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Abstract Yellow peaches (Prunus persicu L. Batsch.)
were stored under a controlled atmosphere of 2% O2 +
10% CO2, or a normal atmosphere at 2 �C, in order to
investigate the effects of storage conditions, atmosphere
and time on the structure of a single water-soluble pectin
(WSP) molecule. The microstructural changes of the
branches and widths of WSP were studied by atomic force
microscopy (AFM) on the 1st, 15th and 45th days under
the assigned atmosphere. The probability of small-width
WSP increased with time in both groups, but the proba-
bility was larger in the normal-atmosphere group. The
microstructure of WSP molecules and polymers showed
that the aggregate separation increased with storage time.
The degradation of WSP molecules was inhibited by
controlled-atmosphere storage. The majority of the chains
were composed of four basic units with widths of 11.719,
15.625, 19.531 and 35.156 nm, which could be visualized
and calculated exactly by AFM. These results indicate
that parallel linkages or intertwists between the basic
units are fundamental conformations for WSP molecules.
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Introduction

Plant pectin is a very important foodstuff and additive to
food products. It is a family of complex galacturonic acid-
rich polysaccharides present in the primary cell wall and
intercellular spaces of higher plants [1]. Its common
compositions are homogalacturonan (HG), rhamnogalac-
turonan I (RG-I), rhamnogalacturonan II (RG-II) and
xylogalacturonan. The functional properties of pectin, at
both harvest and postharvest time, are closely related to
its chemical and physical structures. Classical methods,
like NMR [2], the enzyme method [1, 3], and the bio-
chemistry method [4], have been used to detect the
structures.

The degradation of pectin is important for commercial
application [5]. However, since pectin has a heterogene-
ous structure, sit is difficult to study the molecular
structure. Varied structures or complex repeat units are
not easily determined owing to the irregular sequences
that tend to be averaged across the whole sample with
most techniques.

Atomic force microscopy (AFM) affords an opportu-
nity to directly image individual pectin molecules and
polymers. Sodium carbonate soluble pectin from unripe
tomatoes [6, 7], alginate and gels [8], biopolymers [9],
�-carrageenans [10], and cell walls [11, 12] have been
studied by AFM. The molecular branching, molecular
mass distributions, interactions involved in supramolec-
ular assembly, cell wall structure, and polysaccharide
gelatin have been illustrated in these works.

Controlled-atmosphere (CA) storage is important for
maintaining a high quality of produce, including firmness
[13]. Produce texture is related to pectin [14, 15]; how-
ever, there are no reports about the degradation of pectin
under CA storage by AFM. To demonstrate and further
illustrate the effects of enzymes on pectin and to compare
the results with enzymatic research [1, 3, 4], we chose
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water-soluble pectin (WSP) as an analysis object because
it is involved in complex reactions and is not easily
studied by chemical methods.

The overall goal of this study was to examine the
morphological arrangement of peach WSP and its
changes during storage. The degradation mechanism of
the peach pectin was also studied by AFM images.

Materials and methods

Fruits

Yellow peaches (Prunus persicu L. Batsch.) at commercial matu-
rity, according to acceptable color standards, were harvested from
an orchard in Fengxian, Shanghai City, China. The fruits were
transported to a laboratory within 2 h of harvest and precooled
(4 �C, 12 h) immediately upon arrival. They were stored at 2€1 �C
until testing time.

Storage conditions

The storage conditions were as follows: CA, 2% O2 + 10% CO2,
and normal atmosphere (CK). Two CA cabinets (105 cm�
55 cm�100 cm) with two CO2 absorbers (soda lime containing
ethyl violet as an indicator) and two ethylene absorbers were
connected to an atmosphere analyzer (GAC 1100, Italy). The initial
concentrations of O2 and CO2 in the CA and CK cabinets were
established by control of the flow rate of N2 generated by the
cellulose membrane and CO2 via pressure regulators. There was
120€10 kg of peaches in each cabinet and all treatments were at
2€1 �C with approximately 95% relative humidity (RH).

WSP extraction

The WSP was extracted according to the method of Zhou et al. [16]
with slight modifications. Peaches taken from CA and CK groups
were peeled and about 5.5 g flesh from each storage condition was
used for extraction of cell wall material. The flesh was boiled in
ethanol for 20 min, the ethanol was decanted by filtration, and the
solid residue was transferred to 20 ml ultrapure water (Milli-Q
Biocel Pure Water Equipment, Millipore Co., France). After a 2-h
extraction, the supernatant was collected by centrifugation (Beijing
Medical Equipments Co.) at 15,000g for 10 min. The samples were
refrigerated until analyzed.

AFM manipulation

AFM in a glove box was carried out at 30–40% RH and 23–25 �C.
The variation of humidity inside the glove box was controlled by
silica gel and stabilized for at least 5 h prior to AFM observation
[17].

Pectin solutions were recovered to room temperature and were
diluted to 0.5–30 mg/ml with serial dilutions of the concentrations.
To deposit WSP solutions (after a strong dispersion) onto newly
cleaved sheets of mica, a small volume (20 ml) of the solutions was
pipetted briefly (about 5 s) onto the mica surface, and then quickly
removed by pipetting. The mica surface was air-dried (1 h) in a
dust-free enclosure, before using AFM imaging with tapping mode
at a scan speed of about 2 Hz.

Tapping mode was carried out using a multimode NanoScope
IIIa atomic force microscope (Digital Instruments, USA) equipped
with a Si3N4 cantilevered scanner with a 12�12-mm2 scan size and a
4-mm vertical range. The possible scan size is larger than the area of
the final pictures. The scanner can move to suitable places to get
satisfactory pictures. In the tapping mode atomic force microscope,
the tip was oscillated with a high frequency in the vertical direction

and was only intermittently in contact with the sample. It has a high
resolution of about 0.1 nm for the vertical range and 1–2 nm for the
lateral range [18]. To make the results comparable, before imaging
each sample the integrity of the AFM tip was verified by imaging a
reference standard with a known roughness of 5–7 nm [19].

Since AFM images are generally limited to small scanned areas,
several images of different zones were examined and analyzed
offline with version 5.12 of the software for each specimen in order
to average the results [18]. The correction of the images by this
software enabled us to reduce the noise of the samples.

AFM image analysis

The bright and dark areas in the image correspond to peaks and
troughs in the WSP chains. Different scales were used in the ver-
tical and horizontal scales, with the height mode being used for the
analysis.

The intervals of aggregates and single molecules were measured
by section analysis. In this analysis, the image was sectioned along
a line orthogonal to the direction of the samples and the surface
profile of the section was plotted. From this surface profile, the
width of the sample could be calculated. The length distribution of
the molecules can now be plotted throughout the measurements of
the single molecules [20].

Branched structures were distinguished from overlapping mo-
lecules by measuring the heights of the chains. In general, the
heights of the chains rose twofold when two chains crossed over
one another. At genuine branch points the height remained un-
changed [21].

The width of a single strand can be calculated by the horizontal
distance (L) with the software and the height of the chain can be
calculated by the vertical distance (V). The number of times the
chain widths occurred was recorded as the frequency.

Statistical analysis

Statistical analysis of WSP chain widths through analysis of vari-
ance (P<0.05) and Duncan’s multiple range tests was performed
using SAS 8.0.

Results and discussion

Effects of atmosphere and time on WSP structures
and aggregates

The high resolution of the atomic force microscope offers
the potential for characterizing the heterogeneous struc-
tures of WSP, including linear, branching, blocks, or
polymers.

Figure 1 shows the AFM images of WSP from a fresh
peach. Figures 2 and 3 show typical images of WSP from
a peach on the 15th day of storage under CA and CK.
Figures 4 and 5 show the images of the two groups on the
45th day.

Aggregated polymers and polymers too small to be
exactly visualized with the software were excluded from
the statistical analysis. The statistical results were calcu-
lated from dozens of images. Frequency and V values of
different chain widths (L) of different storage times and
atmospheres are shown in Tables 1, 2, and 3. Table 1
shows the results of initial storage, and Tables 2 and 3
show the CA and CK groups after 15 and 45-days’ stor-
age, respectively.

588



From the three tables, it is clear that the probability of
smaller L value chains was higher in the CK group than in
the CA group. On the 15th day of storage, a width of
58.594 nm was measured three times and a width of
39.063 nm was measured six times in the CA group;
however, these widths appeared only once in the CK
group, as shown in Tables 1 and 2. The phenomenon was
similar on the 45th day. These results indicate that CA
storage inhibited the degradation of the linkage between
the WSP molecules, which resulted in the smaller widths.
The probability of this occurring increased with time in
the same group. There was no statistical significance for V
values and the lengths of chains.

The width of the chains from section analysis reflected
a group of basic units, with widths of 11.719, 15.625,
19.531, and 35.156 nm, and the widths of other types of
chains can be composed of these four values. For exam-
ple, 58.594 nm is the sum of 35.156 and 23.438 nm, and
97.656 nm is approximately the sum of 58.594 and

39.063 nm. Values 23.438, 35.156, and 78.125 nm are
twice the size of 11.719, 17.578, and 39.063 nm, re-
spectively.

Decho [8] reported that scleroglucan had a single-
strand polymer with a width of 0.55 nm based on X-ray
diffraction measurements; however, the width of scle-
roglucan was found to be 1 nm by AFM. The differences
may be due to a probe-broadening effect or side-by-side
association of molecules. Adams et al. [21] suggested that
the discrepancy might partly be a result of formation of
the helical structure. The purely geometrical effect can be
estimated by calculating the radius (r) of a cylindrical
molecule whose measured width (w) is broadened by a tip
of radius R, using the relationship r ¼ w2

�
16R. For ex-

ample, suppose the measured width of the pectin was
around 15 nm and the tip radii lay between 20 and 40 nm,
a range of molecular rods would be calculated between
0.35 and 0.7 nm in radius [22].

Fig. 1 Atomic force microscopy (AFM) image of water-soluble
pectin (WSP) from a fresh peach.

Fig. 2 AFM image of WSP from a peach on the 15th day under
controlled-atmosphere (CA) storage.

Fig. 3 AFM image of WSP from a peach on the 15th day under
normal-atmosphere (CK) storage.

Fig. 4 AFM image of WSP from a peach on the 45th day under CA
storage.
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The aggregates were present even at low dilutions of a
few single polymers, which suggested that they are not
simply superpositions or entanglements of polymers
caused by the reduction of solvent volume during drying

down to the substrate. The characteristic of a single
polymer was different from that of multipolymers [7].

Mechanism of the structural changes of WSP molecules

For the heterogeneous and complex structure, it has been
difficult to explore the changes of pectin structure during
storage. In recent years, many researchers have investi-
gated the structure of pectin through specific enzyme
actions. Limberg et al. [1] compared the actions of plant-
pectin methylesterase (p-PME) and fungal-pectin methy-
lesterase (f-PME). Herbert et al. [23] proposed that pectin
was initially secreted in a highly methylated form and
only later became de-esterified within the cell wall by
PME, with the cell wall penetration involving enzymatic
activity rather than mechanical force.

Massio et al. [24] observed that the initial attack of
PME was endo and allowed polygalacturonase action
within the galacturonic chain. In our experiments, on the
45th day of storage many of the WSP molecules were
linear without branches. Further work needs be done to
explore whether selective cleavage happened, because
selective cleavage of unesterified galacturonic acid re-
sidues allows the side chains to be released from the
molecule [25].

Many scholars agree that p-PME causes blockwise de-
esterification of pectin, whereas f-PME typically causes
random de-esterification [1, 5]. Morris et al. [26] sug-
gested that the decrease in molecular weight was due to
chain cleavage from b-elimination and that the increase of
the reaction time for the neutral protocol resulted in in-
creased cleavage. Ridley et al. [5] proposed that HG and
RG-II were probably covalently linked since they both
had backbones composed of 1,4-linked a-D-GalpA re-
sidues and treating cell walls with endopolygalacturonase
solubilized them both. However, there is much evidence
that suggests that RG-I is not linked to other backbones,
and there is a substantial body of data showing that RG-II
molecules are covalently cross-linked by borate esters.

In our experiments, the probability of WSPs having
widths of small values increased with the storage time,
which indicated the decrease of width is an important
phenomena for WSP structures. The widths are four basic
units of 11.719, 15.625, 19.531, and 35.156 nm, which
were obtained from AFM. This indicates that parallel
linkages or intertwists between the basic units are fun-
damental information for the structure of the WSP mol-
ecule, most likely between HG and RG-II components
[5]. Moreover, CA storage could inhibit the degradation
of the linkage between the WSP molecules.

Conclusions

CA with lower O2 and higher CO2 concentrations inhib-
ited the degradation of WSP of peach pectin as visualized
by AFM. The widths of WSP are composed of four basic
units: 11.719, 15.625, 19.531, and 35.156 nm, which can

Fig. 5 AFM image of WSP from a peach on the 45th day under CK
storage.

Table 1 Frequency (Fq) and vertical distances (V) of water-soluble
pectin (WSP) chain widths (L) at the initiation of storage.

L (nm) Fq V (nm)

97.656 1 1.847€0
78.125 2 1.637€0.528
58.594 9 1.203€0.338

Table 2 Frequency and vertical distances of WSP chain widths
under controlled-atmosphere storage.

L (nm) 15th day 45th day

Fq V (nm) Fq V (nm)

58.594 3 1.742€0.146 0 0€0
39.063 6 0.967€0.112 0 0€0
35.156 2 1.092€0.293 4 2.421€0.824
23.438 2 1.021€0.032 0 0€0
19.531 1 0.656€0 3 1.714€0.486
15.625 0 0€0 2 1.791€0.001
11.719 0 0€0 1 1.660€0

Table 3 Frequency and vertical distances of WSP chain widths
under normal-atmosphere storage.

L (nm) 15th day 45th day

Fq V (nm) Fq V (nm)

58.594 1 1.496€0 0 0€0
39.063 1 1.552€0 0 0€0
35.156 6 1.516€0.411 6 1.250€0.256
23.438 0 0€0 5 1.154€0.213
19.531 0 0€0 0 0€0
15.625 1 0.963€0 0 0€0
11.719 1 1.248€0 2 0.897€0.057
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be visualized by AFM. These results indicate that parallel
linkages or intertwists between the basic units are fun-
damental information for WSP molecules.
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