
Journal of

Structural
Journal of Structural Biology 147 (2004) 179–184

Biology

www.elsevier.com/locate/yjsbi
Molecular characterization of the plant biopolyester cutin
by AFM and spectroscopic techniques

Jos�e J. Ben�ıtez,a Antonio J. Matas,b and Antonio Herediab,*

a Instituto de Ciencia de Materiales, CSIC-Universidad de Sevilla, E-41092 Seville, Spain
b Grupo de Caracterizaci�on y S�ıntesis de Biopol�ımeros Vegetales, Departamento de Biolog�ıa Molecular y Bioqu�ımica, Facultad de Ciencias,

Universidad de M�alaga, E-29071 M�alaga, Spain

Received 18 December 2003, and in revised form 11 February 2004

Available online 13 April 2004
Abstract

Atomic force microscopy, FT-IR spectroscopy, and solid-state nuclear magnetic resonance have been used to improve our

current knowledge on the molecular characteristics of the biopolyester cutin, the main component of the plant cuticle. After

comparison of samples of cutin isolated from young and mature tomato fruit cuticles has been possible to establish different degrees

of cross-linking in the biopolymer and that the polymer is mainly formed after esterification of secondary hydroxyl groups of the

monomers that form this type of cutin. Atomic force microscopy gave useful structural information on the molecular topography of

the outer surface of the isolated samples. The texture of these samples is a consequence of the cross-linking degree or chemical status

of the polymer. Thus, the more dense and cross-linked cutin from ripe or mature tomato fruit is characterized by a flatter and more

globular texture in addition to the development of elongated and orientated superstructures.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Aerial parts of higher plants are covered by a con-

tinuous extra-cellular layer, the cuticle. The main func-

tion ascribed to the cuticle is to minimize water loss.

Besides, it limits the loss of substances from plant in-

ternal tissues and also protects the plant against physi-

cal, chemical, and biological impacts (Holloway, 1982).

Cuticles of higher plants are chemically heteroge-

neous in nature, basically consisting of a wax fraction,
soluble in common organic solvents, and an insoluble

cuticular matrix, that forms the framework of the cuti-

cle. This cuticular matrix is mainly formed by the bio-

polymer cutin, a high-molecular weight polyester

composed of various inter-esterified C16 and C18 hy-

droxyalkanoic acids (Walton, 1990). The ester bonds in

cutin can be cleaved by alkaline hydrolysis to yield the

corresponding hydroxy fatty acids. Further composi-
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tional analyses have established a few classes of mono-

mers which are present in cutin. Depolymerization
products of many plant cutins are composed almost

exclusively of derivatives of the C16 family of monomer

acids, in which 10,16- and/or 9,16-dihydroxyhexadeca-

noic acids are the major compounds (Kolattukudy,

1996; Walton, 1990). Relatively few cutins contain sig-

nificant amounts of C18 monomers (Kolattukudy, 1996).

The understanding of the types of covalent linkages

in plant cutins has been based on the chemical reactivity
of the biopolymer. On the other hand, the intermolec-

ular cross-linking between cutin monomers has been

derived from analysis of the abundance of free primary

and free secondary mid-chain hydroxyl functional

groups, as well as unesterified carboxyl moieties. Studies

involving these approaches demonstrated that, in most

cases, about half the mid-chain hydroxyl groups in the

biopolymer are involved in ester linkages (Deas and
Holloway, 1977). Structural studies on cutin have

been previously reported by our research group being

mainly focused on Fourier-transform infrared (FT-IR)
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spectroscopical analysis (Luque et al., 1995; Ram�ırez
et al., 1992) and X-ray diffraction analysis (Luque et al.,

1995). They suggested an amorphous structure with

basal spacing around 0.45 nm as repeated unit in the

macromolecular structure of cutin. Additionally, solid-

state 13C nuclear magnetic resonance (NMR) studies of

the polyester provided structural information of the in-

tact biopolymer, in which distinct polymer domains have

been identified (Fang et al., 2001; Zlotnik-Mazori and
Stark, 1988). On the other hand, such studies have led

to the identification and quantification of the principal

chemical functionalities of the cutin polymer. Structural

and motional characteristics of the major carbon types

were also obtained. A more detailed explanation of

the physical characteristics and properties of plant cutin

can be found in a recent review (Heredia, 2003).

The rheology of the plant cuticle and cutin is of
particular interest. It is known that the diffusion and

sorption across polymers is influenced by the mechanical

properties of the polymer itself. Some factors that affect

these properties are the polymer density, the presence of

fillers and plasticizers in the polymer matrix, and the

humidity and temperature. There is only one previous

study concerning the nanomechanical behavior of the

plant cutin by atomic force microscopy (Round et al.,
2000). This technique was used to evaluate the surface

elastic modulus of tomato fruit cutin in response to

changes in humidity.

In the present work, a study on the molecular archi-

tecture of plant cutin in relation to its chemical com-

position has been made. Tomato fruit cutin isolated

from fruits at different growth stages have been used to

investigate the influence of the cross-linking degree and
the subsequent macromolecular arrangement in the cu-

tin polyester. For this purpose, atomic force microscopy

(AFM), in combination with IR and NMR spectros-

copies, has been used. These data draw a more complete

picture of the cutin ultrastructure and also gives a

molecular basis to understand the physical properties of

this unique biopolymer.
2. Materials and methods

2.1. Cuticle an cutin isolation and analysis

Cuticles were prepared from astomatous tomato

fruits of greenhouse-grown Lycopersicon esculentum

Mill. Fruits were collected at two different growth
stages: 14 days after anthesis (young) and 65 days after

anthesis (ripe). Discs, 1.5 cm in diameter, were punched

from the fruits and the cuticles isolated using an aque-

ous mixture of 2% (w/v) pectinase and 0.2% (w/v) cel-

lulase buffered at pH 3.6. After 5 days of incubation at

30 �C the cuticles were recovered, extensively washed in

deionized water, air-dried, and stored for further use.
Cuticular waxes were removed by refluxing the isolated
cuticles in chloroform:methanol (1:1) for 8 h.

Cutin samples were obtained after hydrolysis of de-

waxed cuticles in a 6M HCl solution for 12 h at 105 �C
to remove polar hydrolyzable components and then

depolymerized in a 3% (w/v) sodium methoxide solu-

tion for 18 h at 100 �C (Luque et al., 1995). This series

of exhaustive treatments to remove waxes and hydro-

lyzable compounds present in the isolated cuticles does
not alter the chemical structure of the biopolymer

(Walton, 1990). After extraction of the monomers of

tomato fruit cutin in an organic phase (diethyl ether),

the solvent was evaporated to quantify and identify the

cutin monomers by gas chromatography–mass spec-

trometry analysis after sylanation with N-O-bistrim-

ethylsilylacetamide, using a Hewlett–Packard 5890

GC-MS combination with a cross-linked methyl sili-
cone capillary column.

2.2. FT-IR spectroscopy

KBr pellets were prepared using about 1.5mg of cutin

sample. Infrared spectra were recorded in a Perkin–El-

mer 1760 Fourier-transform infrared spectrometer.

2.3. Solid-state 13C NMR spectroscopy

13C cross polarization/magic angle spinning nuclear

magnetic resonance (CP/MAS NMR) spectra were

recorded on a Bruker Chemagnetic 300MHz NMR

operating at 75.5MHz using an air-bearing probe.

Experiments were conducted on about 30–40mg

samples of powered tomato fruit cutin obtained using
liquid nitrogen in a 5mm MAS probe at room tem-

perature.

2.4. Atomic force microscopy

AFM images were obtained with a Topometrix

TMX2000 microscope operating either in contact con-

stant force mode or in non-contact mode with both
amplitude and phase detection. A large scale scanner

(maximum X–Y range of 130 lm� 130 lm and 13 lm in

Z) was used to analyze the overall texture and the ho-

mogeneity of the surface of cutin samples. When higher

lateral and vertical resolution was needed another

scanner with maximum X–Y –Z ranges of 2.3 lm�
2.3 lm and 0.8 lm was used. In any case, the same Si3N4

lever (contact NanoProbe, Digital Instruments, Santa
Clara CA) with 0.58Nm�1 nominal constant force was

employed. In non-contact mode, a stiff Si3N4 lever (NT-

MDT Ultrasharp NSCS12) oscillated at its resonance

frequency (approx. 149 kHz) is used.

Calibration in the X–Y –Z directions was done with

commercial calibration gratings provided by formerly

NT-MDT, Moscow.
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Samples were attached to a glass slide using a double
side adhesive tape and analyzed at room atmosphere,

typically 20–25 �C and 45–50% relative humidity.
3. Results and discussion

3.1. Chemical and spectroscopical characterization of

isolated tomato fruit cutins

De-waxed cuticles from young and ripe tomato fruits

after exhaustive acid hydrolysis yielded the polyester

cutin; this fraction represented, in both cases, the 81% of

the initial weight of the isolated cuticle. Moreover, for

the two types of fruit cutins the major monomer found

by GC–MS analysis was the 10,16-dihydroxyhexadeca-

noic acid. The amount of this fatty acid, in addition to
the positional isomers, was 83.6 and 81.9% of the total

weight of monomeric acids of young and ripe tomato

cutins, respectively. This result agrees with others re-

ported using different tomato varieties (Baker et al.,

1982; Luque et al., 1995).

FT-IR spectroscopy can characterize in situ the

functional chemical groups of isolated cuticles and their

interactions with exogenous chemicals at the cuticular
level (Luque et al., 1995; Ram�ırez et al., 1992). Fig. 1

shows the FT-IR spectra of young and ripe isolated

tomato fruit cutins. The two spectra are very similar

except for the presence of some absorptions around

1630, 1530, and 900–800 cm�1 for ripe sample. Such

absorptions were not present in the infrared spectrum of

the young tomato fruit isolate. Such absorptions are

mainly assigned to the functional groups or structural
characteristics of phenolics and flavonoids present in the

cuticle and cutin of ripe tomato fruits. Thus, absorption
Fig. 1. 13C CP/MAS NMR spectrum of the isolated ripe tomato fruit cutin

main chemical-shift assignments are as follows: (CH2)n, 29 ppm; CH2CH2OC

For more details, see text.
around 1630 and 1550 cm�1 are assigned to the
stretching of C@C bonds and the stretching of benze-

noid rings, respectively. In addition, weak absorptions

recorded between 900 and 800 cm�1 indicate the pres-

ence of di and tri substitutions in the aromatic rings.

More details about these assignments can be found in

some references (Luque et al., 1995; Ram�ırez et al., 1992;
Villena et al., 2000). Nevertheless, in this case, it is in-

teresting to evaluate the ratio between the two main
infrared features that can be found in cutin material: the

two strong bands located near 2900 cm�1 assigned to

the asymmetric and symmetric stretching vibrations of

the methylene group, the most repeated structural unit

in the cutin biopolyester, and the strong absorption

band at 1730 cm�1, assigned to the C–O stretching vi-

bration of the carbonyl group of the ester bond, i.e., the

link between the different hydroxy fatty acids to form
the cutin cross-linking. The ratio was lower (0.72) for

cutin isolated from ripe tomato fruits than for the cutin

obtained from young fruits (0.92). This is an indication

of a higher cross-linking in the cutin of ripe tomato fruit

cuticles. The weight per area unit measured for the two

cutin isolates confirms this fact: 994 and 1528 lg cm�2,

for young and ripe cutin, respectively.

Solid-state NMR of the isolated cutins can provide
useful structural information on the type of links that

takes place in this solidmatrix. Fig. 2 shows the 13CNMR

spectra of the two cutin samples investigated here. Main

resonances assignments were as follows (Zlotnik-Mazori

and Stark, 1988): (CH2)n, 29 ppm; CH2CH2OCOR,

64 ppm; CHOCOR and CHOH, 71.6 ppm; and CHO-

COR, 173 ppm. The two NMR spectra were, again, very

similar with the exception of the presence of additional
resonances between 115 and 130 ppm in the NMR

spectrum of ripe tomato cutin, a clear indication of the
(upper spectrum) and young tomato fruit cutin (lower spectrum). The

OR, 64 ppm; CHOCOR and CHOH, 71.6 ppm; and carbonyl, 173 ppm.



Fig. 2. Fourier-transform IR spectra for isolated ripe tomato fruit cutin (lower spectrum) and young tomato fruit cutin (upper spectrum).
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existence of aromatic and unsaturated compounds. An-

other interesting molecular characteristic can be reached

from 13C NMR spectra: the above mentioned resonances

indicate that the polyester of these isolates was mainly
formed by esterification of secondary hydroxyl functional

groups (173 ppm).However, this fact does not exclude the

presence of ester links made from primary hydroxyl

groups (chemical shift at 168 ppm; Zlotnik-Mazori and

Stark, 1988), also present in the cutin network.

An indirect measure of the chemical mobility of the

polymer chains that form the cutin could be given by

the determination of the spin relaxation time, T1q, of
the 13CH2 of cutin samples. This information directly

regards the dynamics and structure of the biopolyester.

The estimated T1q for young and ripe cutin were 118 and

58 ls, respectively. These values suggest a moderately

rigid environment, more restricted dynamically in the

case of ripe cutin, than the same motional segments in

the cutin isolated from young fruits.

3.2. Microscopic characterization of isolated fruit cutins

The surface structure of tomato fruits cuticles and

cutins is usually checked by scanning electron micros-

copy (SEM). Nevertheless, fine resolution cannot be

achieved due to the gold layer (usually between 20 and

50 nm) that must be deposited on the sample surface.

However, it is known that AFM has been used with
success to image the surface morphology and elucidate

structure details of amorphous and crystalline polymers

and phase separated macromolecular systems.

Some aspects should be considered when studying

tomato cutin samples by AFM. Among the operating

modes of an AFM, the so-called ‘‘contact mode’’ is

usually preferred because of its higher resolution. Be-

sides, working in contact allows the mechanical and tri-
bological study of materials, a quite important issue in
cutins isolated from commercial fruits. However, when

analyzing biological specimen, the relatively high forces

applied in contact mode may cause some damage.

However, no such damage has been reported in the lit-
erature (Round et al., 2000) when studying the mechan-

ical characteristics of tomato fruit cutin in contact mode.

Nevertheless, we have performed some wear tests by

scanning small areas of cutin at high speed and under low

and moderate loads and no erosion has been observed.

Another option to prevent damage is to work in contact

inside a liquid (typically water). This way, capillary forces

are almost eliminated and scanning can be made under
very low applied pressures. However, we have results

showing a dramatic modification of mechanical proper-

ties of cutin when exposed to water. We suspect that such

modification may be accompanied by an alteration of

macromolecular arrangement of cutin structure. For this

reason, working in liquid has been discarded in this work.

Another aspect to consider is the possibility of de-

forming the surface structure of cutin under contact. To
address this point, we have analyzed the same cutin

sample (and roughly the same spot) using both contact

and non-contact modes. Results are shown in Fig. 3 and

no texture modification can be appreciated. Moreover,

the resolution of contact mode is significantly higher.

Cutin samples prior to de-waxing have also been

analyzed and results are displayed in Fig. 4. Large range

images are dominated by cross-linked rows approxi-
mately 0.5 lm wide. Some big agglomerates are also

visible. A closer look reveals a background containing

small patches of crystalline epicuticular waxes that

prevents the direct observation of the cutin framework.

Consequently, cutin samples had to be de-waxed.

AFM analysis of tomato fruit de-waxed cutin and

free of hydrolyzable components revealed a well-defined

surface texture that was not resolved by SEM (Fig. 5).
Besides, AFM provides topographic data in the X , Y ,



Fig. 4. Wide range AFM images showing the structure of waxes in tomato cutin prior to de-waxing. Characteristic interlaced rows about 0.5lm thick

as well as an amorphous background are observed.

Fig. 3. Non-contact (both amplitude and phase detection) and contact high resolution AFM images obtained from the same ripe tomato cutin

specimen. No damage or modification of surface but a better resolution is obtained if working in contact mode.

Fig. 5. AFM topographic images (contact mode) showing the morphology of the outer surface of isolated young (A) and ripe (B) tomato fruit cutin

at different resolutions.

J.J. Ben�ıtez et al. / Journal of Structural Biology 147 (2004) 179–184 183
and Z directions (SEM only in X and Y ). We would like

to remark here some additional advantages of AFM

compared with SEM in the analysis of biological tissues.

First, no metallization of surface is necessary for AFM.

In this sense, AFM is a non-destructive technique which

is of great interest when unique, low yield or hard to
prepare samples have to be studied. Thus, AFM

provides the opportunity for nanometer scale, non-in-
trusive, three-dimensional imaging of cutin surface

structure. Furthermore, the lack of surface metallization

opens the possibility of analyzing surface texture chan-

ges induced by mechanical stress (as part of the study of

the mechanical properties of biological tissues) and

those produced upon exposure to controlled humidity.
Also, thermal damage produced by a high energy elec-

tron beam and changes created by environment (drying,



Fig. 6. High resolution AFM images of the outer surface of cutin isolated from (A) young and (B) ripe tomato fruits. Different spots in different

samples are plotted to ensure reproducibility.
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wrinkling, vesicle bursting, etc.) of a typical SEM

preparation, are avoided.

Fig. 5 shows a series of wide range AFM images

showing the homogeneity and typical textures of young

and ripe tomato cutin. As observed, the topography of

cutin from young fruits is modulated by soft and spaced
wrinkles while cutin from ripened isolates appeared

flatter.

Higher resolution images, Fig. 6, showed a charac-

teristic short range texture that differentiates both type

of cutin samples. Images corresponding to different

spots in different samples have been displayed to show

the reproducibility of our measurements. In the case of

cutin isolated from ripened fruits, the surface can be
described as an interlaced network of ‘‘worm-like’’ fea-

tures spaced 200–300 nm. In some regions such features

were randomly scattered but in others they appeared

linked across a single direction giving rise to much more

elongated structures. Also circular clusters were ob-

served as the consequence of such a high interlacing.

However, the cutin of young tomato presented a much

less interlaced and more homogeneous texture. The size
of the surface features in the X–Y plane is also two to

three times smaller (about 70–100 nm).

The structural changes observed in the cutin surface

of the samples investigated in the present work by AFM

agree well to the cutin molecular characteristics and

properties reached from spectroscopic tools and com-

plete our current knowledge on this biopolymer. Thus,

cutin isolated from tomato fruits appears as an amor-
phous polyester mainly formed by esterification of sec-

ondary hydroxyl groups of the dihydroxy fatty acids

monomers with a different texture depending of the

developmental stage of the fruit. This texture is a con-

sequence of the actual status of the cross-linking degree

of the polymer. The more dense and cross-linked cutin

of ripe tomato is characterized by a flatter long range
texture and by the development of elongated and ori-

ented superstructures.
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