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Images of high methoxyl orange pectin deposited from solution and high methoxyl sugar acid gels (HMSAG)
were obtained by atomic force microscopy (AFM) in the tapping mode. For the first time, images of pectin
deposited from water revealed that the transition from pectin networks to individual molecules or aggregates
thereof occurred at concentrations between 6.5 and 13.1µg/mL. At 6.5µg/mL, shapes included rods, segmented
rods, kinked rods, rings, branched molecules, and dense circular areas. At 13.1µg/mL, all of these shapes were
integrated into networks. These same structures were discernible in pectin high methoxyl sugar acid gels. Thus
one might consider pectin networks in water at concentrations in excess of 10µg/mL to be separate fluid precursors
of networks in high methoxyl sugar acid gels. Examination of AFM images revealed that gels with “uniform”
distribution of strands and pores between strands had higher gel strengths as measured by a penetrometer than
gels in which strands were nonuniformly distributed and were separated by large and small spaces.

Introduction

Pectin is an extremely complex polysaccharide found in the
cell walls of many plants.1 In fact it has been suggested that it
is an assembly of several different polysaccharides linked
together covalently.1 Up to 17 different monosaccharides have
been found in pectin from various plants but the major
constituent in pectin is homogalacturonan (HG), which is
(1-4) linked R-D-galacturonic acid and its methyl ester.2 It is
the presence of this constituent in abundance that distinguishes
pectins from all other polysaccharides. HGs may contain pendent
R-D-xylose units. Also present in pectin is rhamnogalacturonan
I, which contains arabinan, galactan, and arabinogalactan side
chains. These constituents account for most of the monosac-
charide units present in pectin preparations even though pectin
may contain other constituents.

Apparently, the complexity of pectin at the primary structure
level can be translated to its behavior in solution and in gels.
Earlier, experiments by high-performance size-exclusion chro-
matography (HPSEC),3-5 light scattering,6,7 electron micros-
copy,8,9 and membrane osmometry in combination with end-
group titrations10 revealed that pectin formed aggregates in
solution. Static and dynamic light scattering studies on pectic
polysaccharides from the primary cell walls isolated from apple
pomace revealed the existence of cross-linked microgels.11

Subsequently, electron micrographs obtained by rotary shadow-
ing of peach pectin deposited on mica from water revealed the
existence of cross-linked microgels of pectin and indefinite-
sized sheets of cross-linked pectin.12,13In these same studies, it
was found that if pectin was deposited on mica from 5 mM
NaCl, cross-linked networks were dissociated into branched or

clustered pectin, and from 50 mM NaCl or 50% glycerol, rods,
segmented rods, or kinked rods could be observed. More recent
studies employing atomic force microscopy (AFM) on pectins
extracted from tomatoes appeared to visualize pectins with a
mixture of heterogeneous shapes.14 An interesting feature of
those studies was that branches or clusters of pectins were
observed that resembled the earlier electron microscope images
obtained from peach pectin.

Over the last several years we have studied the effect of
heating time on the physical properties of orange and lime pectin
obtained by flash extraction methods.15,16 Characterization by
HPSEC with light scattering and viscosity detection gave data
consistent with the concept derived from electron microscopy
that, at low heating times, pectin networks were extracted. With
increased heating time, networks were reduced first to branched
and then to linear molecules as described above. One objective
of this study was to determine the structure of pectin extracted
from oranges. A second objective was to determine the structure
of pectin networks in water and in high methoxyl sugar acid
gels (HMSAG). Both of these objectives were accomplished
by AFM imaging of pectin dissolved in water and in HMSAG.

Experimental Section

Materials. For solution studies, fresh albedo was obtained from
Florida, early Valencia oranges.15 Immediately upon arrival in the
laboratory, the flavedo was stripped manually from the skin with a
potato peeler, followed by removal of the albedo with a paring knife.
After the albedo was cut into small pieces (ca. 1 mm2) it was stored at
-20 °C in sealed polyethylene bags until extraction. For sugar acid
gel studies, early Valencia orange albedo partially stripped of flavedo
was obtained from a commercial supplier. Residual flavedo and pulp
sacs were removed with a paring knife. The albedo that remained was
chopped into small pieces (ca. 1 mm2), washed with HPLC-grade water,
and extracted as outlined below. To determine the accuracy of the AFM
calibration, lot 08-115 rat tail collagen, type 1, was obtained from
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Upstate Cell Signaling Solutions, Lake Placid, NY. The collagen as
received was dissolved in 0.02 N acetic acid at a concentration of 4
mg/ mL. The sample was serially diluted 10 000:1 with 0.05 N acetic
acid to a concentration of 0.4µg/mL.

Flash Extraction of Pectin. Orange albedo pectin for solution
studies was flash-extracted with microwave heating, This method has
been described in detail previously.15 Briefly, microwave heating was
performed in a model MDS-2000 microwave sample preparation system
(CEM Corp., Matthews, NC). Samples were irradiated with 630 W of
microwave power at a frequency of 2450 MHz. For each experiment,
six equally spaced cells were placed in the sample holder, a rotating
carousel. One vessel was equipped with temperature- and pressure-
sensing devices that measured and controlled the temperature and
pressure within the cell. Cells were loaded with 1 g ofalbedo dispersed
in 25 mL of HCl, pH 2.Time of irradiation was 3 min followed by
rapid cooling in a cold water bath to room temperature. The maximum
allowed pressure level within the cell was set at 52( 2 psi and the
maximum temperature within the cell was set at 195°C. The extraction
mixture was filtered to remove the insoluble residue. Solubilized pectin
was precipitated with 70% isopropyl alcohol (IPA) and washed once
with 70% IPA and once with 100% IPA. Finally, the sample was
vacuum-dried at room temperature and stored in screw-capped vials
until further use. The dry weight yield was 22%; degree of methyles-
terification (DE) 91%( 4%, anhydrogalacturonic acid (GA) 65%(
2%, neutral sugars (NS) 28%( 2%, Mw (529 ( 10) × 103, [η]w 8.8
( 0.1 dL/g,Rgz 47 ( 1 nm, Mark-Houwink exponent 0.50( 0.01.
DE was determined by HPLC,17 and GA was determined colorimetri-
cally,18 as was NS.19 Physical measurements were by HPSEC with on-
line light scattering and viscosity detection.16

Orange albedo pectin for gel studies was flash-extracted by steam
injection heating.16 The extraction vessel was a modified bacteria
fermenter capable of producing 30-g batches of pectin. Five gallons
(18.927 L) of pH 2.0 nitric acid (HNO3) was preheated to 95-100°C,
followed by the addition of 774 g of wet albedo. Then the temperature
was raised to 110°C and held there for 3 min. Next the sample was
rapidly cooled by use of an in-line cold water heat exchanger and
filtered through Miracloth. The pectin was precipitated by adding 11.4
L of 70% IPA to the supernatant. The supernatant was stirred and
allowed to stand at room temperature for1/2 h, followed by filtering.
The recovered pectin was washed with 4 L of 100% IPA and placed in
a -20 °C freezer overnight before being vacuum-dried the next day.
The dry weight yield was 14%; DE 65%( 2%, GA 77%( 1%, neutral
sugars (NS) 23%( 3%,Mw (685( 4) × 103, [η]w 8.4( 0.1 dL/g,Rgz

43 ( 1 nm, Mark-Houwink exponent 0.47( 0.01. Characterization
methods were as above.

Preparation of HMSAG and Determination of Gel Strength.
HMSAG was prepared by dissolving 0.7 g of the pectin to be tested in
102.2 g of a 0.01 M citrate buffer. The pH of the buffer was controlled
by the molar ratio of citric acid and sodium citrate. The pH values
used ranged from 2.86 to 3.71, corresponding to citric acid:sodium
citrate ratios of 93:7 to 70:30. The beaker containing the pectin solution
was placed in a 95-98 °C water bath, and 189.0 g of sucrose was
added with stirring. The mixture was covered and heated for 10 min
and then poured into three 45 mL weighing bottles (38 mm i.d.× 50
mm height). Scotch tape had been placed around the top of the bottles
to allow the gelling solution to be poured to a level above the rim of
the bottle. The solutions were allowed to cool at ambient room
temperature for 20 h. The tape was removed and the part of the gel
above the rim of the bottle was removed using a cheese cutter. The
final composition (w/w) of the gels was 0.25% pectin, 65% sucrose,
and 35% buffer.

Gel strength was determined with a Stable Microsystems TA-XT2
texture analyzer. Probe speed was 1.0 mm/s, and the 0.5-in. diameter
Delrin probe was allowed to penetrate to a depth of 15 mm. The
maximum in the force penetration curve was taken as the gel strength
at break. Three replicates were run for each sample.

Atomic Force Microscopy. For solution studies, samples were

dissolved in HPLC-grade water and serially diluted to the desired
concentration. Two microliters of the solution was pipetted onto a
freshly cleaved 10 mm diameter disk of mica and air-dried. The mica
was mounted in a Multimode scanning probe microscope with a
Nanoscope IIIa controller, operated as an atomic force microscope in
tapping mode (Veeco Instruments, Santa Barbara, CA). The thin layer
of pectin adhering to the mica surface was scanned with the AFM
operating in the intermittent contact mode with etched silicon probes
(TESP). The spring constants for these probes were 20-100 N/m and
the nominal tip radius of curvature was 5-10 nm.20 The cantilever
controls, namely, drive frequency, amplitude, gains, and amplitude set
point ratio (rsp), were adjusted to give images with the clearest image
details. Values ofrsp used in this study were about 0.95. The definition
of rsp is given by

Asp is the oscillating amplitude in contact with the sample whereasAo

is the freely oscillating amplitude (out of contact amplitude). Set point
amplitudes approaching 1 correspond to light normal forces, that is,
soft tapping.21

In the case of sugar acid gels,20 a thin (1 mm) slice of transparent
gel was cut manually from the gel with a stainless steel razor blade. A
freshly cleaved 10 mm diameter disk of mica was applied to the cut
surface of the gel. After 5-10 min, the disk was peeled off the gel
surface (peel transfer) and mounted in the AFM.

Images were analyzed by software version 5.12, revision B, which
is described in the Command Reference Manual supplied by the
manufacturer. Length, widths, and areas were determined by particle
analysis. For individual molecules adsorbed from dilute solution this
process is straightforward. In the case of gels’ objects of interest (OOI),
that is, strands and pores, the OOI must be separated from other objects
by a process called threshold segmentation. To accomplish this we chose
a threshold value for pixel intensity that removed or masked the intensity
of background pixels and allowed the pixel brightness of OOIs to remain
undiminished. Prior to particle analysis, low-pass filtering was applied
to reduce background noise and high-pass filtering was applied to
highlight the OOI, which are delineated from the background as areas
of rapidly changing height or phase.

Results and Discussion

To determine the accuracy of the instrument calibration, type
I rat tail collagen was deposited from a 0.05 N acetic acid
solution containing 0.4µg/mL collagen. Figure 1 contains height
images of individual and overlaid monomolecular collagen

Figure 1. Height image of type 1 rat tail collagen, dissolved in 0.05
N acetic acid, concentration 0.4 µg/mL, deposited on mica, air-dried.
Area shown is 1 µm2.

rsp ) Asp/Ao (1)
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molecules. The measured mean diameter of these molecules was
0.7 ( 0.2 nm. Sample size was 95 molecules. The consensus
range of values for monomolecular collagen is 1.0-1.5 nm as
determined over the years by various physical methods.22-24

Possibly the lower value obtained in this study was due to a
small amount of molecular compression due to probe tip-
sample interaction.25 The collagen images in Figure 1, a
combination of random coils and wormlike chains, are similar
to those found previously by AFM.25

Reliable molar mass and size characterization of macromol-
ecules in solution by techniques such as light scattering,
ultracentrifugation, membrane osmometry, and viscometry all
require concentration-dependent linear extrapolations to zero
concentration. In the case of polyelectrolytes, studies in water
in the absence of added electrolyte are difficult to interpret
because of nonlinear concentration dependence due to intra- and
intermolecular charge-charge interactions. For high methoxyl
pectin (HMP), a polyanion, the problem of self-interactions is
compounded by the presence of multiple hydroxyl groups
interspersed between carboxyl, carboxylate, methyl ester, and
acetal groups. All the groups, with the possible exception of
carboxylate and methyl ester groups, may be involved in the
formation of hydrogen bonds. The ester may interact through
hydrophobic interactions. Thus evidence indicating that HMP
undergoes aggregation in water, despite the presence of negative
charges, is not surprising.4,12,13

It has been shown by HPSEC with on-line viscosity detection4

and repeatedly by off-line viscometry26-28 that HMP exhibits a
hyperbolic rise in intrinsic viscosity with decreasing concentra-
tion. One might expect that with decreasing concentration there
would exist some concentration at which the hyperbolic viscosity
curve would pass through a maximum due to the dissociation
of aggregates as the concentration of dissolved pectin decreases.
This could happen provided the individual molecules undergoing
polyelectrolyte expansion are smaller in size than the aggregated
pectin. To the best of our knowledge, the concentration range
at which disaggregation occurs has not been reported for HMP
in water. The concentration dependence of the specific viscosity
of pectin in the presence of NaCl below 0.05 M exhibits a
maximum as zero concentration of pectin is approached.26 For
this case one might postulate that polyelectrolyte expansion is
suppressed by the added salt and that the maximum in specific
viscosity marks the transition from aggregates to individual
molecules. Figure 2 contains a height image obtained by

depositing pectin on mica from an aqueous solution in which
its concentration was 13.1µg/mL. Clearly visible in that figure
is network structure similar to that found for peach pectin, which
previously was visualized by electron microscopy.12,13 Also
visible are dense circular areas of pectin interspersed throughout
the network structure. Figure 3 contains a height image of pectin
deposited on mica from water in which the concentration prior
to deposition was 6.5µg/mL. Shapes imaged included rods,
segmented rods, kinked rods, rings, branched molecules, and
dense circular areas of pectin. Since no network structure is
visible, it appears that in the concentration range between 13.1
and 6.5 µg/mL a transition occurs from fluid networks to
individual molecules or aggregates of limited size. In the case
of peach pectin, microgel networks were observed at 10µg/
mL, so that for orange pectin, the transition range may start
below 10 µg/mL but above 6.5µg/mL.12,13 Previously,4 we
suggested that the hyperbolic rise in intrinsic viscosity with
decreasing pectin concentration resulted from aggregation. It
also has been suggested that these increases in intrinsic viscosity
resulted from polyelectrolyte expansion due to intramolecular
charge-charge repulsions along the pectin chain, the so-called
“polyelectrolyte effect”.26 Comparison of Figures 2 and 3 reveals
that pectin chains do appear to have expanded after the network
dissociated. Nevertheless, this change in size occurs at a
concentration too low to measure by capillary viscometry. In
fact, we expect this change in conformation of individual chains
to occur when the specific viscosity decreases with decreasing
concentrations. In that regime, as suggested above, the increase
in specific viscosity due to the “polyelectrolyte effect” would
be more than compensated for by a decrease in specific viscosity
due to the dissociation of larger aggregated networks.

In Figure 4 we highlighted 100 of the longest molecules
imaged in Figure 3. Table 1 contains average physical param-
eters of the highlighted molecules taken from five images. The
mean height for the molecules was 0.43( 0.03 nm. For tomato
pectin, the height of a “single” molecule ranged between 0.5
and 0.7 nm.14 For the case of peach pectin extracted by sodium
carbonate, cross-section analysis on a single strand gave a value
of 0.2 nm.29 If one assumes that the single pectin molecule is
cylindrical and the measured width,w, is broadened by a tip
with a radius of curvature (R), then the “true” molecular strand
radius (r) of the molecule based on geometrical considerations
is given by30

Figure 2. Height image of pectin dissolved in water, concentration
13.1 µg/mL, deposited on mica, air-dried. Pectin was prepared by
microwave heating. Area shown is 1 µm2.

Figure 3. Height image of pectin dissolved in water, concentration
6.5 µg/mL deposited on mica, air-dried. Area shown is 1 µm2.
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Manufacturers’ specifications for the value ofR for the tips used
in this study are less than 10 nm. Substituting that value forR
in eq 2 and 23 nm for the value ofw (see Table 1), then 2r, the
calculated maximum width of the molecule, is 6.6 nm. If one
considers that the measured height is 0.43 nm, it would appear
that there was lateral aggregation of as many as seven molecules.

The image in Figure 5A is the best example of a rodlike
molecule. Section analysis revealed a height of about 0.56 nm
(Figure 5B), a length of about 118 nm, and a width of about 14
nm. Calculating the width by eq 2 gave a corrected 2r value of
about 2.4 nm. Comparison of the height and corrected width
would indicate lateral aggregation of about four molecules.

For purposes of comparison with the pectins imaged from
solution, a series of high methoxyl pectin sugar acid gels
(HMSAG) were made and imaged by AFM. The gel strength
was varied by changing the pH of the buffer in which the pectin
and sugar were dissolved. The data in Figure 6 are a plot of gel
strength at break against pH fitted to a Gaussian curve. The
value of the coefficient of variance (R2) for the fit was 0.93.
AFM phase images of three of the gels plotted in Figure 6 are
shown in Figure 7.

Molecular dimensions obtained by segmentation analysis of
strands’ phase images in Figure 7 are given in Table 2. As in
a previous study,20 we found that in many instances the gels
were sufficiently flat that height images were barely visible.
Nevertheless, in those instances tip-surface interactions differed
greatly between the continuous interstitial pores and the strands,
such that we were able capture phase shift images of the gels.
In those instances geometrical tip broadening artifacts should
be negligible. In many of those instances the porous interstitial
phase was slightly higher than the strands so that a small amount
of tip narrowing artifacts may have occurred. The data in Table
2 appear to indicate that there is no simple correlation between

area, width, or length and gel strength. It appears from visual
examination of the gel images that uniform distribution of
strands and minimal space between strands may be important
factors in determining gel strength. The gel in Figure 7A has a
uniform distribution of strands and minimal space between
strands, whereas the strands in Figure 7B are nonuniformly
distributed and appear to be tangled rather than in a network
structure. In Figure 7C, large strands appear to be separated by
large spaces.

Figure 8A is a high-resolution phase image of the HMSAG
shown in Figure 7A. Comparison of this image with the height
image in Figure 2, that is, pectin networks in water with no
sugar or buffer present, reveals similarity of both images.

Figure 4. Height image of 100 highlighted pectin molecules dissolved
in water, concentration 6.5 µg/mL deposited on mica, air-dried. Pectin
was prepared by microwave heating. Area shown is 1 µm2.

Table 1. Dimension of One Hundred Longest Pectin Molecules

dimension mean std deva

height 0.427 nm 0.025
area 3750 nm2 350
length 182 nm 11
width 23.0 nm 1.4

a Standard deviation of 100 largest molecules in five analyses.

r ) w2/16R (2)

Figure 5. (A) Section analysis of pectin molecule dissolved in water,
concentration 6.5 µg/mL, deposited on mica, air-dried. (B) Trace of
height measurement.

Figure 6. Gel strength dependence on buffer pH for high methoxyl
sugar acid gels of pectin. Pectin was prepared by steam injection
heating.
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Observation reveals that that both networks are composed of
rods, segmented rods, kinked rods, rings, branched molecules,
and dense circular areas of pectin. These same shapes are visible
in Figure 3, dissociated pectin in water. In Figure 9, after
segmentation analysis on the phase image in Figure 8, we have
highlighted 100 of the largest molecules. These highlighted

molecules clearly show the existence of rods, segmented rods
and branched molecules observed in Figures 2-4 and 8.

4. Conclusions

On the basis of the air-dried AFM images herein, we conclude
that at concentrations greater than 10µg/mL, orange pectin
dissolved in pure water forms aggregated network structures.
When the pectin concentration is 6µg/mL or less, networks
dissociate into their component parts. Also, the component parts
tend to expand due to charge-charge repulsions along the chain,
the so-called “polyelectrolyte effect”. Nevertheless, rods, seg-
mented rods, kinked rods, rings, branched molecules, and dense
circular areas of pectin are visible. These same structures are
discernible at a pectin concentration of about 13.1µg/mL, a
concentration at which pectin forms networks when dissolved
in pure water, and in high methoxyl sugar acid gels of pectin.
Thus one might consider pectin networks in water at concentra-

Figure 7. Phase images of high methoxyl sugar acid gels of pectin.
Pectin was prepared by steam injection. A thin layer of gel was
obtained on the mica by peel transfer. (A) pH 3.41, gel strength 96
g; (B) pH 3.03, gel strength 29 g; (C) pH 2.86, gel strength 11 g.
Areas shown are 5 µm2.

Table 2. Average Strand Dimensions of Pectins Gelled from
Buffers with Different pH Values

pH gel strength, g area, nm width, nm length, nm

3.41 96 (8) 999 (239) 19 (6) 93 (24)
3.49 55 (13) 446 (200) 10 (5) 50 (28)
3.03 29 (1) 1453 (320) 16 (5) 74 (20)
2.86 11 (1) 516 (406) 7 (2) 36 (11)

Figure 8. High-resolution phase image of high methoxyl sugar acid
gel of pectin. Pectin was prepared by steam injection. A thin layer of
gel was obtained on the mica by peel transfer. pH 3.41 gel strength
was 96 g. Areas shown are 1 µm2.

Figure 9. One hundred highlighted components obtained by seg-
mentation analysis of highlighted components. Areas shown are
1 µm2.
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tions in excess of 10µg/mL to be fluid precursors of high
methoxyl sugar acid gels. In the latter case, the pectin in the
gels may be “fixed” in a metastable state by preferential
solvation of the pectin network with a high concentration of a
sugar in acid buffer.20 The networks imaged in this work are
comparable to rotary-shadowed peach pectin molecules depos-
ited on mica from water and imaged by electron microscopy.12,13

This comparability is significant in that the network structure
of pectin deposited from aqueous solution has been demonstrated
for orange pectin as well as peach pectin. Furthermore, air-
dried samples and rapidly dried samples under high vacuum
gave comparable results. Moreover our conclusions are con-
sistent with our previous work done in solution as referenced
throughout this paper.
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