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Abstract

Polysaccharide polymers like pectin can demonstrate striking and reversible changes in their
physical properties depending upon relatively small changes in water content. Recent interest in
using pectin polysaccharides as mesothelial sealants suggests that water content, rather than
nonphysiologic changes in temperature, may be a practical approach to optimize the physical
properties of the pectin biopolymers. Here, we used humidified environments to manipulate the
water content of dispersed solution of pectins with a high degree of methyl esterification (high-
methoxyl pectin; HMP). The gel phase transition was identified by a nonlinear increase in
compression resistance at a water content of 50% (w/w). The gel phase was associated with a
punched-out fracture pattern and SEM images that revealed a cribiform (Swiss cheese-like) pectin
microstructure. The glass phase transition was identified by a marked increase in resilience and
stiffness. The glass phase was associated with a star-burst fracture pattern and SEM images that
demonstrated a homogeneous pectin microstructure. In contrast, the burst strength of the pectin
films was largely independent of water content over a range from 5% to 30% (w/w). These
observations indicate the potential to use water content in the selective regulation of the physical
properties of HMP biopolymers.

"Corresponding author: smentzer@bwh.harvard.edu (SIM).
The authors confirm that there are no known conflicts of interest associated with this publication and there has been no significant
financial support for this work that could have influenced its outcome.
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Introduction

Methods

A variety of polysaccharide polymers have been used in tissue engineering applications
including alginate,! agarose,2 cellulose,3 chitin® and pectin®. Pectin is a particularly versatile
polysaccharide because of its chemical and structural features.%:” Chemically, a unique
characteristic of pectin is its high content of partially esterified linear chains of (1,4)-alpha-
D-galacturonic acid residues that are resistant to acid environments and proteolytic enzymes.
8-10 pectin is a heteropolysaccharide that is an important component of the middle lamella
of most plants.11 In addition to the linear chains of galacturonic acid residues, known as
homogalacturonan or polygalacturonan, pectin is composed of highly branched pectic
domains known as rhamnogalacturonan | (RGI), which have a complex composition that
differs between plant species®. An additional branched pectin domain, RGII, also exists in
plant cell walls but is present in lower amounts and is more conserved across different
species and cell types.12 The physical interaction of these branched domains, and in
particular RGI, has been suggested as an explanation for pectin’s adhesivity to the
mesothelial glycocalyx of visceral organs®13.14, although the specific role(s) of the
homogalacturonan versus branched domains in the adhesivity of pectin to the mesothelial
matrix remains to be determined. It is this distinctive adhesive property that has led to
pectin’s proposed use as a mesothelial sealant.513.14

An intriguing feature of polysaccharide polymers are their adjustable physical properties; a
phenomenon typically associated with changes in temperature and water content.1516
Although temperature manipulations are limited in biomedical applications, polysaccharide
polymers like pectin can demonstrate striking and reversible changes in their physical
properties in the presence of even trace amounts of water.1” The loss of water alone from a
dispersed solution of pectins with a high degree of methyl esterification (so-called high-
methoxyl pectins) can lead to the initial polymerization of the pectin.18 This so-called “gel
transition” is associated with a discrete change in the physical properties of the pectin from a
viscous liquid to a soft and rubbery gel.1%20 The ongoing loss of water from the pectin gel
leads to a second discrete step, so-called “glass transition,” associated with a change in the
physical properties of the pectin from soft and rubbery to hard and brittle. Although the
emergence of these physical properties suggests discrete stages in pectin organization, the
microstructural implications of these phase transitions remain unclear.21-23

In this report, we studied tunable mechanical and microstructural properties of high-
methoxyl pectin (HMP) films as a function of water content alone. Using controlled
humidity environments and film properties relevant to biomedical applications, we
demonstrated the practical features of the phase transitions commonly associated with pectin
polysaccharides.

Pectin. Pectin.

The citrus pectins were obtained from a commercial source (Cargill, Minneapolis, MN,
USA) with a glycosyl residue content of 78-86% mole % galacturonic acid, 2-3%
rhamnose, 9-14% galactose and 0.5-5% arabinose based on gas chromatography—mass
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spectrometry of trimethylsilyl derivatives?4 and a 77-85% homogalacturonan and 16-23%
RGI content. The proportion of galacturonic acid residues in the methyl ester form
determined the degree of methoxylation. High-methoxyl pectins (HMP) were defined as
those pectin polymers with a greater than 50% degree of methoxylation (Mean=67+8%).
The pectin powder was stored at 20% relative humidity and 25°C.

Pectin dissolution in water.

The pectin powder was dissolved at 25°C by a step-wise increase in added water to avoid
undissolved powder to 3% (w/w);2> exogenous heat was not used. Swelling and softening of
the particles was followed by fluidization and dissolution.2 The complete dissolution of the
pectin was achieved by a high-shear 10,000 rpm rotor-stator mixer (L5M-A, Silverson, East
Longmeadow, MA USA). Plateau viscosity was monitored using digital tachometer and
ammeter (DatalLogger, Silverson). The dissolved pectin was poured into a standard mold for
further studies.

Humidification chamber.

A custom designed 5.7-liter translucent polycarbonate humidification chamber constructed
to be air-tight when sealed, as well as compatible with the materials analyzer (TA-XT plus,
Stable Micro Systems) for serial measurements, was used. Humidification was produced by
an ultrasonic humidifier or manual aerosol device. The chamber was monitored by wireless
(bluetooth) hygrometer and thermometer sensors (Inkbird, Shenzhen, PRC). The data
recording device was maintained within the humidification chamber throughout each
experiment.

Compression and decompression.

Compression testing was performed to determine the behavior of the films under a
compressive load. After calibration of the 5 kg load cell (TA-XT plus, Stable Micro
Systems) a 25 mm diameter acrylic disc was mounted to the crosshead over the center of the
pectin polymer. The disc contacted the film at a test speed of 1 mm/sec and probed to a
depth of 50% of the standardized film thickness (calibrated by AT-XT plus) to record the
peak or maximum force on compression (positive deflection). The area under the positive
curve was defined as the work of compression. The disc was then withdrawn at a test speed
of 1 mm/sec to record the force required to withdraw the disc from the pectin (negative
deflection). Data were acquired at 500 points per second

Resilience and stiffness.

Resilience testing was performed to determine the elastic energy absorbed by the pectin
biopolymers; that is, the area under the elastic portion of the stress-strain curve. Resilience,
stiffness and springiness were measured using an TA-XT plus (Stable Micro Systems). After
calibration of the 5 kg load cell, a 5 mm spherical probe descended at a test speed of 1
mm/sec (1 gm trigger force) to a limit of 85% strain and was withdrawn at the identical
speed. The ratio of the area under the force curve during compression (Area 1) and
withdrawal (Area 2) was defined as resilience (R=Area 2/Area 1). Stiffness was defined as
the slope of the linear portion of the compression curve.
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Fracture mechanics.

To determine the pattern and topology of the fracture, the biopolymers were subjected to a
controlled uniaxial load normal to the plane of the polymer film. A 5 mm stainless steel
spherical probe was mounted to a 5 kg load cell and positioned centrally over the
biopolymer. The probe compressed the biopolymers at a test speed of 0.5 mm/sec until
fracture. The fracture force and distance were recorded at 500 pps.

Scanning electron microscopy.

After coating with 20-25 A gold in an argon atmosphere, the pectin films were imaged using
a Philips XL30 ESEM scanning electron microscope (Philips, Eindhoven, Netherlands) at 15
Kev and 21 pA. Stereo pair images were obtained using a tilt angle difference of 6° on a
eucentric sample holder using standardized automation.

Statistical analysis.

Results

The statistical analysis was based on a minimum of 100 films derived from at least three
different pectin batches. The unpaired Student’s t test for samples of unequal variances was
used to calculate statistical significance. The data were expressed as mean + one standard
deviation. The significance level for the sample distribution was defined as p<.01. The
coefficient of determination or R? was determined for each test. Residual plots were
assessed for systematic error.

Pectin film preparation.

With the appropriate intrinsic conditions,2’ evaporation alone is sufficient for a distinct
change in physical properties of high-methoxyl pectin (HMP).28 HMP films (2% to 4% w/w
in water) were prepared using a high-shear mixer (Figure 1A). The HMP films were cured in
a 20% relative humidity environment. In this environment, there was a subjective change in
the physical properties of the films at 12 hours and 24 hours corresponding to classic
definitions of gel and glass transitions2? (Figure 1B). To provide an empirical measure of
gelation, a flat cylinder probe was programmed to penetrate to a depth of 50% of the film
thickness (Figure 1C) with measurement of both compression and withdrawal forces (Figure
1D). The compression test demonstrated a marked increase in required compression force at
12 hours (Figure 1E). Similarly, the withdrawal of the probe, corresponding to the stickiness
and cohesion of the films, also demonstrated a marked increase after 12 hours (Figure 1F).

Pectin film resilience.

To assess the response to physical deformation, we measured the effect of water content on
film resilience and stiffness. The films were probed with a 5 mm spherical stainless-steel
probe to 70% estimated strain (Figure 2A). Resilience was calculated as the ratio between
the absorbed energy during film deformation and the released energy during unloading
(Figure 2B). The resilience curves demonstrated progressive displacement with increasing
water content (Figure 2C). The corresponding resilience curves showed a decrease in
resilience (Figure 2D; R2=0.974) and increase in deformation distance (Figure 2E;

J Biomed Mater Res A. Author manuscript; available in PMC 2021 February 01.
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R2=0.859) with increased water content. Similarly, the measured polymer stiffness
decreased with increased water content (Figure 2F; R2=0.999).

Glass transition.

To assess film burst strength, we assessed the effect of water content on film burst force and
fracture pattern. The films were probed at a controlled rate (2 mm/sec) until film rupture; the
required force and distance were recorded (Figure 3A). The burst testing demonstrated
comparable burst strength, but increasing extensibility, with increased water content (Figure
3B). Despite occasional outliers likely related to film preparation defects, the trends of
preserved burst strength were consistent (Figure 3C). In contrast, extensibility increased with
increasing water content (Figure 3D). Finally, the deformation-induced fracture pattern
provided a practical definition of the glass transition. Water content greater than 20% (w/w)
was associated with the ‘punched-out’ fracture pattern representative of gel films (Figure
3E). In contrast, films with water content less than 5% (w/w) demonstrated the ‘star-burst’
fracture pattern characteristic of glass films (Figure 3F).

Fracture patterns.

To assess the microstructure associated with gel and glass transitions, we examined the
fracture patterns of films using scanning electron microscopy (SEM). The fracture patterns
of films with water content greater than 20% (w/w) demonstrated a simple line fracture or,
more commonly, a simple ‘punched-out” hole in the film reflecting the dimensions of the
spherical probe (Figure 4A). An interesting feature of these films was the presence of
amorphous pools between cribiform (Swiss cheese-like) bands of polymerized pectin
networks (Figure 4B-D). In contrast, the fracture patterns of pectin films with water content
less than 5% (w/w) demonstrated in a “star-burst’ pattern with distinctive angles (Figure 5A—
B). Distinct from the gel-associated films, the fracture interface demonstrated continuous
polymerized networks (Figure 5C-D).

Discussion

In this report, we studied the tunable mechanical and microstructural properties of high-
methoxyl pectin (HMP) films as a function of water content alone. Using controlled
humidity environments, we demonstrated several practical features of HMP phase
transitions. First, the gel phase transition was identified by a nonlinear increase in
compression resistance at a water content of 50% (w/w). The gel phase was associated with
a punched-out fracture pattern and SEM images that revealed a cribiform (Swiss cheese-
like) pectin microstructure. Second, the glass phase transition was identified by a marked
increase in resilience and stiffness. The glass phase was associated with a star-burst fracture
pattern and SEM images that demonstrated an apparent homogeneous pectin microstructure.
Third, the burst strength of the pectin films was largely independent of water content over a
range from 5% to 35% (w/w). Together, these observations illustrate the dynamic role of
water content in regulating many—Dbut not all—of the physical properties of pectin
biopolymers.

J Biomed Mater Res A. Author manuscript; available in PMC 2021 February 01.
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The conventional interpretation of gel and glass transition points is that these state
transitions reflect discrete stages in the self-assembly of 3-dimensional pectin networks.
Although the intermediate energy landscape remains unclear,30-32 the liquid phase appears
to be a high energy state associated with high configurational entropy and significant
opportunity for molecular oscillation. The progressive loss of water is associated with a loss
of energy and lower configurational entropy—Ileading to an initial stage in pectin self-
assembly and the solid-like properties characteristic of gels.33-3> The ongoing loss of water
leads to a lower energy state that further limits intermolecular interactions. The apparent
homogeneous polymerization of the pectin network ultimately produces physical properties
described as hard and glass-like.36:37

The practical implications of these phase transitions are relevant to biomedical applications.
For example, the ability to recover from large elastic strains during deformation is a crucial
feature of pectin’s functional utility as a mesothelial sealant.14 The mesothelium, the surface
layer of internal organs, is associated with extraordinary stresses during normal organ
function; these stresses include the movement associated with the beating heart, ventilating
lung and peristaltic bowel. To assess pectin’s capacity to adapt to these changing conditions,
we used the measure of resilience. Resilience, typically calculated as the area under the
linear portion of the stress-strain curve, reflects the ability of a material to absorb energy
when deformed and release energy when unloaded. Here, we found that resilience correlated
with the density of the three-dimensional network; the near-homogenous polymer in the
glass phase was linked to greater resilience.

An interesting observation was the relatively preserved burst strength of the pectin films at
broad range of water content; that is, the pectin films’ burst strength was largely independent
of the density of pectin polymer association. This observation suggests that even the
cribiform 3-dimensional pectin networks—at least in high-methoxyl pectins—provide
substantial structural integrity. Presumably, the structural properties of these films reflect
stabilization by the pectin macromolecules and the hydrogen and hydrophobic bonding of
the water-polysaccharide system.18:38

A second interesting observation was the unique fracture patterns produced by glass phase
pectin films. The topography of the fracture patterns (fractography), a widely applied
approach in materials sciences,39 has been used to characterize features of the material
microstructure. Here, fracture mechanics not only identified the glass-transition point, but
also demonstrated fractures distinct from inorganic glass fracture patterns.? The glass phase
fracture produced a radiating pattern with a characteristic angular geometry. Notably, these
fracture patterns did not display the secondary features (e.g. mirror, mist, hackle) seen in
inorganic glass and appear to reflect distinctive features of pectin microstructure.

Finally, the present study, influenced by previous observations of mesothelial adhesion,>13
was restricted to high-methoxyl citrus pectin. Other naturally-occurring pectin variants, such
as potato- or soybean-derived pectins, may provide distinctive physical properties; however,
their potential utility as mesothelial sealants have yet to be demonstrated. Similarly, the use
of composite materials, such as nanocellulose,*! may modify the physical properties and
expand the practical use of pectin films /n7 vivo. We anticipate that pectin variants and

J Biomed Mater Res A. Author manuscript; available in PMC 2021 February 01.
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composite films will provide useful insights into the mechanical and microstructural
properties of pectin biopolymers.
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were significantly increased at 12 hours.
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Figure2.
Resilience and stiffness of pectin films. A) A 5 mm stainless steel sphere was used to probe

the curing films to 70% estimated strain. B) The resilience was calculated as the ratio
between absorbed energy during elastic deformation (Area 1) and the released energy (Area
2) upon unloading. C) Characteristic resilience curves at various stages of curing were
calculated as the percent (w/w) water content. D) Resilience declined with increasing water
content (curve fit, R2=0.974). E) The distance the probe traveled to achieve 70% estimated
strain increased with increased water content (R2=0.859). F) Stiffness, reflecting the slope
during loading, decreased with increasing water content (R2=0.999).
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Figure 3.

Burst strength and fracture mechanics of pectin films. A) Using a spherical stainless steel
probe (5mm), the pectin films were loaded (2 mm/sec) until fracture. The peak force was
recorded as burst strength. The distance the probe traveled was defined as extensibility. B)
Characteristic burst strength curves shown at a range of water contents. C) The burst
strength was relatively independent of water content up to 30% (R2=0.528). D) In contrast,
the force-displacement (extensibility) increased with water content (R2=0.812. Notably, the
fracture patterns differed significantly between gel and glass films. E) Representative
‘punched-out’ fracture pattern of a film with 20% water content. F) Representative ‘star
burst’ fracture pattern of a films with 5% water content. Bar=3mm.
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Figure 4.
Scanning electron microscopy of a film with 25% water content. A) The ‘punched-out’

fracture pattern reflected the diameter of the 5mm spherical probe. B) The surface of the
films demonstrated circular surface irregularites (arrows). C) The interface of the fractures
demonstrated that the surface irregularities corresponded to amorphous pools in the film
(arrows). D) Higher resolution demonstrates the pectin network between the amorphous
pools (arrows).
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Figureb.
Scanning electron microscopy of a film with 5% water content. A,B) The ‘star-burst’

fracture pattern radiated from the force center of the 5 mm spherical probe. C) The interface
of the fractures demonstrated a dense pectin microstructure. D) Higher resolution
demonstrates pectin network without amorphous pools.
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