of time. TherRinolayer relaxed to a surface pressure of abouNén in
250 min. In the case of the RS monolayer, the sarfaessure was stable at about 15 mN/m afteglat sklaxation.
This fact means that RS has strong enough hydraghoto maintain the surface pressure for a loegqud, while

RL partially dissolved in water dues to the shoglkyl chain. This fact was also confirmed by teeampression
7eA isotherms for RS and RL shown in Fig.5. After theface was compressed to a pressure of 25 mNAn, th
monolayers were expanded and then recompressddcalitipse. RecompressiorFA isotherms were observed,
although some decrease of the area per molecul®bgxsved. If the monolayer molecules dissolved the water
substrate, therA isotherm would shift to a smaller area per molec@nce injected onto the air-water surface, RS
and RL molecules might spread as pseudo-stablecoaleassemblies due to the quick evaporation efstiivent.
During the relaxation process, RS showed a few amoludissolution of the molecules and could mamtastable
monolayer. RL, with shorter alkyl chains, showednare pronounced tendency for dissolution into tregew
substrate due to its lower hydrophobicity.
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Fig.4 Relaxation of RSand RL spread on water

1]
[=]

so0
0 4 RS —_
. = .

N 30 E e
LU 4 . et 304 .. :
2 ®, 5 e
2 - 2
‘;3_ 204 £ 20
3 ]
® 4o
< 10 w 104
3J ]
@

04 o4

o 20 «0 60 20 100 120 1¢0 o e «0 &0 a 100 120 iQ
2
Molscular 3rea (angitrom ) Moleoularares (3n ndmm"‘)

Fig.5 77A I sothermsfor the recompression of RSand RL spread on water

In general, reasons for the smaller area per midaauthe isotherms could be (1) incomplete dissotuof the

sample into the spreading solvent and (2) loss afiatayer molecules due to partial dissolution ithte substrate.
No precipitates could be detected when prepariagRB and RL solutions so explanation (1) was exdud hus,

the reason for the smaller area per molecule dueegmpression, especially in case of RL, wouldHeepartial

dissolution of monolayer molecules in water.

The solubility of fatty acids in water decreasegtaslength of the alkyl chain is increased. Toaobain insoluble
monolayer of a non-ionized fatty acid, the moleaulast contain at least twelve carbon atoms [24& Béhavior of
RS and RL at the air-water surface could be intdgar similarly to the case of fatty acids. ThatR§ and RL
dissolved in water like fatty acids and RL was mager-soluble than RS. Because the polar grouptSoand RL
were larger than that of fatty acids, longer alélyhins (at least eighteen carbon atoms) than famaionized fatty
acid were required for RS and RL to form a stabdmatayer at the air-water interface.

The influence of the compression rate on the RS Rhdsotherms is shown in Fig.6 and Fig.7, respetyi
Following the evaporation of the solvent (20 mihg 77A isotherms of RS were measured at compressionahtes
5 and 8 mm/min and theeA RL isotherms were measured at compression rat& bfand 8 mm/min. Almost
identical isotherms were observed for the RS momokawhen compression rates were at 5 and 8 mni/eiat
compression rates greater than 5 mm/min, the isothef RS monolayers were independent of the cosspe
rate. The smallest value af,, of the RS monolayer was observed at a compresatenof 1mm/min. This was
because a few RS dissolved in water when molecuéze kept at the interface for a longer time. Fer same

reason, a pronounced decline in the value.gf of the RL monolayer was observed as the compnessite was
reduced.

The largestr, value for the RS monolayer, 40.0 mN/m, was obtaatesl compression rate of 1 mm/min. Also, the
largestr.o value of RL monolayer, 30.0 mN/m, was obtainedhatlbwest compression rate, 3 mm/min. In theory,
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the value ofr, is determined by the structure of the alkyl chaifise large polar groups of RS and RL required
sufficient time for molecules to form a thermodyneaily stable structure. A slower compression ratewed a
longer time for molecules to be at the interfacepslar groups as well as alkyl chains became tbdymamically
stable. Thus, the,, values for RS and RL monolayers increased asahgression rate was reduced.
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Fig.6 77A Isothermsfor RS spread on water at various compression rates
(A) L mm/min (B) 5 mm/min (C) 8 mm/min
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Fig.7 7£A 1sothermsfor RL spread on water at various compression rates
(A) 3mm/min (B) 5 mm/min (C) 8 mm/min

72A I sothermsfor RS, RL and RC monolayers at an air-aqueous aluminum sulfate solution interface

Ther-A isotherms of RS, RL and RC monolayers at an aieags aluminum sulfate solution interface are shiown
Fig.8. RS, RL and RC solutions were spread on a0%xmol/L aluminum sulfate aqueous solution. Following
evaporation of the solvent, theA isotherms were measured at a compression ratenofi/min.
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Fig.8 77A I sotherms of rutin esters spread on an aqueous aluminum sulfate solution
(A)RS(B)R (C)RC
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During the compression of RS and RL monolayersflti@andiol complex of rutin ester and the alunmmion-rich
phase was observed at the surface within the twidebs, which suggested the formation of a mullay-or the
compression of an RC monolayer, the substrate beocasibly yellow, which suggests the dissolution suime
complex between RC and aluminum ions. IsothermrR&fRL and RC monolayers with the liquid-expandedse
were also observed on the aqueous aluminum sfdigion and the values af,;, 74, 65 and 22 %\respectively,
were larger than those on water. Reasons for tigerlaalues ob.,, could be (1) more molecules remaining at the
surface and (2) structural change of moleculehasurface. From the results of research on coraplekquercetin
with aluminum ions by Cornard, et al [25], it cam ¢oncluded that thertho-diphenolic hydroxyl group of the rutin
ester was involved in formation of a complex atgbheface with stoichiometry rutin ester:aluminumsd®:1 (Fig.9).
Once the complex formed, the polar group becangetand more molecules were constrained at thacirThese
two factors led to larger values af,;. The conformation of the complex also brought rooles of RS, RL and RC
monolayers into contact each other at a lower pressSmaller values of., for RS and RL monolayers were
observed compared with their values on water and the value ofr., for the RC monolayer, 32.0 mN/m, was

obtained. o
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Fig.9 The complex between rutin estersand aluminum ions

CONCLUSION

The properties of monolayers of RS, RL and RC ddednon the length of the alkyl chain and the salbestr
properties. When spread on water, RS and RL batkepted monolayers with the liquid-expanded phase,RS
could maintain a stable monolayer, while RL showeténdency for dissolution in water due to its sdoalkyl
chain. In the case of RC with an alkyl chain ofaddefinitely well solubility in water was occurrednd the
Langmuir trough experiment was useless. When spogadn aqueous aluminum sulfate solution, RS and RL
presented monolayers with the liquid-expanded phastheir layers on water, but showed the largkregaofa,

and z.,. RC also could spread as liquid-expanded phaseolager due to the formation of a complex between
aluminum ions and RC.
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