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Images of native high-methoxyl sugar acid gels (HMSAGs) were obtained by atomic force microscopy
(AFM) in the Tapping Mode™. Electronic thinning of the pectin strands to one-pixel wide allowed the pec-
tin network to be viewed in the absence of variable strand widths related to preferentially solvated sugar.
Thinned images revealed that HMSAGs of pectin comprise a partially cross-linked network, in that many
of the cross-linking moieties are attached at only one end. Based on their structural similarities, aggre-

gated pectin in water appears to be a fluid precursor of a HMSAG of pectin. Furthermore, examination
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large and small spaces.

of AFM images revealed that gels with ‘uniform’ distribution of strands and pores between strands had
higher gel strengths than gels in which strands were non-uniformly distributed and were separated by
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1. Introduction

Pectin is a heterogeneous and complex polysaccharide found in
the cell walls of most higher plants.! It is mainly a copolymer of (1-
4) o-p linked galacturonic acid and its methyl ester, which is often
referred to as the homogalacturonan (HG) or the smooth region of
pectin. It is this region which is most abundant in pectin, particu-
larly in citrus fruits. In the case of flash-extracted pectins from the
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albedo of oranges? and limes,> about 80-90% of the pectins com-
prised anhydrogalacturonate. Some HGs contain pendant xylose
units. The second most abundant constituent in pectin is rhamno-
galacturonan which contains arabinan, galactan, and arabinogalac-
tan side chains. This region is often referred to as the hairy region
of pectin. Most of the monosaccharides in pectin are found collec-
tively in these two regions.

The most important function of pectin commercially is that it
acts as a gelling or thickening agent in processed foods.! Thus,
there has been great interest in the structure and function of
high-methoxyl sugar acid gels (HMSAGs) of pectin. Current
thoughts on the structure of pectin gels can be found in work re-
ported elsewhere.*™® In short, it is believed that pectin gel net-
works form due to polymer-polymer interactions stabilized by a
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combination of hydrophobic interactions and hydrogen bonds and
enabled by the formation of junction zones. Low-acid pH promotes
hydrogen bonding between non-esterified carboxyl groups on the
polysaccharide, high degrees of methylesterification of the poly-
saccharide promote intermolecular hydrophobic interactions, and
high sugar content desiccates the polysaccharide of water enabling
closer inter-polymeric contacts. The evidence to support these con-
cepts comes from a wide variety of physical measurements.® None-
theless, the development of atomic force microscope (AFM)
techniques has allowed, for the first time, the visualization of
HMSAG at the nanoscale level in their native state with minimal
sample preparation. A detailed description of the theory of AFM
and its application in biological systems is given in work reported
elsewhere.!”

2. Experimental
2.1. Material

Fresh albedo was obtained from Florida, early Valencia oranges,
and Florida tropical seedless limes. Immediately upon arrival in the
laboratory, the flavedo was stripped manually from the skin with a
fruit and vegetable peeler, followed by removal of the albedo with
a paring knife. After cutting the albedo into small pieces (ca.
1 mm?), it was stored at —20 °C in sealed polyethylene bags until
extraction. Commercial citrus pectin (MexPec 1400, degree of
methylesterification, 71%) was supplied by the Grinsted Division
of Danisco-Cultor (Kansas City, KS) in dry powder form and used
as received.

2.2. Extraction

Two methods of extracting pectin rapidly (i.e., Flash extraction)
from albedo had been described in detail previously: one method
uses microwaves,? the other steam injection.!! Briefly, microwave
heating was performed in a model MDS-2000 microwave sample
preparation system (CEM Corp., Mathews, NC). Time of irradiation
was 3 min followed by rapid cooling in a cold water bath to room
temperature. Extractions were in closed microwave transparent
cells. After 3 min, the pressure in the cell was 30 psi and the tem-
perature was 120 °C. Cells were loaded with 1 g of albedo dis-
persed in 25 mL of HCI, pH 2. Solubilized pectin was precipitated
with 70% isopropyl alcohol (IPA), washed once with 70% IPA and
once with 100% IPA. The sample was dried by vacuum at room
temperature and stored in screw-capped vials until further use.

Flash extraction of orange albedo pectin by steam injection
heating had been described previously.!?'!? The closed extraction
vessel was a modified bacteria fermenter capable of producing
30 g batches of pectin. Five gallons of pH 2.0 nitric acid (HNOs3)
were 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 using an in
line cold water heat exchanger and filtered through miracloth.
The pectin was precipitated by adding 11.4 L of 70% IPA to super-
natant. The supernatant was stirred and allowed to stand at room
temperature for 1/2 h, followed by filtering. The recovered pectin
was washed with 4 L of 100% IPA and placed in freezer overnight
before being vacuum dried the next day.

2.3. Preparation of gels and determination of gel strength

Preparation of gels and measurement of gel strength had been
described previously.'>!® Final composition (w/w) of the gels
was 0.25% pectin, 65% sucrose, and 35% buffer. The pH of the buffer
was controlled by the molar ratio of citric acid and sodium citrate.

Gel strength (force which ruptured the gel) was determined with a
Stable Microsystems TA-XT2 Texture Analyzer.

2.4. Atomic force microscopy

For solution studies, samples were dissolved in HPLC grade
water and were serially diluted to the desired concentration. Two
microliters of the solution were pipetted onto a freshly cleaved
10 mm diameter disk of mica and were air dried. The mica was
mounted in a Multimode Scanning Probe microscope with a Nano-
scope Illa controller, operated as an atomic force microscope in the
Tapping Mode (Veeco Instruments, Santa Barbara, CA). A concen-
tration-dependent dispersion of pectin adhering to the mica sur-
face was scanned with the AFM operating in the intermittent
contact mode using tapping mode etched silicon probes (TESPs).
Additional information concerning the AFM and its operation can
be found in work reported elsewhere.!>!3

In the case of sugar acid gels, 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.

Selected images were analyzed by software version 5.12 rev. 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 in dilute solution,
this process is straightforward. In the case of gels objects of inter-
est (OOI), that is, strands and pores, the OOl must be separated
from other objects by a process called threshold segmentation.
To accomplish this, we chose a threshold value for pixel intensity
which removed or masked the intensity of background pixels and
allowed the pixel brightness of OOIs to remain undiminished. Prior
to particle analysis, lowpass filtering was applied to reduce back-
ground noise; in some cases, high pass filtering was applied to
highlight the OOIs which are delineated from the background as
areas of rapidly changing height or phase.

Repeatedly during the course of AFM experiments, the cantile-
ver was tuned to resonance by a feature of the manufacture-sup-
plied software called autotune. This feature automatically centers
the phase so that the phase-shift will always be positive (brighter).

3. Results and discussion

Several years ago, we demonstrated by electron microscopy
that peach pectin when imaged from dilute aqueous solution
formed network structures,'*!5 and the networks could be dissoci-
ated into their component parts by the addition to the solution of
50% glycerol or 5-50 mM NacCl. This provided direct evidence for
the role of hydrogen bonds in network formation. These studies
have led us to suggest that possibly, the networks in the solution
were precursors to the networks formed in HMSAG of pectin. More
recently (see Fig. 1), we were able to show by AFM that orange pec-
tin when imaged from dilute aqueous solution formed network
structures similar to those formed by peach pectin.!®> Although,
the AFM images required far less sample preparation than those
from electron microscopy, both samples were dehydrated when
imaged.

In the case of HMSAG of pectin, we were able to obtain their
AFM images in the hydrated state simply by scanning over the hy-
drated gel which was thinly layered on freshly cleaved mica. Figure
2A and B are images of commercial citrus pectin obtained from
such an experiment. In TappingMode AFM, the cantilever is excited
into resonance oscillation with a piezoelectric driver. Figure 2A is a
height image generated by the rise and fall of the AFM cantilever as
the probe tip scans over the surface of the gel in soft tapping mode.
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Figure 1. Height image of pectin dissolved in water, concentration 13.1 pg/mL
deposited on mica, air dried. Reprinted from Ref. 12.

Figure 2B, the phase-shift image, is generated simultaneously due
to phase lag between the wave form of the vibrating AFM cantile-
ver as the probe tip scans over the sample and the wave form of the
drive. Comparison of Figure 2A and B reveals that the two images
are related to one another in the same way as a positive and a neg-
ative of a photograph taken with film are related to each other. Fur-
thermore, Figure 2A reveals that the strands of the gel (indicated
by the brown color) are clefts in the interstitial fluid. If the strands
were above the interstitial fluid, they would be of the same color as
those in 2B. Immediately after peel transfer of the gel on mica, the
contrast between strands and the interstitial fluid gradually fades
until the strands are barely visible. This phenomenon is due to
the height of the interstitial fluid decreasing which results in a flat-
tening of the sample. Because the strands are in a cleft, it is not
possible to measure their height. Nonetheless, even though the
gel has flattened, there is still sufficient delineation between strand
and interstitial fluid to produce phase-shift images with good con-
trast. The contrast is due to a difference in interactions between
probe and strand as compared to probe and interstitial fluid.

We believe that ‘clefts’ beneath the surface of the interstitial
fluid resulted from the method of sample preparation and were

marked by their dark appearance in height images. Image interpre-
tation was guided by repeatable, experimental observations as well
as some theoretical considerations of the instrumental mechanism
of image formation; the appearance of prominent cleft-like depres-
sions in the height image was always a diminishing transient, last-
ing upwards of 30 min of continuous scanning (in contrast to the
persistent phase-shift image lasting for a few hours). As described
in earlier publications, a scoop of the free-standing, solid gel was
cut or dissected with a stainless steel razor blade into a millimeter
thin slab, then the surface of the slab was ‘peeled’ onto mica
mounted on a metal disk. Peel transfer describes the process of
gently setting the mica attached to the sample disk on the gel slab
and gently lifting it off. Those preparative actions together are
likely to produce a fresh thin layer of the gel on the mica which
was immediately scanned under ambient conditions in air. We rea-
soned that the viscous interstitial phase of the gel might be lifted
by the mechanics of the preparative steps into slightly elevated
levels above the more dense strands of pectin, and was then slowly
relaxed to a position that was in level with the network of strands.

An alternate interpretation of the dark strands in the height im-
age is based on the assumption that there is larger damping of the
cantilever amplitude in the porous interstitial phase of the gel over
damping of the cantilever amplitude in the pectin strand phase.
This phenomenon might occur if there is capillary adhesion of
the probe tip in the fluid phase but little or no adhesion of the
tip in the phase containing pectin strands if the strands were fi-
brous and dry. It has been found elsewhere that at the high set-
point ratio (0.95) used in this study, the phase image obtained is
dominated by adhesion forces between the surface and the probe
tip rather than repulsive forces as would be true if the strands were
hard and dry and the set-point ratio was less than 0.6.'%'7 In view
of the high concentration of sucrose present, the vapor pressure of
the buffer solution is expected to be low and consequently, evapo-
ration of solvent is expected to be low which accounts for the min-
imal evaporation of solvent which we observed during the time
frame of AFM imaging. Because sucrose is dissolved, we hypothe-
size that the fluid behaves like a binary solvent of two hydrogen
bonding components in the presence of a glucan, namely water
and sucrose in the presence of pectin. It has been shown elsewhere
that in such systems, if one of the solvating agents is greatly in ex-
cess of the other, then the excess agent will preferentially solvate
the glucan.’® Thus, in the case of HMSAG, pectin will be coated
with a ‘sticky’ layer of buffer and sucrose in which the concentra-

Figure 2. Matching images of (A) height and (B) phase-shift of an acid gel made from commercial citrus pectin (CCP). The organization of thin clefts or depressions in the
surface of the gel in (A) corresponds to the arrangement of phase-shifted areas in (B). Reprinted from Ref. 13.
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tion of sucrose in that sticky layer will be higher than in the overall
solution and more importantly in the interstitial phase. Hence, the
phase-shift of the oscillating cantilever will be greater when scan-
ning over the pectin strands than when scanning over the intersti-
tial space due to greater adhesion between pectin phase and tip
than between interstitial phase and tip. Since the phase angle
was found to be constant while scanning the sample, it is reason-
able to assume that evaporation of water in the sample is not
significant.

Figure 3 contains phase-shift images of commercial citrus pec-
tin (CCP), orange albedo pectin (OAP), and lime albedo pectin
(LAP). For purposes of comparison, gels were made at the pH value
which gave optimum gel strengths at break. LAP gave a value of
9.1 KPa (117 g) at pH 3.53; OAP gave a value of 8.3 KPa (107 g) at
pH 3.23, and CCP gave a value of 6.7 KPa (87 g) at pH 3.00. Tables
1 and 2 contain molecular dimensions of gel segments obtained by
threshold segmentation for the gels in Figure 3. Dimensions of 100
of the largest gel segments and 100 of the largest pores obtained
from phase images are given in Table 1. Area, length, and width
dimensions are smaller for LAP than for either OAP or CCP. All three
pectin sources gave about the same dimensions for pores. Compa-
rable dimensions of strands are larger than those of pores. Height
measurements on individual OAP molecules by AFM gave a value
of about 4.3 £0.03 nm."? In this study, width measurements on
large strands gave average values of about 28 nm for CCP and
OAP gels, and about 20 nm for LAP gels. If we assume that the
width of a sugar molecule is about 0.5 nm, as many as 47 sugar
molecules could be immobilized laterally to a single large pectin
molecule. Even if as indicated by studies in dilute solution'*!® that
as many as four pectin molecules are aggregated in a strand, the to-
tal number of laterally immobilized sugars would change only
slightly.

Dimensions of the strands and pores for the entire field are gi-
ven in Table 2. These numbers were obtained from 3 phase images
for each kind of gel. In the case of strands, fields were averaged
from 3004, 2848, and 4222 objects for CCP, OAP, and LAP, respec-
tively. For pores, fields were averaged from 4551, 4947, and 5852
objects for CCP, OAP, and LAP, respectively. Comparison of the data
in Tables 1 and 2 reveals that there are many more barely visible
small segments in the sample than there are large segments. The
ratio of strand to interstitial area for CCP, OAP, and LAP is 0.83,
0.77, and 0.87, respectively, for the entire field. The percentage of
the whole field area which is polymer is 45%, 43%, and 46% for
CCP, OAP, and LAP, respectively. The last finding is rather remark-
able if one considers that the ratio of sucrose to pectin (w/w) is
260:1. If one assumes that the strands comprise a pectin frame-
work holding bound or immobilized sucrose and that the bound
sucrose is proportional to the strand area, then the ratio of bound
sucrose to pectin will be in the range of 112:1-120:1.

In any study involving imaging by AFM, one must consider the
effect of probe sample interactions on the molecular dimensions
that are obtained. An important artifact which requires consider-
ation is over- or underestimating molecular dimensions of the
molecules under examination. The tapping mode probes used in
this study are pyramidal in shape. If the molecule which is being
measured sits on a surface, the side of the probe will cause the
tip to rise before it reaches the leading edge of the molecule and
to fall after it passes over the trailing edge of the molecule. In that
case, the measured dimension will be larger than the actual dimen-
sion. This effect has been termed ‘probe broadening’.!° If the mole-
cule sits in a cleft or a well below the surface, the tip will not
reach the bottom of the cleft until it has passed the leading edge
of the molecule. Furthermore, the tip will rise prior to reaching
the trailing edge of the molecule. In that case, the measured
dimension will be smaller than the actual dimension. This effect
could be termed ‘probe narrowing’. In Figure 2, we clearly demon-

it
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Figure 3. Comparison of phase-shift images of acid gels from three sources. (A)
commercial citrus pectin, (B) orange albedo pectin, (C) lime albedo pectin.
Reprinted from Ref. 13.

strate that the strands are in a cleft below the surface of the inter-
stitial fluid (pores). Thus, it is possible that we underestimated the
area and width of the strands and overestimated the area and
width of the pores. The flatness of the sample and the high set-
point ratio (about 0.95) employed in this study should work to mit-
igate the effects of these artifacts.

Figure 4A-C, images of CCP, OAP, and LAP, respectively, were
obtained by electronically thinning strands of phase images such
as those shown in Figures 2B and 3. The strands in these images
were thinned to a width of 1 pixel. These images reveal that the
presumed pectin framework in the absence of sucrose is a partially
cross-linked network (PCN) in that many of the potential cross-
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Table 1
Dimension of 100 largest gel segments®
Sample Strands Pores
Area Length Width (nm) Area Length Width
(nm?) (nm) (nm?) (nm) (nm)
CCP 1598 (126) 118 (3) 27.6(2.5) 703 (98) 70.1(4.9) 14.2(2.8)
OAP 1734 (84) 119(4) 286(2.7) 629(37) 64.7(3.8) 12.8(0.6)
LAP 1107 (208) 100 (6) 19.8(12)  514(127) 56.8(6.0) 11.6(2.5)

Reprinted from Ref. 13.
2 Numbers in parentheses are standard deviations of triplicate analysis.

Table 2
Dimension of entire field of gel segments®
Sample Strands Pores
Area Length Width Area Length Width
(nm?) (nm) (nm) (nm?) (nm) (nm)
ccp 260(9) 28.0(0.7) 7.88(0.22) 207(29) 22.0(6.0) 7.80(0.76)
OAP 254 (40) 27.8(1.7) 7.76 (0.61) 190(20) 25.1(1.4) 7.49 (0.45)
LAP 183 (32) 25.1(0.8) 6.57 (0.44) 152 (33) 21.7(2.5) 6.91(0.73)

Reprinted from Ref. 13.
2 Numbers in parentheses are standard deviations of triplicate analysis.

linking moieties have linked only at one end. Visual examination
reveals that the density of molecules in the PCN is somewhat
greater for LAP gels than for OAP or CCP gels. The greater number
of objects in LAP gels over CCP or OAP gels is consistent with a
higher pectin density for LAP as compared with either CCP or
OAP. We note that there are several similarities between the
images in Figure 4 and previously rotary-shadowed images of
peach pectin'# from dilute aqueous solutions of 0.005 M NaCl. In
the cases of both the peach and the citrus, the networks are a col-
lection of mostly open branched structures. All but a few of the
branches are tri-functional. Furthermore, all structures comprised
rods, segmented rods, kinked rods, or combinations of these ele-
ments linked at their ends. Although some of the branched points
could be construed as arising from junction zones, a significant
number of branch points occur at right angles. These could arise
from the joining of individual functional groups such as hydrogen
bond formation between oxygen from carboxyl groups, OH groups,
or glycosidic bonds and hydrogens from carboxyls and OH groups.
This picture is in sharp contrast to the appearance of the gels when
the adsorbed sugars are visualized, for example, Figures 2 and 3. In
this case, most branched points appear to be formed from ‘cooper-
ative junctions whose stability depends on the specific energy of
the linkages and the number of units cooperatively bound’.?° One
might infer from these images that the adsorbed sugar molecules
function as a coating which aids in strengthening branch points,
possibly through cooperative interactions.

Recently, Logren et al.” imaged thin sections of HMSAG cross-
linked with glutaraldehyde, stained with ruthenium red, and dehy-
drated for imaging by transmission electron microscopy. They im-
aged areas which were in the range of 0.5-4 pm?, whereas our
fields were 1-25 um?. They described open networks with many
pores greater than 0.5 pm in diameter, and the strands were aggre-
gated in bundles or in loose aggregates and branched in an irregu-
lar pattern. Furthermore, they suggested that there was a tendency
toward parallel alignment of strands and that strands appeared
stiff and straight.

Our direct images of native gels (Fig. 4A-C) revealed a uniformly
distributed PCN of strands in which strands appear branched and
stiff. As mentioned previously, in addition to straight rodlike
strands, our images reveal curved and kinked strands (segmented
rods and kinked rods). Rees and Wight?! predicted that pectin

A2
%

FAP{

o

Figure 4. Electronically thinned strands from phase images of gels. (A) Commercial
citrus pectin, CCP; (B) orange albedo pectin, OAP; (C) lime albedo pectin, LAP.
Images appear to reveal pectin framework in the absence of sucrose. Joined
structures within the frame work are combinations of rods (R), segmented rods
(SR), and kinked rods (KR). Reprinted from Ref. 13.

molecules would kink at points where rhamnose was located in
the pectin backbone based on NMR measurements in combination
with modeling studies. As indicated by differences in height
images, that is, strands that are below and flush with the surface
of the interstitial fluid, the gel appears quite fluid. In contrast,
the components of the PCN’'s appear quite stiff. In fact, the
networks may be quite deformable in that they are partially
cross-linked and held together by secondary forces, for example,
hydrogen bonds and van der Waals forces, which may break when
subjected to pressure and reform when the pressure is released.
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This could be the basis of pectin’s unique ability to form spreadable
gels.

In Table 1, the average pore length for 100 of the largest pores
from the three kinds of gels ranged from about 57-70 nm, the aver-
age pore width from about 12-14 nm and the average pore area
from about 514-703 nm?. Table 2 contains averages of all pores
in a 1 um? area. In this case, average lengths are about 23 nm,
widths about 7.5 nm and areas about 183 nm?. Also worthy of note
is that comparison of images of structures in a 1 um? area with
those in a 25 um? area (image not shown) revealed that in both
cases structures are uniformly distributed.

Figure 5. Phase images of pectin high-methoxyl sugar acid gels. Pectin prepared by
steam injection. Thin layer of gel smeared on mica. (A) pH 3.41, gel strength (g) 96;
(B) pH 3.03, gel strength (g) 29; (C) pH 2.86, gel strength (g) 11. Reprinted from Ref.
12.

A plot of the force at which the gel ruptured (sometimes re-
ferred to as gel strength at break in the literature) against pH of
the buffer strength used in making a HMSAG of pectin can be fitted
to a Gaussian curve.'> With the intention of correlating gel struc-
ture with gel strength at break, we investigated by AFM of the
structure of three gels in which gel strength was varied by chang-
ing the pH of the buffer in which the pectin and sugar were dis-
solved. Images generated in that study are shown in Figure 5A-C.
The three gels shown in Figure 5 were made with buffer pHs of
3.41(A), 3.03(B), and 2.86(C) and had gel strengths of 96 +8 g,
29+1g,and 11 + 1 g, respectively. It appears from visual examina-
tion of the gels images that uniform distribution of strands and
minimal space between strands may be important factors in deter-
mining gel strength. The strands in the gel which is imaged in
Figure 5A are distributed uniformly, and there is minimal space
between strands whereas the strands in Figure 5B are non-
uniformly distributed and appear to be tangled rather than in a
network structure. In Figure 5C, large strands appear to be
separated by large spaces.

4. Conclusions

Based on structural similarities, aggregated pectin in water ap-
pears to be a fluid precursor of a HMSAG of pectin. The role of sugar
in HMSAG of pectin may be to fix pectin strands in a metastable
state by preferential solvation of the pectin network arising from
the high concentration of sugar present. Electronically thinning
of pectin strands to one-pixel width produced a view of the pectin
framework stripped of sucrose. Based on these images, it appears
that pectin in HMSAG is a partially cross-linked network in that
many of the cross-linking moieties are attached at only one end.
This partial cross-linking of the pectin strands may be related to
the relative fluidity of HMSAG of pectin as compared to other gels.
Gel strength appears to be correlated to the density of pectin
strands and to the uniformity of pectin distribution within the gels.
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