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a b s t r a c t

The lipase-catalyzed amidation reaction between fatty acyl donors and mono-6-amino-permethylated
�-cyclodextrin (MBCD-NH2) was achieved with high yield in solvent free medium. The ability of Mucor
miehie and Candida cylindracea lipases, free or immobilized, to catalyze amidation reaction was shown.
Products were purified and characterized. To optimize the reaction, some reaction conditions were
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assessed like temperature, type of shaking and amount of enzyme, on a model amidation reaction between
butyl caprylate and MBCD-NH2. Among the biocatalysts tested, Lipozyme was found to be the most active,
requiring low loading, being robust at 70 ◦C even under magnetic agitation.

© 2010 Elsevier B.V. All rights reserved.
ipidyl-cyclodextrin
midation

. Introduction

Targeted drug delivery is of particular importance for the treat-
ent in many diseases. Therefore, one of the main challenges is

he development of stable drug carriers enabling selective specific
rug targeting. Cyclodextrins (CD) are recognized to have signif-

cant potential as drug carriers arising from inclusion complexes.
he optimization of their pharmacological properties has led to the
ynthesis of numerous analogues. Amphiphilic derivatives were
esigned to improve the cell targeting of the drug-containing
yclodextrin cavities through their transportation in the organism,
ithin self-assembling systems. Several amphiphilic cyclodextrins

an self-assemble into water-soluble aggregates such as mono-
r polydisperse micelles, or insert in lipid membranes and lipo-
omes [1–4]. There are some examples of chemical synthesis
f amphiphilic substituted cyclodextrins such as phospholipidyl
yclodextrins able to pass through the Blood–Brain Barrier without
reaking its integrity [5] or such as cholesteryl cyclodextrins [6].
mong the different native cylodextrins, the �-cyclodextrins (�-

D) seem to be very popular due to their ability to host a large range
f hydrophobic molecules in their size-selective toroidal cavity
7]. They are doughnut-shaped molecules composed of seven �-
1-4) linked d-glucopyranosides. The permethylated amphiphilic

∗ Corresponding author. Tel.: +33 3 22 82 75 95; fax: +33 3 22 82 75 95.
E-mail address: Catherine.Sarazin@u-picardie.fr (C. Sarazin).

381-1177/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2010.05.013
�-cyclodextrins (MBCD) were shown to self-organize in water
with low Critical Micelle Concentration (CMC) to form fluctuating
micellar fibers or micelles retaining inclusion capacity [5,8] and
moreover are soluble in organic solvent.

To overcome the drawbacks encountered with the
phospholipidyl-CDs synthesis, namely high cost, tedious synthesis
and rather poor versatility of the chemical structures and stability,
we turned to chemo enzymatic synthesis of lipidyl-cyclodextrins
[9,10]. These lipidyl-cyclodextrins can be obtained through
lipase-catalyzed reaction between mono-6-amino permethylated
�-cyclodextrin (MBCD), ended by either an amine or an alcohol
function and fatty acids, esters or vinyl esters. Indeed, lipases (EC
3.1.1.3) catalyze not only the hydrolysis but also the synthesis
of amides or esters in non-aqueous media on a wide variety of
substrates while maintaining their regio- and stereoselectivity
under mild reaction conditions. Microbial lipases constitute the
most important group of biocatalysts for biotechnological and
organic chemistry applications [11–13]. Furthermore, lipases act
on complex substrates such as milk fat [14]. Although lipases are
extensively used to catalyze esterification or transesterification,
the amidation catalyzed by lipase is less studied [15,16] and only
few authors described cyclodextrins as substrates [17].
In order to optimize the reaction conditions, lipase-catalyzed
amidation of MBCD-NH2 and butyl caprylate in solvent free
medium was chosen as a model reaction. Herein, the influence
of several synthesis parameters such as temperature, biocatalyst
loading, and agitation are presented using lipases from Mucor

dx.doi.org/10.1016/j.molcatb.2010.05.013
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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iehei (MML) and Candida cylindracea (CCL) either in free or immo-
ilized form. The versatility of the lipase-catalyzed reaction has
een assessed with three other acyl donors: ethyl caprylate, butyl
aprate and vinyl laurate and the products were characterized.

. Materials and methods

.1. Enzymes and chemical materials

Native �-cyclodextrin (�-CD) was purchased from Wacker
hemicals (Germany). Immobilized enzymes were from Fluka Ana-

ytical (France): Lipozyme is the immobilized lipase from Mucor
iehei on a macroporous ion-exchange resin (42 U g−1), and the

ipase from C. cylindracea immobilized in Sol-Gel-AK (15.1 U g−1).
ree forms of the lipase from M. miehei (MML, 4370 U mg−1) and of
. cylindracea (CCL, 30,000 U g−1) were purchased from Sigma and
rom Amano (AY30), respectively. Butyl caprylate (99% purity) was
urchased from TCI Europe (Belgium). Other chemicals were pur-
hased from Sigma, Acros (Belgium) and Fluka Analytical (France).
ll the solvents employed for the reactions were distilled once
efore use.

.2. Preparation of mono-6-amino-deoxy-permethylated
-cyclodextrins (MBCD-NH2)

The modified CD used as substrate in enzymatic reaction was
he permethylated 6-amino-6-deoxy-�-cyclodextrin (MBCD-NH2).
t has been obtained from the native �-CD in four steps using usual

ethod [18–22]. It was purified by column chromatography on
ilica gel (CH2Cl2/MeOH 9:1 (v/v), Rf 0.50) with 30% yield.

.3. General procedure for the enzymatic synthesis with butyl
aprylate

Otherwise specified, MBCD-NH2 (1.8–2.6 mg) was dissolved in
utyl caprylate (1.5 ml) and vigorously mixed in a closed Eppen-
orf tube and placed in a heater mixer (Eppendorf Thermomixer)
t 40 ◦C and 1000 rpm. The reaction was initiated by adding either
mg of the free form of MML or CCL, or 10 mg of the correspond-

ng immobilized form. It was checked that no reaction took place
n the absence of enzyme under the same reaction conditions. As
one of the biocatalysts are soluble in the medium, reaction was
topped by centrifugation at 4000 rpm during 2 min or by filtra-
ion on 0.2 �m for immobilized lipases. All essays were carried out
t least in duplicate. The progress of the reaction was analyzed by
PLC.

.4. HPLC analysis

HPLC analysis was carried out with a LC Module 1 Waters
nstrument equipped with a Refractometer R410 Waters detec-
or (internal temperature: 40 ◦C) and a GraceSmart RP18 column
250 mm × 4.6 mm, 5 �m, Grace), elution was performed at
mL/min (20 �L injected) using an isocratic eluent (acetoni-

rile/acetone/water 40:40:20). A calibration curve was made with
he product of reaction, i.e. mono-6-caprylylamido mono-6-deoxy
ermethylated-�-cyclodextrine (caprylyl-MBCD), obtained after
urification of the larger scale production from ethyl capry-

ate, retention time at 5.15 min, (y = 2 076 132x + 1 765 407 and
2 = 0.997). Results shown correspond to the average between two
PLC analyses.
.5. Larger scale with other acyl donors and purification

To isolate product of lipase-catalyzed amidation, the reaction
as scaled up in Erlenmeyer shaking flask capped with 30 mL of
ysis B: Enzymatic 66 (2010) 224–227 225

acyl donor in an orbital shaker at 109 rpm. In this case, reactions
were performed in 30 mL of acyl donors with 150 mg of MBCD-NH2
and 100 mg of Lipozyme The purification was performed through a
partial distillation on reduced pressure to remove fatty esters fol-
lowed by a column chromatography on silica gel (CH2Cl2/CH3OH
95:5 then 90:10) and an ion-exchange chromatography on Dowex
1 × 8 Cl− eluted with water.

2.6. Structural identification of the reaction product

The structure was determined by 1H and 13C NMR (Bruker
DRX 500 spectrometer) at 25 ◦C and mass spectrometry ESI-Q-Tof
(Waters-Micromass spectrometer (Manchester, UK).

Caprylyl-MBCD: 1H NMR (500 MHz, CDCl3, TMS): ı = 0.9 (t, 3H,
J = 7.3 Hz, CH3aliph), 1.2–1.4 (m, 8H, CH2aliph), 1.6–1.7 (m, 2H, CH2�),
2.1–2.3 (dt, 2H, J = 2.8 Hz, J = 8.7 Hz, CH2�), 3.1–4.0 (m, 42H; H2CD,
H3CD, H4CD, H5CD, H6CD), 3.4 (21H; OCH3(2)), 3.5 (21H; OCH3(3)), 3.7
(18H; OCH3(6)), 5.1–5.2 (m, 7H, H1CD), 6.0 (t, 1H, J = 5.8 Hz, NHCO).
13C NMR (125 MHz, CDCl3, TMS): ı = 14.4 (1C, CH3), 22.9, 26.3,
29.4, 29.7, 32.1, 37.2 (6C, CH2�, CH2�, CH2aliph), 40.2 (1C, C6CD),
59.1 (OCH3(2)), 59.7 (OCH3(3)), 59.8 (OCH3(6)), 71.3–72.2 (6C, C6CD),
82.2–82.5 (28C, C3CD, C2CD, C4CD, C5CD), 98.5–99.6 (7C, C1CD); 173.5
(1C, CO). ESI-HRMS+ calculated for C70H125NO35Na [M+Na]+ m/z
1562.7930, found 1562.7932.

Capryl-MBCD: 1H NMR (500 MHz, CDCl3, TMS): ı = 0.87 (t, 3H,
J = 7.0 Hz, CH3aliph), 1.2–1.4 (m, 12H, CH2aliph), 1.6–1.7 (m, 2H, CH2�),
2.1–2.2 (dt, 2H, J = 2.29 Hz, J = 7.78 Hz, CH2�), 3.1–3.2 (m, 7H, H2CD),
3.3–3.9 (m, 35H, H3CD, H4CD, H5CD, H6CD), 3.4 (s, 21H, OCH3(2)), 3.5
(s, 21H, OCH3(3)), 3.6 (s, 18H, OCH3(6)), 5.1–5.2 (m, 7H, H1CD), 6.0
(t, 1H, J = 5.65 Hz, NHCO). 13C NMR (125 MHz, CDCl3, TMS): ı = 14.2
(1C, CH3), 22.8, 29.4, 29.5, 29.6, 29.8, 31.9 (6C, CH2), 26.0 (1C,
CH2�), 37.0 (1C, CH2�), 39.9 (1C, C6CD), 58.4 (7C, OCH3(2)), 59.1
(7C, OCH3(3)), 61.6 (6C, OCH3(6)), 71.0 (7C, C5CD), 71.7 (6C, C6CD),
80.3–82.2 (21C, C3CD, C2CD, C4CD), 99.0 (7C, C1CD), 173.3 (1C, CO),
ESI-HRMS+ calculated for C72H129NO35Na [M+Na]+ m/z 1590.8243,
found 1590.8234.

Lauryl-MBCD 1H NMR (500 MHz, CDCl3, TMS): ı = 0,87 (t, 3H,
J = 6.90 Hz, CH3aliph); 1.25 (m, 16H, CH2aliph), 1.61 (m, 2H, CH2�),
2.13–2.19 (dt, 2H, J = 3.05 Hz, J = 8.40 Hz, CH2�), 3.11–3.24 (m, 7H,
H2CD), 3.38 (s, 21H, OCH3(2)), 3.50 (s, 21H, OCH3(3)), 3.63 (s, 18H,
OCH3(6)), 3.20–3.99 (m, 35H, H3CD, H4CD, H5CD, H6CD), 4.99–5.23 (m,
7H, H1CD), 5.99 (t, 1H, J = 5.65 Hz, NHCO). 13C NMR (125 MHz, CDCl3,
TMS): ı = 15 (1C, CH3), 26.3 (1C, CH2�), 23.1–32.3 (8C, CH2), 37.3 (1C,
CH2�), 40.3 (1C, C6CD), 58.9 (7C, OCH3(2)), 59.6 (7C, OCH3(3)), 61.8
(6C, OCH3(6)), 70.4 (7C, C5CD), 71.9 (6C, C6CD), 80.3–82.4 (21C, C2CD,
C3CD, C4CD), 99.2 (7C, C1CD), 173.7 (1C, CO), ESI-HRMS+ calculated
for C74H133NO35Na [M+Na]+ m/z 1618.8556, found 1618.8545.

3. Results and discussion

In a previous work [9], we have reported that many lipases from
different sources, fungi, microbial and animal, are able to catalyze
in one step the amidation reaction between mono-substituted �-
permethylated cyclodextrins such as MBCD-NH2 and various acyl
donors. Furthermore, as far as the acyl donors are liquids, the lipase-
catalyzed reaction can be done without any solvent, by using an
excess of acyl donors acting both as a substrate and a solvent
for the CD. Based on this previous work, the screening led us to
select two lipases widely used in the field of biotransformation:
the lipase from M. miehie (MML) and the lipase from C. cylindracea
(CCL) also known as Candida rugosa. Moreover these two lipases are

commercially available under free and immobilized preparation.
To optimize the reaction, some reaction conditions were assessed
like temperature, type of shaking and amount of enzyme, on a
model amidation reaction between butyl caprylate and MBCD-NH2
(Scheme 1).
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of the immobilization of MML was observed. While the results
obtained with the free MML were barely higher than those of CCL,
the reaction catalyzed by the Lipozyme seemed to be complete in
30 h, against more than 100 h at 40 ◦C.
Scheme 1. Amidation reaction catalyzed by

.1. Comparison of the catalytic activities of M. miehie and C.
ylindracea lipases

The time course of the reaction was followed for the lipase-
atalyzed amidation between butyl caprylate and MBCD-NH2 by
ML, free or immobilized (Lipozyme) and by CCL free or immobi-

ized (Fig. 1). For these first tests, the temperature was set at 40 ◦C
ince for many microbial lipases activity is maximal between 30
nd 50 ◦C. Lipozyme seemed to be the most efficient. Indeed, the
oncentration of the final product, caprylyl-MBCD, reached a yield
f about 70% at 100 h which was 1.5 times greater than the yield
chieved with the free MML or the free or immobilized CCL. More-
ver, there was no significant difference in the catalytic behaviour
etween the free and immobilized CCL. It can also be noticed that
he initial rate was higher with Lipozyme than with the three other
iocatalysts. However, reactions were not completed at this time
hatever the enzyme used. This could be due to the low amount

f biocatalyst, chosen arbitrarily, 2 mg for free form and 10 mg
or the immobilized form or to some other parameters such as a
emperature and agitation which can also greatly influence these
eactions.

.2. Effect of reaction temperature

It is well known that the increase of reaction temperature
ncreases the activity; however care must be taken to the possible

eactivation of enzyme. To this end, we tested different temper-
tures from 30 to 70◦ (Fig. 2). At 24 h, for the four enzymatic
reparations, no optimal temperature reaction appeared since the
mount of caprylyl-MBCD increases all over this range. There was
o significant difference between the free form and immobilized

ig. 1. Concentration of the caprylyl-MBCD as a function of time at 40 ◦C. The ami-
ation reaction is catalyzed by (�) Lipozyme, (�) MML, (�) immobilized CCL, (♦)
CL.
s between MBCD-NH2 and butyl caprylate.

form of CCL. The improvement of caprylyl-MBCD production was
noteworthy for the MML and even more for the immobilized form,
Lipozyme. The production increased almost linearly for the free
MML between 30 and 70◦. For Lipozyme, the amount of caprylyl-
MBCD was first increased almost linearly between 30 and 50◦ and
then more strongly between 50 and 70◦. The concentration of the
product was about 7-fold higher at 70 ◦C than at 30 ◦C.

We have then examined the progress of reaction at 70 ◦C (Fig. 3).
The initial rate was higher with Lipozyme than with the three other
biocatalysts. At 70 ◦C (Fig. 3) as at 40 ◦C (Fig. 1), there is no benefic
effect of the immobilization of CCL. Conversely, a positive effect
Fig. 2. Effect of reaction temperature at 24 h on lipase-catalyzed caprylyl-MBCD
synthesis.

Fig. 3. Concentration of the caprylyl-MBCD as a function of time at 70 ◦C. The ami-
dation reaction is catalyzed by (�) Lipozyme, (�) MML, (�) immobilized CCL, (♦)
CCL.
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Fig. 4. Effect of the amount of lipase on the concentration of caprylyl-MBCD at 40 ◦C
during 24 h: �Lipozyme, � MML, (�) immobilized CCL, (♦) CCL.
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ig. 5. Effect of the type of agitation on synthesis of caprylyl-MBCD at 40 ◦C with
ipozyme (�) orbital shaking at 1000 rpm, (�) magnetic stirring and immobilized
CL: (♦) heater mixer, (�) magnetic stirring.

.3. Effect of the enzyme amount

To determine the optimum of enzyme to be used, the caprylyl-
BCD synthesis was performed with various amounts of enzyme

oadings and the results obtained at 40 ◦C within 24 h were reported
n Fig. 4. The efficiency of the catalyzed reaction increased with the
ncrease in the amount of enzymatic catalyst from 2 to 10 mg for
he free MML and CCL while 15 mg at least could be best with the
mmobilized CCL. However, in the case of Lipozyme 2 mg is enough
o perform this reaction.

.4. Effect of the type of agitation

A comparison has then been made between agitation in a heater
ixer (Thermomixer), as used above and agitation in the presence

f a magnetic stirring bar keeping the same volume of reaction.
ue to the possible damage of free enzymes with this last kind of
gitation, the experiments were performed only with the immo-

ilized lipases (Fig. 5). Although there was no drastic effect of the
ype of agitation for the Lipozyme, best results were obtained in all
ases with magnetic stirring. It can be pointed out that with this
ype of agitation, the activity of immobilized CCL ranged within
he one of Lipozyme. The efficiency of the magnetic stirring for the

[

[
[
[
[

ysis B: Enzymatic 66 (2010) 224–227 227

immobilized CCL could certainly be explained by the fact that this
preparation is in powder form while Lipozymes are macroscopic
beads, less affected by the type of agitation.

3.5. Versatility of lipase-catalyzed lipophilization on MBCD-NH2

From the optimization performed on butyl caprylate, we have
selected the Lipozyme to catalyze the amidation on MBCD-NH2
with other fatty acids in larger scale. Considering energy intake
and enzyme reuse, reactions were done at 40 ◦C. Ethyl caprylate,
butyl caprate and vinyl laurate were used as substrate in large
excess. The solvent free medium allowed an easy purification of
the product.

The yield (78%) obtained with butyl caprate as acyl donor is the
best. The low yield obtained with the vinyl laurate (35%) can be
explained by a competition with the formation of polyenyl deriva-
tives of the MBCD [10]. The higher yield obtained with butyl caprate
as compared to those with ethyl caprylate (60%) may be due to
higher affinity of the lipase for longer acyl chains.

4. Conclusions

Lipophilization of a mono-amino-�-methylathed cyclodextrin
was achieved through lipase-catalyzed process under mild reaction
conditions. Solvent free media were used due to the solubiliza-
tion of methylated cyclodextrins in acyl donors. The ability of M.
miehie and C. cylindracea lipases, free or immobilized, to catalyze
amidation reaction was shown with various acyl donors. Among
the biocatalysts tested, Lipozyme was found to be the most active,
requiring low loading, being robust at 70 ◦C even under magnetic
agitation.

Acknowledgement

This work was supported by le Conseil Régional de Picardie
under the scientific “IBFBio” program.

References

[1] M. Roux, R. Auzély-Velty, B. Perly, F. Djedaïni-Pilard, Biophys. J. 93 (2007)
1623–1629.

[2] C.A. Ventura, S. Tommasini, A. Falcone, I. Giannone, D. Paolino, V. Sdrafkakis,
M.R. Mondello, G. Puglisi, Int. J. Pharm. 314 (2006) 37–45.

[3] F. Maestrelli, M.L. Gonzalez-Rodriguez, A.M. Rabasco, P. Mura, Int. J. Pharm. 312
(2006) 53–60.

[4] H.J. Lim, A.C. Cho, J. Shim, D.H. Kim, E.J. An, J. Kim, J. Colloid Interf. Sci. 320 (2008)
463–468.

[5] B. Perly, S. Moutard, F. Djedaïni-Pilard, Pharm. Chem. 4 (2005) 4–9.
[6] F. Djedaïni-Pilard, R. Auzély-Velty, B. Perly, Recent Research Developments in

Organic and Bioorganic Chemistry, vol. 5, 2002, pp. 41–57.
[7] H. Dodziuk, Cyclodextrins and Their Complexes, Wiley-VCH, Weinheim, 2006.
[8] R. Auzély-Velty, F. Djedaïni-Pilard, S. Désert, B. Perly, T. Zemb, Langmuir 16

(2000) 3727–3734.
[9] A. Favrelle, V. Bonnet, C. Sarazin, F. Djedaïni-Pilard, J. Inclusion Phenom. Macro-

cycl. Chem. 57 (2007) 15–20.
10] A. Favrelle, V. Bonnet, C. Sarazin, F. Djedaïni-Pilard, F. Tetrahedron, Asymmetry

19 (2008) 2240–2245.
11] K.E. Jaeger, T. Egger, Curr. Opin. Biotechnol. 13 (2002) 390–397.
12] F. Hasan, A.A. Shah, A. Hameed, Enzyme Microb. Technol. 39 (2006) 235–251.
13] U.T. Bornscheuer, R.J. Kazlauskas, Hydrolases in Organic Synthesis Regio- and

Stereoselective Biotransformations, Wiley-VCH, Weinheim, 2005.
14] L. Poisson, S. Jan, J.C. Vuillemard, C. Sarazin, J.P. Séguin, J.N. Barbotin, F. Ergan,

J. Am. Oil Chem. Soc. 76 (1999) 1017–1021.
15] T. Maugard, M. Remaud-Simeon, D. Petre, P. Monsan, Tetrahedron 53 (1997)

5185–5194.
16] K.P. Dhake, Z.S. Qureshi, R.S. Singhal, B.M. Bhanage, Tetrahedron Lett. 50 (2009)

2811–2814.
17] N.R. Pedersen, J.B. Kristensen, G. Bauw, B.J. Ravoo, R. Darcy, K.L. Larsen, L.H.

Pedersen, Tetrahedron: Asymmetry 16 (2005) 615.

18] F. Djedaïni-Pilard, F. Azaroual, N. Bellanger, M. Gosnat, D. Vernet, B. Perly, J.

Chem. Soc., Perkin Trans 2 (1995) 723–730.
19] F. Djedaïni-Pilard, J. Desalos, B. Perly, Tetrahedron Lett. 34 (1993) 2457–2460.
20] J. Defaye, S. Crouzy, N. Evrard, H. Law, Fr. Pat., WO 9961483, 1999.
21] S. Hanessian, A. Benalil, C. Laferrière, J. Org. Chem. 60 (1995) 4786–4797.
22] L.D. Melton, K.N. Slessor, Carbohydr. Res. 18 (1971) 29–37.


	Lipase-catalyzed synthesis and characterization of novel lipidyl-cyclodextrins in solvent free medium
	Introduction
	Materials and methods
	Enzymes and chemical materials
	Preparation of mono-6-amino-deoxy-permethylated β-cyclodextrins (MBCD-NH2)
	General procedure for the enzymatic synthesis with butyl caprylate
	HPLC analysis
	Larger scale with other acyl donors and purification
	Structural identification of the reaction product

	Results and discussion
	Comparison of the catalytic activities of M. miehie and C. cylindracea lipases
	Effect of reaction temperature
	Effect of the enzyme amount
	Effect of the type of agitation
	Versatility of lipase-catalyzed lipophilization on MBCD-NH2

	Conclusions
	Acknowledgement
	References


