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ABSTRACT
Pectin polysaccharides provide promising potential as all-natural, non-toxic “green”
coatings. Pectin polysaccharides have been drawing growing attention as elements of stimuliresponsive systems and as source materials for functionalized robust coatings. They can be
extracted from several natural sources and are intrinsically biocompatible. The majority of the
applications of pectin gels require a better understanding of the properties of thin layers of gels at
surfaces and interfaces. Despite the prevalence of bulk gels of pectin, coatings of pectin have not
been reported. In bulk hydrogels, swelling of polymer networks is controlled by a diffusion limited
transport process in which the rate of response is determined by the volume of solvent to be
absorbed. Therefore, reducing the size of the gel accelerates the response rate due to the high
surface-to-volume ratio.
The overall thrust of this dissertation is to perform a comprehensive study to delineate the
factors which govern the responsive behavior of thin coatings of naturally occurring pectin
polysaccharides. For this, coatings of pectin were fabricated and their responsive behaviors were
evaluated by assessing their swelling behaviors to elucidate the main factors governing their
responsive behaviors.
Gelling properties of pectin networks are strongly governed by their chemical structure,
particularly their methoxyl content. Pectins with low content of methoxyl groups can be readily
cross-linked in the presence of divalent ions. Pectins with a high content of methoxyl groups,
however, have been rarely studied due to the complications associated with their cross-linking.
The available methods to cross-link high-methoxyl pectin require high sugar concentrations as
vi

well as an acidic environment which limit their functionality and applicability. Here, a simple
technique is presented to fabricate and cross-link high-methoxyl pectin in a controlled manner
without altering the chemical properties of pectin. This approach is based on cross-linking through
electrostatic interactions rather than relying on the hydrophobic forces. Employing the proposed
strategy, high-methoxyl pectin coatings with degrees of esterification of approximately 70% were
cross-linked and their swelling responses were investigated with ellipsometry and ATR-FTIR.
Moreover, the possibility of employing such coatings for cell culture applications were also
investigated.
Moreover, responsive behaviors of pectin coatings in relation to the degree of esterification
were investigated. This was performed to provide an understanding of the thermo- and pHresponsive behaviors of thin pectin coatings in relation to their degree of esterification with the
eventual aim of achieving tunable surface properties and functionalities through well-controlled
chemistry.
The structural and molecular properties of pectin vary widely based on their extraction
source, encouraging the exploration of diverse sources of pectins to achieve versatile
functionalities. In this sense, the mucilage of Opuntia ficus-indica cactus was addressed as an
underexplored source of pectin. The pectin extracted from the mucilage of Opuntia ficus-indica is
capable of holding high volumes of water, rendering hydrophilic gels suitable for multiple
applications. Accordingly, thin coatings of cactus pectin were fabricated and their chemical
properties were assessed by ATR-FTIR. The responsive behaviors of these coatings were assessed
using ellipsometry.
The results of this research will provide an improved understanding of the responsive
properties of naturally occurring pectin polysaccharides in relation to chemical composition and
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system confinement. Pectin coatings established in this research combine the promising properties
of pectin with the thermo- and pH-responsive properties and may, therefore, be used in biomedical
applications.

viii

CHAPTER 1: INTRODUCTION
1.1 Hydrogels
Hydrogels are defined as three-dimensional polymeric networks, mainly formed from
cross-linked biopolymers and polyelectrolytes. When immersed in aqueous solutions, hydrogels
can absorb and trap large quantities of aqueous solutions and swell several times their dry volume
depending on their degree of cross-linking [1, 2].
Hydrogels are commonly classified as physical and chemical hydrogels depending on the
method of cross-linking. Chemical hydrogel networks are obtained through cross-linking assisted
by irreversible covalent bonds. On the other hand, in physical hydrogels, cross-linking is achieved
in the absence of chemical cross-linking agents and only through ionic or hydrogen bonds [3, 4].
Physical hydrogels have become a popular platform in biomedical applications particularly
in controlled drug delivery systems and protein encapsulations. The absence of chemical crosslinking agents in these hydrogels improves release rates while eliminating the need for any harsh
solvents. However, physical hydrogels are best suited for applications in which a rapid degradation
is favorable as they lack long-term stability and their mechanical strength is compromised [5-9].
Polymer hydrogels provide a versatile platform to be used in a wide range of applications
due to their promising properties such as responsive behavior, and high capacity to store and
immobilize reactive functional groups, cells, and small molecules [1, 10, 11].
1.2 Stimuli-responsive Hydrogels
Hydrogels synthesized from stimuli-responsive polymers undergo conformation transition
in response to various stimuli such as temperature, pH, ionic strength, solvent composition, light,
1

and electric fields. The conformation transition of the polymer chains results in volumetric changes
of the hydrogel and alters the properties of the materials such as refractive index, interfacial
tension, adhesion, elastic modulus, etc. In other words, the physical properties of the hydrogel
could be adjusted by changes in the surrounding aqueous solution. The volume phase transitions,
between the swollen and shrunken phases, are commonly referred to as swelling-shrinking
transitions [12-15].
Temperature- and pH-responsive hydrogels are the most broadly studied stimuliresponsive polymer due to the physiological significance of these two factors. The pH-responsive
hydrogels contain high amounts of ionizable groups such as carboxylic acids, phosphoric acid, and
amines that can receive and donate protons in response to the variations of the net charge. These
types of hydrogels show a sharp conformational change upon a small change in the pH of the
system [16-18].
The swelling behavior of pH-responsive hydrogels is controlled by the balance between
hydrophobic and ionic interactions. For instance, hydrogels containing weak negatively-charged
groups such as carboxylic groups or alkyl side chains swell above their pKa as the ionic interaction
is greater than the hydrophobic interactions. Conversely, hydrogels containing weak positivelycharged groups such as imidazole or pyridine shrink if the pH is raised above their pKa due to the
reduction of the number of charged groups [19-21].
Thermo-responsive hydrogels modulate their swelling and gelling behavior upon
temperature

change.

Several

temperature-responsive

polymers

such

as

Poly(N-

isopropylacrylamide) (poly(NIPAAm)) and its copolymers exhibit a lower critical solution
temperature (LCST) below which the polymers are hydrophilic and swell when in contact with
water molecules and shrink once heated above the LCST. The LCST of thermo-responsive
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hydrogels can be tuned by adding hydrophilic or hydrophobic groups to their molecular chains
through copolymerization thus altering the hydrophilic-hydrophobic balance. In general, adding
Hydrophilic comonomers such as acrylamide increases the LCST whilst introducing a
hydrophobic comonomer such as N-butylacrylamide reduces the LCST [22-27].
1.3 Unconstrained and Surface-attached Hydrogels
Hydrogels with large-scale volumetric transitions as well as fast transition kinetics in
response to small levels of stimuli are of the most practical interest for the majority of applications.
The swelling-shrinking transition in bulk responsive hydrogels is a diffusion-limited transport
process where the transition rate is inversely proportional to the square of its smallest dimension.
Therefore, bulk hydrogels typically display poor response time which could possibly limit their
practical applications if the transition fails to occur within a reasonable amount of time [28, 29].
Reducing the dimensions of a hydrogel (at least one of the dimensions) can help achieve
improved kinetics and faster response time. Additionally, the transition kinetic is also highly
impacted by the formation of bubbles and skin, frequently observed in bulk hydrogels. It has been
shown that Surface-attached microgels and nanogels (size range of approximately 1nm-1μm)
provide an alternative to bulk hydrogels exhibiting improved diffusivity and faster response times
and thus have found a wide variety of applications in drug delivery systems, actuators and in sensor
platforms [30-34].
The swelling of surface-attached and unconstrained hydrogel is schematically shown in
Figure 1.1. The volumetric expansion of bulk hydrogel networks is isotropic meaning that the
swelling is uniform in all directions. Physical or chemical attachment of a network to a surface
restrains its lateral expansion, only allowing for the swelling of the network perpendicular to the
substrate plane with trivial swelling parallel to the surface leading to highly- anisotropic swelling.
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The anisotropic swelling has a strong impact on the mechanical and structural properties of the
network thus altering the degree of swelling [35, 36].
Unconstrained bulk hydrogels swell to a higher degree compared to the surface-attached
hydrogels of the same crosslink density as surface confinement restrains the network to swell
unconditionally. Constraining a network to a surface can greatly impact its swelling behaviors. For
instance, the anisotropic swelling in surface-attached PNIPAM gel films affects their transition
temperature.
The effect was in particular higher in films with a higher extent of cross-linking or films
with contents of ionizable comonomers. Moreover, the anisotropic swelling caused by osmotic
forces in the lateral direction generates biaxial compressive stresses on a film. A strong osmotic
force, therefore, could cause delamination of the film [29, 37].

Figure 1.1 Swelling of surface attached and unconstrained hydrogel
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1.4 Stimuli-sensitive Hydrogels Prepared from Natural Polymers
Stimuli-sensitive hydrogels prepared from natural polymers have received increasing
attention for the fabrication of ‘‘smart’’ responsive surfaces and interfaces. Stimuli-sensitive
hydrogels prepared from natural polymers display advantages over synthetic polymers as their
responsive properties are complemented with inherent biocompatibility and biodegradability,
favorable in biomedical applications [38-41]. Polysaccharides, in particular, have received
increasing attention as elements of stimuli-responsive systems. They can be obtained from several
natural sources and are intrinsically biocompatible [42, 43].
Polysaccharides may be intrinsically ionic such as alginate or can be functionalized with
ionizable moieties as in the case of chitosan derived from partial deacetylation of chitin. Moreover,
polysaccharides typically contain large amounts of hydroxyl groups which can be readily
substituted with ionic moieties through grafting of ionic monomers [42, 44].
Pectin, an edible plant polysaccharide, is a complex and structurally diverse group of
natural polymers. Pectin is abundantly found in the cell walls and intercellular regions of plants.
Pectin is widely used as thickening agents and colloidal stabilizers in the food industry and
pharmaceutical products due to their non-toxic nature and low production costs, ability to form
gels, and intrinsic biocompatibility [45-47].
Pectin polysaccharides are extracted from several natural sources, each differing in
molecular and chemical structure. Pectin hydrogels exhibit a wide range of functionalities which
is linked to the immense pectin structural diversity. Additionally, the structure functionality of
pectin can be carefully readily tailored to obtain specific functionalities through chemical and
enzymatic modifications [48, 49].

5

Calcium pectinate gel beads and microspheres have been widely studied for controlled
release of drugs as their swelling behavior is highly impacted by the pH of the medium. Beads of
calcium pectinate remain nearly intact in acidic medium yet swell at basic pH. Therefore,
encapsulating drugs in pectin microspheres reduces the release of drugs in gastric medium yet
induces the release in the intestine as the beads swell [50-54].
Pectins exhibit significant potential as all-natural, “green” coatings with prospective
applications in release of drugs, controlled transport of ions and enzymes, and membranes for
mass-separation of organic compounds. They can be readily cross-linked to obtain hydrogel
networks exhibiting notably sensitive conformations.
1.5 Motivation
Stimuli-sensitive hydrogels prepared from natural polymers have received increasing
attention for the fabrication of ‘‘smart’’ responsive surfaces and interfaces. They display
advantages over synthetic polymers as their responsive properties are complemented with inherent
biocompatibility and biodegradability, favorable in biomedical applications. Polysaccharides, in
particular, have received increasing attention as elements of stimuli-responsive systems as they
can be obtained from several natural sources and are intrinsically biocompatible.
Pectin polysaccharides are extracted from several natural sources, each differing in
molecular structure thus showing a wide range of functionalities. Pectins can be functionalized
with a wide variety of molecules through physical and chemical interactions to obtain versatile
chemical structures. Pectins provide promising potential as all-natural, “green” coatings with
stimuli-responsive characters.
Conventionally-fabricated pectin hydrogels are mostly fabricated and cross-linked in bulk
with limited control over the extent of cross-linking. This leads to pectin hydrogels exhibiting poor
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properties such as low strength, lack of designed structures, and non-adjustable response.
Moreover, swelling of bulk polymer networks is controlled by a diffusion limited transport process
in which the rate of response is determined by the large volume of solvent to be absorbed/expelled
from the network.
Therefore, bulk hydrogels typically display poor response time which could possibly limit
their practical applications if the does not occur within a reasonable amount of time. Therefore,
reducing the dimensions of the gel (at least one of the dimensions) accelerates the response rate
due to the high surface-to-volume ratio.
Additionally, studying the effect of confinement on the swelling behavior of pectin
polymeric networks is of crucial importance. Unlike unconstrained polymer networks, the swelling
of networks attached to surfaces is anisotropic suggesting the possible swelling only in the
direction normal to the substrate’s surface. The anisotropic swelling has a strong impact on the
mechanical and structural properties of the network thus altering the degree of swelling.
The majority of the applications of pectin gels require a better understanding of the
properties of thin layers of gels at surfaces and interfaces. It is of practical importance to investigate
the effect of constrained lateral swelling as well as thickness on the gelling properties and the
response behavior of pectin-based natural gels.
1.6 Significance
This dissertation provides an improved understanding of the chemical properties,
functionalities, and particularly the gelling behavior of thin films of naturally occurring pectin
polysaccharides extracted from different sources. The approach developed in this study describe a
non-conventional strategy to cross-link in situ a preformed coating of pectin with tight control over
the extent of cross-linking.
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The developed approach overcomes the complications associated with the ionic crosslinking of pectin particularly at a higher degree of esterification. Pectin coatings prepared by the
proposed strategy combine the favorable properties of pectin with the interesting thermo- and pHresponsive properties and may, therefore, be used in biomedical applications. Due to their nontoxic and responsive nature, pectin coatings were used as cell culture platforms for thermallyinduced cell release applications.
The results demonstrate the potential of natural pectins for establishing responsive surfaces
with tunable responses and enhanced properties suitable for the pharmaceutical and biotechnology
industries. It is expected that several types of naturally occurring pectin polysaccharides will
display analogous responsive behavior depending on the extent of esterification, opening up
opportunities for responsive coatings from naturally occurring materials.
1.7 Objectives
The overall objective of this dissertation research was to gain a comprehensive
understanding of the chemical properties, functionalities, and particularly the gelling behavior of
thin coatings of pectin polysaccharides. The responsive behavior of pectin coatings was of special
concern in this research. For this, coatings of pectin were fabricated and their responsive behaviors
were evaluated by assessing their swelling behaviors to elucidate the main factors governing their
responsive behaviors.
Moreover, responsive behaviors of pectin coatings in relation to the degree of esterification
were investigated to clarify if the responsive behavior was impacted by the molecular structure of
pectin. This study was performed to provide an understanding of the thermo- and pH-responsive
behaviors of thin pectin coatings in relation to their degree of esterification with the eventual aim
of achieving tunable surface properties and functionalities through well-controlled chemistry.
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The structural and molecular properties of pectin vary widely based on their extraction
source, encouraging the exploration of diverse sources of pectins to achieve versatile
functionalities. In this sense, the mucilage of Opuntia ficus-indica cactus was investigated as an
underexplored source of highly purified pectin. Thin coatings of cactus pectin were fabricated and
their responsive properties were compared to the response of high-methoxyl citrus pectin coatings.
The long term goal was to develop all-natural, “green” pectin coatings with advanced
properties as an alternative to bulk gels and provide an improved understanding of the gelling
properties of these naturally occurring polysaccharides in relation to chemical composition and
system confinement.
1.8 Summary of Chapters
Chapters 1 provides the basis for conducting this research and an overview of the research
aspects. The research background, motivation, significance, and objectives are also discussed.
Chapter 2 reports studies on developing ultra-thin responsive coatings from high-methoxyl
citrus pectin polysaccharides to be potentially implemented as elements of stimuli-responsive
systems. Initially, a simple method was developed to fabricate ultra-thin cross-linked pectin
networks in a non-conventional manner which allows for controlling the extent of cross-linking
by altering the concentrations of Ca2+ ions.
Accordingly, thin coatings of high-methoxyl citrus pectin were fabricated as surfaceattached hydrogel networks by spin-casting solutions of pectin onto a surface followed by Ca2+
induced cross-linking. The cross-linking was performed by introducing the cross-linker in a poor
solvent for pectin. This ensures that the coatings remain intact as the dilution of the pectin chains
is prevented. However, the Ca2+ ions freely diffused into and cross-linked the pectin to form robust
coatings. Using this strategy, pectins with up to 70% esterification were cross-linked. Generally,
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high-methoxyl pectins do not cross-link in the presence of calcium unless at high pectin
concentrations.
The chemical properties of pectin coatings and their modifications upon crosslinking were
assessed by ATR-FTIR. The responsive properties of pectin coatings were evaluated by
characterizing their swelling behaviors as a function of temperature. The coatings prepared in this
manner displayed a change in solubility with temperature, analogous to “thermoresponsive”
polymers. At low temperatures, the coatings showed a slight dependency to Temperature increase.
As the temperature was increased, however, the coatings exhibited a noticeable decrease in their
thickness. The observed behavior was similar to the thermo-induced hydrophilic-hydrophobic
transition in polymers with lower critical solution temperature (LCST). The de-swelling of pectin
coatings is schematically shown in Figure 1.2.

Figure 1.2 De-swelling of cross-linked pectin coatings

The ATR-FTIR revealed that the thermo-dependent transition was driven by dehydration
of the carbomethoxy groups along the backbone of the pectin chains. The coatings of pectin
10

networks demonstrated a swelling behavior which could be tuned by adjusting the temperature,
extent of cross-linking, and pH of the surroundings to induce a desired response. It was also shown
that coatings of pectin networks could be used to control cell adhesion as shown in Figure 1.3. For
this, cultured fibroblast cells were proliferated on coatings of cross-linked pectin at 37 ˚C. Cultured
fibroblast cells were subsequently released as the temperate of the medium was reduced to 20 ˚C.
The data in this chapter has been published in the journal of Colloids and Surfaces B: Biointerfaces
and the copyrights permission from the publisher is displayed in appendix A.

T=37 °C, cell adhesive

T=20 °C, cell repellent

Figure 1.3 Fibroblast cells on a coverslip coated with cross-linked pectin at 37 °C and 20 °C
11

Moreover, responsive behaviors of pectin coatings in relation to the degree of esterification
were investigated in Chapter 3. Thin coatings of pectin with varying degrees of esterification were
produced. Thermo-responsive behaviors of thin coatings were evaluated by assessing the swelling
behaviors as a function of the extent of cross-linking and pH of the surroundings.
The structural and molecular properties of pectin vary widely based on their extraction
source, encouraging the exploration of diverse sources of pectins to achieve versatile
functionalities. In this sense, in chapter 4, the mucilage of Opuntia ficus-indica cactus as an
underexplored source of highly purified pectins is investigated to be used as an alternative to
commercial sources of pectin for the fabrication of “green” coatings that exhibit tunable responses.
Opuntia ficus-indica belongs to the cactaceae family and is grown in dry regions. Its
abundance makes it a promising source of industrial pectin. The pectin extracted from Opuntia
ficus-indica has unique properties which enable facile gel formation in the presence of divalent
ions. The presence of a considerable amount of water within the pectin matrices renders unique
hydrophilic gels suitable to be used in a wide range of applications such as the controlled release
of drugs, tissue engineering scaffolds, and membranes.
Thin coatings of pectin extracted from the mucilage of Opuntia ficus-indica cactus were
developed following the method introduced in chapter 2. Using FTIR, the chemical properties of
pectin were assessed by monitoring the main functional groups. The swelling behaviors crosslinked cactus pectin coatings were studied using ellipsometry and were compared to the responsive
behaviors of citrus pectin networks.
The coatings of pectin extracted from the mucilage of cactus presented a remarkable
capacity to sensitively interact with Ca2+ ions due to the presence of a large number of carboxyl
groups along with the significantly low content of methyl-esterified carboxyl groups. It was shown
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that high contents of non-esterified acid groups led to the production of coatings with hydrophilic
surface properties.
Chapter 5 presents research conclusions of the overall results of this dissertation and
provides directions for future studies.
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CHAPTER 21: RESPONSIVE COATINGS FROM NATURALLY OCCURRING PECTIN
POLYSACCHARIDES
2.1 Abstract
Pectin polysaccharides have significant potential as all-natural, non-toxic “green” coatings
that exhibit thermally-cued swelling behavior. Herein, ultra-thin coatings of highly-esterified
pectin polysaccharides were cross-linked with calcium chloride (CaCl2) and their swelling in water
was investigated with ellipsometry.
At low temperatures, the coatings swell to 2-3 times their dry layer thickness. As the
temperature is increased, however, the coatings show a pronounced decrease in swollen thickness,
reminiscent of the hydrophilic-hydrophobic transition observed in lower critical solution
temperature (LCST) polymers.
Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy
establishes that this transition is driven by dehydration of the esterified galacturonic acid residues
along the pectin backbone. By adjusting both the CaCl2 concentration used to crosslink the pectin
coatings as well as pH of swelling medium, the pectin coatings could be judiciously tuned for a
desired swelling response as a function of temperature. Due to their non-toxic and responsive
nature, it was further demonstrated that such coatings could be used in applications to control cell
adhesion.

Note. “RESPONSIVE COATINGS FROM NATURALLY OCCURRING PECTIN POLYSACCHARIDES” Veisi,
Zeinab, et al., 2018, Colloids and Surfaces B: Biointerfaces, Vol. 176, Pages 387-393, Copyright © 2019 by Elsevier
Inc. Permission is included in Appendix A.
1
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2.2 Introduction
Coatings of pectin polysaccharides could have potential in many applications such as
controlled cell attachment, controlled release of drugs, tissue engineering scaffolds, and
membranes for mass-separation of organic compounds [29, 35, 37, 55]. Pectin is a naturally
occurring water-soluble heteropolysaccharide extracted from cell walls and intercellular regions
of plants or their fruits (such as cactus mucilage or orange peels [56-58]) functioning as the
hydrating component of the cellulosic network [59, 60].
In general, the structure is mostly composed of D-galacturonic acid residues linked by α1,4-glycosidic bonds, which are often interrupted with different sugars such as rhamnose,
arabinans, galactose and xylose [61, 62]. The carboxyl group associated with the D-galacturonic
acid residue exists in two primary forms: The carboxylate salt and the neutral methoxylated or
ester form [45, 63-65]. Depending on the degree of esterification, pectins are broadly classified as
low-methoxyl (<50 % esterification) and high-methoxyl (>50% esterification).
Pectins have been widely used in pharmaceutical formulations and in the food and beverage
industries due to their non-toxic nature, ability to form gels and low production costs. Gelling
properties of bulk pectin networks are strongly governed by the methoxyl content [45, 66-69].
Low-methoxyl pectins readily cross-link in the presence of divalent ions such as calcium with few
constraints on the gelling conditions [49, 70, 71].
The underlying mechanism is understood by the well-known ‘egg-box’ model, which
describes the formation of networks through associations between Ca2+ and non-esterified regions
of the pectin [72-75]. As the degree of esterification is increased, calcium mediated cross-linking
becomes more restricted and depends on several factors. For instance, it has been reported that
Ca2+ gelation can be achieved in high-methoxyl pectins (68% esterification) as long as the non-
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esterified residues are sufficiently contiguous (or blocky) and the pectin concentration is high
enough to induce chain entanglement [76].At these higher degrees of esterification, however,
cross-linking is more readily achieved through non-ionic mechanisms, for instance, by mixing the
pectin with dissolved sugar at low pH [77].
Despite the prevalence of bulk gels of pectin [78-80], coatings or films of cross-linked
pectin have not been reported. Herein, we introduce a simple method for cross-linking coatings of
pectin with CaCl2. Pectin was first spin-casted onto a solid surface followed by incubation in a
CaCl2/ethanol solution. Ethanol, a poor solvent for pectin, prevents dissolution of the coating while
simultaneously allowing CaCl2 diffusion to establish Ca2+ bridges between carboxyl groups. In
contrast to bulk gels, it was observed that pectin with up to 70% esterification could be readily
cross-linked in this manner. Moreover, cross-linked pectin coatings with 70% esterification
exhibited a drastic change in solubility with temperature, similar to so-called “thermoresponsive”
polymers that have a lower critical solution temperature (LCST) [81].
While such behavior has not been observed in bulk gels of pectin, it presumably results
from the difficulty associated with cross-linking highly esterified pectins with calcium. In the
present study, it is hypothesized that ethanol, by preventing dilution of the pectin chains, allows
sufficient proximity between adjacent non-esterified regions for calcium to form stable cross-link
zones.
In light of these findings, high-methoxyl pectin coatings with degrees of esterification of
approximately 70% were cross-linked over a range of CaCl2 concentrations in ethanol, and their
swelling behavior in contact with water was characterized with both ellipsometry and ATR-FTIR.
At temperatures below approximately 35 ˚C, the coatings were hydrophilic and absorbed water.
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At higher temperatures, the coatings expelled water and collapsed giving rise to distinctive deswelling profiles.
The de-swelling profiles were studied as a function of various stimuli to elucidate the key
factors governing the swelling behavior and to better understand the hydrophobic/hydrophilic
transition. FTIR measurements suggest that the esterified galacturonic acid residues are hydrated
at lower temperatures and that the hydrophilic/hydrophobic transition is driven by dehydration of
the esterified galacturonic acid residues as the temperature is increased. Moreover, by adjusting
the degree of cross-linking and pH of the surroundings, it was shown that the thermal response of
the pectin coatings could be carefully controlled.
It is well-known that thermally-responsive polymer coatings, especially poly(Nisopropylacrylamide), can be used as cell culture platforms for cell release applications [34, 8284]. Considering that the thermal response of cross-linked high- methoxyl pectin coatings is
similar to poly(N-isopropylacrylamide), we investigated the possibility of employing such
coatings for cell culture and release.
Cultured fibroblast cells were seeded and proliferated on coatings of cross-linked highmethoxyl pectin at 37 ˚C, which could be subsequently released at 20 ˚C. These results demonstrate
the potential of naturally occurring polysaccharides for tunable surfaces and coatings.
2.3 Materials and Methods
2.3.1 Fabrication of Thin Films of Cross-linked Pectin
Pectin obtained from citrus peel was purchased from Acros Organics (CAS 9000-69-5).
Pectin powder with a degree of esterification of 67% to 70% was dissolved in deionized water (10
mg/mL) and the suspension was stirred until the pectin was completely dissolved. Thin polymer
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films were prepared by spin-coating pectin solutions (10 mg/mL) on substrates, and the spinning
speed and duration were adjusted to obtain the desired film thickness.
Briefly, the substrates were plasma-cleaned and treated with a 1% solution of 3aminopropyltriethoxysilane in acetone to enhance polymer-substrate adhesion. The substrates
were heated to 110 ˚C to induce condensation of the silane groups to the substrate surface. A
solution of 10 mg/mL pectin in water was spun-cast on a treated substrate.
The spin casting was performed in a two-step processes starting at a spinning speed of 1000
rpm for 30 seconds followed by 30 seconds of spinning at 3000 RPM to maintain uniform films
with thicknesses of approximately 80 nm measured by ellipsometry. Once the films were formed
and dried, cross-linking was accomplished by exposing the films to solutions of CaCl2 in ethanol
with a range of concentrations of 0.0001 to 1 M to develop different extents of cross-linking.
2.3.2 Swelling Characterization
The swelling profiles of the surface-attached coatings were determined using a home-built
variable-angle rotating compensator ellipsometer as shown in Figure 2.1. A He–Ne laser with a
wavelength of 633 nm was utilized as the light-source. A LaSFN9 45˚ prism with a refractive index
of n=1.845 was used as the incident medium with the solvent being used as the transmitted
medium.
The experimental data obtained from ellipsometry were analyzed by generating model
refractive index profiles, and the ellipsometry parameters were calculated by the matrix optical
formulation. The refractive index and thickness of the films were determined using an iterative
procedure (least-squares minimization). The unknown thickness and optical parameters were
varied to obtain the best possible fit between the experimental measurements and the theoretical ψ
and Δ values calculated from the Fresnel equations [85].
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Figure 2.1 Schematic diagram of the variable angle ellipsometer

2.3.3 ATR-FTIR Characterization
ATR-FTIR analysis was conducted to study the chemical compositions of pectin networks.
The molecular interactions between pectin and Ca2+ ions were investigated by monitoring the main
functional groups including carboxy and carbomethoxy groups. Moreover, changes in the
molecular environment during the volume-phase transition was investigated by ATR-FTIR [86,
87].
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ATR-FTIR experiments of pure and cross-linked pectin were carried out using a Nicolet
8700 FTIR spectrometer equipped with a temperature controlled multi-reflection ATR ZnSe plate.
FTIR measurements were performed in absorbance mode at a resolution of 4 cm−1 over a spectral
range of 400−4000 cm−1. The spectral analysis was performed by a software package (OMNIC
FTIR software, version 6.0, Thermo Fisher Scientific, Madison WI). The data represent the mean
of at least triplicate experiments.
2.3.4 Cell Culture/Cell Release
NIH3T3 mouse embryonic fibroblast cells were purchased from the American Type
Culture Collection. Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s phosphate
buffered saline (DPBS), newborn calf serum (NCS), 0.25% trypsin EDTA, penicillin and
streptomycin were obtained from Life Technologies.
NIH3T3 mouse embryonic fibroblast cells were cultured in 10% NCS growth medium
supplemented with 100 Uml-1 of penicillin and 100 µgml-1 streptomycin at 37 ˚C in a fully
humidified atmosphere of 5% CO2 in air. Trypsinized cells were seeded onto the glass coverslips
coated with cross-linked (0.1 M CaCl2) pectin and glass coverslip at a density of 100 cellsmm-2
and cultured at 37 ˚C for 48 hours.
For fluorescence labeling, cultured cells were incubated with pre-warmed CellTrackerTM
Green CMFDA dye (Molecular probes, USA) at a concentration of 10 µM in a serum-free medium
for 45 min. The dye solution was then replaced with a fresh medium and cells were incubated for
an additional 30 min.
The temperature of the cell culture systems was decreased by exchanging the medium with
fresh medium at 20 ˚C and maintained at that temperature for the duration of the experiment. Cell
spreading and morphology were monitored via time-lapse image acquisition on a fluorescence
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microscope, Eclipse Ti-U (Nikon Instruments, Japan). The cell images were analyzed with NISElements Advanced Research software Ver. 4.20 (Nikon Instruments).
2.3.5 Atomic Force Microscopy
Atomic force microscopy (AFM) was used to assess the surface topography and roughness
of the coatings. Images were acquired with a Digital Instruments (DI-3100) scanning probe
microscope in the Tapping Mode, using a Tap300Al (Budget Sensors, Bulgaria) cantilevers with
a force constant of 40 N/m. Scans of 2 µm × 2 µm were recorded at a scan rate of 1 Hz.
2.3.6 Contact Angle Measurements
The contact angles of cross-linked coatings were measured at 20 ˚C and 37 ˚C using a KSV
instrument, CAM 101 compact contact angle meter system (Kyowa Surface Chemistry Co., Ltd),
and analyzed using the curve fitting software in KSV CAM Optical Contact Angle.
2.4 Results and Discussion
Figure 2.2 compares the FTIR spectrum of an as-cast dry pectin coating (before exposure
to calcium) with the FTIR spectra of dry pectin coatings after cross-linking with CaCl2 in ethanol.
All spectra show a broad peak at approximately 3000-3600 cm-1 corresponding the stretching
vibration of the hydroxyl (–OH) groups along the pectin backbone.
The band at∼2920-2950 cm-1 corresponds to the methyl (–CH3) vibration in the esterified
galacturonic acid residues. The bands at ∼1740-1750 cm-1 and ∼1625-1640 cm-1 correspond to
the carboxy group in the esterified residue (–COOR) and acid salt residue (–COO-), respectively
[88].
Wavenumbers smaller than ∼1500 cm-1 are considered as the fingerprint regions of the
spectra revealing information regarding the absorption of C–C, C–O–C, and C–OH stretching
vibration modes as well as the glycosidic linkage vibrations. Such wavenumbers are not typically
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used to probe the environment of functional groups due to the presence of multiple overlaying
absorption bands and hence are not shown in Figure 2.2 [89].
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-COOR
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Wavenumbers (cm-1)

2000

1500

Figure 2.2 ATR- FTIR spectra of cross-linked pectin networks at different CaCl2 concentrations
and pure pectin
Upon cross-linking with Ca+2 in ethanol, significant changes are observed in both the
wavenumber of the acid salt (-COO-) groups as well of the ratio of the peak area of the COO- peak
to the COOR peak. Cross-linking with 1 M CaCl2 resulted in a significant blue-shift of the band
associated with the acid (–COO-) group from 1610 cm-1 to 1631 cm1 (∆𝜈−𝐶𝑂𝑂− = −21cm−1) as
shown in Figure 2.3 (a).
The bands associated with the alkyl (–CH3) and carboxy ester (–COOR) however, slightly
shifted from 2937 cm-1 to 2948 cm-1(∆𝜈−𝐶𝐻3 = +11 cm−1 ) and 1738 cm-1 to 1727 cm-
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(∆𝜈−𝐶𝑂𝑂𝑅 = −11 cm−1 ) respectively (Figure 2.3 (b), and 2.3 (c)). Such observations are

1

consistent with bulk cross-linked gels in water signifying that cross-linking in ethanol does not
appreciably affect the relative shifts of the infrared vibrations [90, 91].
Of particular note, however, is the enhancement in the absorption associated with the COOvibration between 1625-1640 cm-1 with increasing CaCl2 concentration. The ratio of peak area of
the acid to the ester group as a function of calcium concentration is presented in Figure 2.3 (d).
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Figure 2.3 Dependence of the wavenumber values of (a) –COO-, (b) –COOR, (c) –CH3 and (d)
absorption area of the functional groups (COO-/COOR) of cross-linked pectin at different CaCl2
concentrations

Such enhancement has also been observed in bulk cross-linked gels [92]. To understand
the source of this enhancement, the ATR-FTIR spectrum of a pectin coating cross-linked at 1 M
CaCl2 was recorded over time, as shown in Figure 2.4.
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Figure 2.4 ATR- FTIR spectrum of (a) dried pectin, pectin cross-linked by CaCl2 at 1 M at (b)
t=0 min, (c) t=20 min, (d) t=40 min, and (e) t=60 min.
The overall area associated with the –COOR band remained relatively unchanged while
the overall area of the –COO- band increased significantly. The increase in the area under the –
COO- is most likely related to the displacement of the monovalent counterion with Ca2+, which
alters the dipole moment and intensity of the absorption band [93].
The swelling profiles of cross-linked pectin films were characterized by ellipsometry to
monitor the average water content in the networks as a function of both temperature and crosslinking. ATR-FTIR was used in parallel with ellipsometry to provide information regarding the
environment surrounding the –CH3, –COOR, and –COO- groups. The swelling ratios (H/Hdry) that
represent the best fits to the experimental values are shown in Figure 2.5. The dry thickness of
each film was approximately 80 nm as measured by ellipsometry.
25

Moreover, the surface topography and roughness of the dry pectin coating before exposure
to calcium and the dry pectin coating after cross-linking with CaCl2 were investigated using AFM
as shown in Figure 2.6. AFM images of the dry films displayed relatively smooth surfaces with
roughness values of less than 5 nm.
The temperature of the films in contact with water was varied at a rate of 0.5 ˚C per minute.
The equilibrium water content and the resultant thickness strongly depended on temperature. All
pectin coatings followed a similar trend, wherein the coatings swelled to approximately 2-3 times
the dry thickness at temperatures below 30 ˚C.
In this regime, the degree of swelling depended somewhat, albeit weakly, on the CaCl 2
concentration used to cross-link the coating. At the lowest CaCl2 concentration (10-4 M), the
coating swelled up to 2.6 times the dry layer thickness. As the CaCl2 concentration is increased to
1 M, the coating swelled to 2.1 times its dry layer thickness, a reduction of only 20%.
As the temperature is increased above 30 ˚C, the coatings expelled water and started to
contract, which depended strongly on the CaCl2 concentration used to cross-link the coating. At
the lowest concentration of 10-4 M, the coating gradually expelled water between 30 ˚C and 50 ˚C
until the degree of swelling reached a plateau that was approximately twice the dry layer thickness.
As the CaCl2 concentration was increased, the transition zone became narrower and
sharper. At 1 M CaCl2, the highest concentration, the coating collapsed to 1.1 times the dry layer
thickness. In no cases was the water completely expelled even as the temperature was increased
up to 70 ˚C.
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Figure 2.5 Swelling isobars of cross-linked pectin networks at different CaCl2 concentrations in
contact with water

(a)

(b)

Figure 2.6 AFM height images (2 µm × 2 µm) of pectin coating (a) before exposure to CaCl2 and
(b) after cross-linking with CaCl2
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To investigate the effect of pH on the swelling behavior of the cross-linked pectin films,
the coatings were contacted with a buffer solution at a pH of 2 (potassium chloride-hydrochloric
acid buffer) and 9 (boric acid-hydrochloric acid buffer) for both the high and low cross-link
densities. These pHs where chosen since the pKa of pectin is near 3.5 [71].
Figure 2.7a compares the effect of pH on a high cross-linked coating (1M CaCl2) that
collapsed in unbuffered water and Figure 2.7b compares the effect of pH on a low cross-linked
coating (10-4 M CaCl2) that only partially de-swelled in unbuffered water. The swelling trends for
both coatings depended on pH, but the effect was also generally small.
In the case of the highly cross-linked coating, the thickness of the coating in unbuffered
water was between the thickness values at pH = 2 and pH = 9 in the low temperature regime (below
30 ˚C). At a pH of 9, the coating expanded by about 2%, and at a pH of 2, the coating contracted
by approximately 10%. It is expected that an increase in pH shifts the COOH – COO- balance to
primarily –COO- around the pKa, maximizing negative charges along the pectin chain. Hence, the
relatively small change in the degree of swelling between unbuffered water and pH 9 suggests that
the galacturonic acid residues are primarily in their charged (or carboxylate) state under neutral
conditions. As the temperature was increased above the volume-phase transition temperature for
the coating in unbuffered water, the coating at pH = 9 did not completely collapse, which points
to a delicate balance between charged and uncharged residues in controlling the transition
behavior. In the case of the low cross-linked coating, similar to the high cross-linked coating, the
thickness of the coating in unbuffered water was also between the values at pH = 2 and pH = 9;
however, the same overall trend persisted over the entire temperature range. Moreover, the effect
was relatively small (5-10%), which develops a picture that changes in ionization has only a small
effect unless hydrophobic interactions can successfully compete with hydrophilic interactions.
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Figure 2.7 Swelling of (a) P-CaCl2 1 M, (b) P-CaCl2 0.0001 M, in contact with water, and a
buffer solution at pH values of 2 and 9
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To understand the origin of this competition between hydrophilic and hydrophobic
interactions, ATR-FTIR was used to investigate the changes in the environment surrounding the –
CH3, –COOR, and –COO- groups of the pectin coatings as a function of temperature in contact
with unbuffered water. First, the coatings were heated to 80 ˚C to remove water.
Following dehydration of the coatings, immersing the coatings in water at 25 ˚C produced
two noticeable peaks at 3300 cm-1 and 1636 cm-1 corresponding to the stretching and bending
vibrations of water, which generally masked the relevant frequencies in the pectin coating.
Therefore, to help in analysis, the water spectrum was subtracted from the hydrated coatings at the
relevant temperature, which revealed functional groups in the hydrated polymer and reduced the
interference of bulk water [94].
Difference spectra of the pectin coatings for select temperatures are shown in Figure 2.8
along with an FTIR spectrum of a dry pectin coating. The dashed lines correspond to the
wavenumber of the –CH3, –COOR, and –COO- groups in the dry state. In water at 25 ˚C, all group
wavenumbers are blue-shifted with respect to the dry values.
This blue shift can be explained, to first order, within the context of the Kirkwood–Bauer–
Magat (KBM) equation, which describes solvent-induced shifts of wavenumber based on the
dielectric constant of the solvent [95, 96]. The KBM equation predicts that as the dielectric
constant of the solvent is increased, there is a subsequent shift to higher wavenumbers.
The shifts in Figure 2.8, therefore, can be interpreted by the change in the dielectric
constant due to solvation by water. That said, the KBM equation, does not include specific solutesolvent interactions (such as hydrogen bonding which can lead to a red-shift in wavenumber), and
therefore the wavenumbers can only serve in a qualitative understanding of the hydration state
[97].
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Upon heating the coatings from 25 ˚C to 55 ˚C, all three group wavenumbers (–CH3, –
COOR, and –COO-) red-shifted towards the dry state values. To aid in analysis, a normalized
𝜈(𝑇)−𝜈

wavenumber 𝑓 can be defined as 𝑓 = 𝜈(𝑇 )−𝜈𝑑𝑟𝑦 for each functional group, where 𝜈(𝑇) is the
0

𝑑𝑟𝑦

associated wavenumber at a temperature 𝑇, 𝑣𝑑𝑟𝑦 is the wavenumber in the dry state, and 𝜈(𝑇𝑜 ) is
the wavenumber at 25 ˚C.
Figure 2.9 shows the progression of 𝑓 for both the –CH3 and –COO- groups as a function
of 𝜙, where 𝜙 =

𝐻𝑑𝑟𝑦
𝐻(𝑇)

, is the average pectin volume fraction of the coating as determined from

ellipsometry. Between 25 ˚C and 45 ˚C (corresponding to values of  between 0.48 to 0.8), there
is an almost linear reduction in f from 1.0 to 0.31 for the –CH3 groups and from 1.0 to 0.67 for the
–COO- groups. In other words, f decreases by 69% for the –CH3 groups but only by 33% for the –
COO- groups over the same change in degree of swelling.
As temperature is further increased to 55 ˚C, the average pectin volume fraction  of the
coating increases only from 0.8 to 0.83, yet the value of f for the –CH3 groups drops to nearly zero
(0.07), signifying that the wavenumber is approximately identical to its dry state value. The value
of f for –COO-, however, remains 33% above its dry state value.
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Figure 2.8 ATR-FTIR spectra of pectin-CaCl2 0.1 M in water at (a) 25 ˚C, (b) 37 ˚C (c) 45 ˚C (d)
55 ˚C (spectra of water are subtracted), and (e) dried sample
Evaluation of f as a function of 𝜙, therefore, suggests the heterogeneous dehydration of the
pectin coating as driven by the methyl groups. Similar dehydration was also observed for the –
COOR vibration, however, the exact position of the vibration could not be reliably determined at
25 ˚C and so was excluded from the analysis.
Such relative changes in the wavenumbers, therefore, imply that the collapse of the highly
methoxylated pectin network is driven by hydrophobic interactions amongst the esterified acid
residues in a similar fashion as to how the isopropyl group drives the volume-phase transition of
poly(N-isopropylacrylamide), or poly(NIPAAM), a well-known and well-studied LCST polymer
[26, 27, 98].
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Poly(NIPAAm) is comprised of units containing a hydrophilic amide and a hydrophobic
isopropyl group. Analogous to the findings herein, the isopropyl groups of cross-linked coatings
of poly(NIPAAm) blue-shift upon swelling at low temperatures and return to the dry-state value
at temperatures above the volume-phase transition. This same study showed that the hydrophilic
amide groups, however, do not completely return to their dry state values even at temperatures far
above the volume-phase transition, suggesting water remained bound to the amide groups [99].
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Figure 2.9 Progression of normalized wavenumber 𝑓 for the –CH3 and –COO- groups as a
function of the average pectin volume fraction 𝜙

As temperature is increased, it is therefore anticipated that highly methoxylated pectin
collapses in a heterogeneous state with –COOCH3 rich domains where water is excluded and –
COO- rich domains where water remains bound.
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To test this hypothesis, D2O was exchanged with H2O while the coating was at 55 ˚C.
Figure 2.10 shows the FTIR spectra of coatings before and after this exchange. Consistent with
the hypothesis, the peak associated with –COO- groups red-shifted by 9 cm-1 as H2O is replaced
by D2O.
This suggests that the carboxylate groups (hydrophilic rich domains) are surrounded by
water molecules at 55 ˚C, as evidenced by the fact that D2O can be readily exchanged by H2O.
However, the peak positions associated with the –CH3 and –COOR were invariant to the H2O/D2O
exchange, suggesting that the hydrophobic rich domains are nearly dehydrated at 55 ˚C.
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Figure 2.10 ATR-FTIR spectra of pectin-CaCl2 0.1 M in (a) H2O at 55 ˚C, and (b) D2O at 55 ˚C
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As a demonstration of the thermal response of the pectin coatings, temperature-induced
changes in cell morphology and spreading area were investigated. NIH3T3 mouse embryonic
fibroblast cells were seeded on both bare glass coverslips (as control) and glass coverslips coated
with cross-linked (0.1 M CaCl2). The coatings were imaged after 48 hours of incubation at 37 ˚C.
At least 3 images per sample were acquired and approximately 300 cells were analyzed per
experiment.
Cell spreading area and morphology were found to be nearly similar in the coated and
control dishes after 48 hours of incubation at 37 ˚C. Upon lowering the culture temperature to 20
˚C, attached cells underwent morphological changes and started to contract but only on the pectin
coated glass coverslips. The cell morphology changed from a spread structure to a more rounded
shape after only 5 min of incubation. After 60 min of incubation at 20 ˚C, the majority of the cells
detached from the pectin coatings, as shown in Figure 2.11.
In contrast, in the case of cells cultured on the glass coverslips, no significant differences
were found either in the cell spreading or cell morphology after 60 minutes at an incubation
temperature of 20 ˚C as shown in Figure 2.12.
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Fluorescence micrographs

Phase contrast micrographs

(a)

(b)

Figure 2.11 NIH3T3 fibroblast cells on a coverslip coated with cross-linked pectin at (a) 37 °C
and (b) 20 °C after t=60 min of incubation; scale bar = 100 µm.
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Phase contrast micrographs

Fluorescence micrographs

(a)

(b)

Figure 2.12 NIH3T3 fibroblast cells on a coverslip at (a) 37 °C, (b) 20 °C after t=60 min of
incubation; scale bar = 100 µm.

The change in cell morphology and decreased spreading is attributed to the increased
hydration and swelling of the coatings upon temperature reduction. The contact angle of the crosslinked (0.1 M CaCl2) pectin coatings were determined at 37 ˚C which revealed the presence of
rather hydrophobic surfaces with contact angles of 62 ˚± 1 ˚. At 37 °C, coatings contracted due to
the dominance of the hydrophobic interactions promoting cell attachment.
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This is in agreement with previous observations reporting that cells generally adhere to
hydrophobic surfaces [100]. At 20 °C, coatings demonstrated hydrophilic surface properties with
contact angles of 33˚± 3 ˚ and swelled to twice their dehydrated state. Transition of pectin from a
hydrophobic state to a hydrophilic one resulted in significant expansion of the culture surface and
subsequent reduction of the cell-surface interactions on culture supports.
2.5 Conclusion
Ultra-thin coatings of cross-linked highly methoxylated pectin polysaccharide networks
were fabricated by first spin-coating the pectin polysaccharide followed by exposure to CaCl2 in
ethanol, which allowed for varying the degree of cross-linking. The swelling response of the
coatings were studied as a function of temperature using ellipsometry and ATR-FTIR and found
to be dictated by the balance between hydrophobic interactions of the esterified galacturonic acid
residues and the hydrophilic interactions of charged galacturonic acid residues along the pectin
backbone.
Under certain conditions, the coatings showed a pronounced de-swelling transition with
increasing temperature, which is related to dehydration of the esterified galacturonic acid residues
and could be used for cell culture and release applications. It is expected that several types of
naturally occurring polysaccharides will display similar behavior depending on the degree of
esterification, opening up several new opportunities for responsive coatings from naturally
occurring materials.
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CHAPTER 3: INFLUENCE OF DEGREE OF ESTERIFICATION ON THE
RESPONSIVE PROPERTIES OF PECTIN COATINGS
3.1 Abstract
Pectin polysaccharides provide promising potential as “green” coatings that exhibit
stimuli-responsive characteristics combined with biocompatibility, biodegradability, and low cost.
Herein, ultra-thin coatings of pectin with varying degrees of esterification were produced and
subjected to Ca2+ induced cross-linking. Thermo-responsive behaviors of thin coatings with
different degrees of esterification were evaluated by assessing the swelling behaviors as a function
of the extent of cross-linking and pH of the surroundings using ellipsometry.
The coatings revealed thermo- and pH-responsive properties which were strongly affected
by the degree of esterification as indicated by the changes in the swelling profiles. Coatings of
pectin with an esterification degree of 70% demonstrated a substantial decrease in the equilibrium
swollen thickness with increase in temperature while their thermo-sensitivity weakened
substantially as the degree of esterification was reduced to 25%. Conversely, the pHresponsiveness revealed to be most prominent in coatings with a degree of esterification of
approximately 25%.
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy
establishes that thermo-responsiveness is driven by dehydration of the methyl groups in esterified
galacturonic acid residues while the response to changes in pH is governed by the balance between
charged and uncharged non-esterified acid groups. With changes in the extent of esterification
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along with the degree of cross-linking, pectin coatings with desired swelling responses could be
designed.
3.2 Introduction
Thin films of stimuli-sensitive hydrogels have received increasing attention for the
fabrication of ‘‘smart’’ responsive surfaces and interfaces to be used in a broad range of
applications such as membranes, sensors, actuators, drug delivery systems, ‘‘smart’’ cell-culture
supports, etc. [29, 101-103] Stimuli-sensitive hydrogel thin films undergo large volumetric
changes in response to small amounts of external stimuli such as temperature, pH, solvent
composition, light, and electric fields [16, 104].
When prepared from natural polymers these hydrogels display advantages over synthetic
polymers as their stimuli-responsive properties are complemented with inherent biocompatibility
and biodegradability which are favorable in biomedical applications [38, 42, 43, 105-109].
Pectin polysaccharides are a complex and structurally diverse group of natural polymers
exhibiting significant potential as stimuli-sensitive hydrogels. Pectin is abundantly found in the
cell walls and intercellular regions of plants and is widely used in the food industry and
pharmaceutical formulations [45, 110] . The molecular structure of pectin is composed of a
backbone chain structure of α-(1,4)-linked galacturonic acid residues, partly interrupted by side
chains of neutral sugar residues.
The carboxyl groups present in galacturonic acid residues may be partially methylesterified. The percentage of methoxylated galacturonic acid residues is defined as the degree of
esterification (DE) and is considered as a critical parameter in determining the functional
properties of the pectin. Pectin polysaccharides are traditionally categorized as either high-
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methoxyl (DE>50%) or low-methoxyl (DE<50%) pectin, each presenting different gelling
characteristics [47, 59, 110, 111].
Low-methoxyl pectin hydrogels are developed in the presence of divalent cations such as
Ca2+ ions functioning as cross-linkers inducing the formation of junction zones between
carboxylate groups (known as the “egg-box” ‘egg-box’ model) [68, 73, 75, 112, 113]. Highmethoxyl pectins, on the other hand, exhibit a low affinity for divalent cations and their Ca2+induced gelation is not clearly established. They are conventionally cross-linked at low pH values
in the presence of soluble solids (i.e. sugars) to promote chain-chain associations while limiting
chain-solvent interactions [77, 114].
In chapter 2, ultra-thin coatings of cross-linked, highly-methoxylated pectin
polysaccharides with degrees of esterification up to approximately 70% were developed using a
simple approach which enabled their Ca2+-induced cross-linking [115]. This approach does not
necessitate high sugar concentrations to cross-link the pectin as the cross-linking relies on
electrostatic interactions of carboxyl groups with Ca2+ ions rather than the hydrogen bonding of
chains or hydrophobic forces between methoxyl groups.
Unlike conventionally cross-linked high-methoxyl pectin hydrogels, coatings with a DE of
approximately 70%, cross-linked with CaCl2, displayed an unexpected temperature-induced
volume-phase transition similar to that of hydrophilic-hydrophobic transitions observed in lower
critical solution temperature (LCST) polymers [81]. The volume-phase transition was mainly
attributed to the chemical structure of the pectin as the transition was driven by dehydration of the
esterified galacturonic acid residues.
In the present study, the pH- and thermo-responsive behaviors of pectin coatings in relation
to DE was investigated to examine the impact of the molecular structure of pectin on
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responsiveness. It is speculated that modifying the content of esterified galacturonic acid residues
alters the hydrophilic/hydrophobic balance along the pectin backbone, possibly impacting their
(smart) responsive behavior.
To this end, high-methoxyl pectin with a DE of approximately 70% was selectively deesterified to varying extents of esterification. Ultra-thin coatings of pectin with different extents of
esterification DE were produced and cross-linked over a range of CaCl2 concentrations. Thermoresponsive behaviors of thin coatings with different DE were evaluated by assessing their swelling
behavior as a function of the extent of cross-linking and pH of the surroundings using ellipsometry.
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy was used to
probe the chemical structure of the pectin coatings and their modifications upon de-esterification
as well as cross-linking.
It is expected that by reducing the extent of esterification, the hydrophobicity of the
network is reduced and that consequently may affect the response behaviors of coatings. The
results of this study provide an understanding of the thermo- and pH-responsive behaviors of thin
pectin coatings in relation to their DE with the eventual goal of achieving tunable surface
properties and functionalities.
3.3 Materials and Methods
Highly esterified citrus pectin with a DE of ∼70% was purchased from Acros Organics
(CAS 9000-69-5) and used as the parent pectin. Alkali de-esterification of the parent pectin was
performed using a two-step process to generate pectin samples with DE of ∼53% and ∼25% [116].
Initially, the parent pectin was suspended in a 50% ethanol (100 mg/mL) for 30 min. The
suspended pectin was then filtered and washed with ethanol−water mixtures in graded series of

42

50%, 65%, 80%, and 95% and dried at 70 ˚C. The dried pectin was then powdered and sifted to
obtain a uniform particle size.
The pectin powder was then alkali de-esterified in a two-step process. First, the pectin
powder was suspended in a 50% ethanol (100 mg/mL). The suspension was then titrated using a
1M NaOH solution in 50% ethanol in the presence of a few drops of phenolphthalein. This step
was performed to neutralize free carboxyl groups present in galacturonic acid residues. In the
second step, the required volume of alkali to the desired DE was calculated using the following
equation and added to the sample.
𝐴∗𝑚

𝑉 = 176∗100 ∗

𝐷𝐸𝑖𝑛 −𝐷𝐸𝑟𝑒𝑞
100

∗ 100

(1)

where 𝑉 is the required volume of alkali to achieve the desired DE (ml), A is the galacturonic acid
content in pectin (%), m is the weight of a pectin sample (g), 176 is the molar weight of
galacturonic acid, DEin is the initial DE (%), and DEreq is the final required DE (%).
In order to achieve a precise level of DE, only 95% of the calculated amount of alkali was
added to the sample. The DE of the sample was then measured at this step and the precise amount
of the needed alkali was adjusted. Finally, the pH of the resulting mixture with desirable DE was
lowered to pH=5 using a 1M HCl solution in 50% ethanol. The suspended pectin was washed with
ethanol-water mixtures in graded series of 50%, 65%, 80%, and 95% and left overnight to dry at
room temperature.
3.3.1 Determination of the Degree of Esterification
The DE of pectin was determined using a modified titrimetric method [117, 118]. Initially,
dried pectin powder was dissolved in water (5 mg/mL). The solution was then titrated with 0.5 M
sodium hydroxide in the presence of a few drops of phenolphthalein. The volume needed to
neutralize the free carboxyl acids was then recorded as the initial titer (V1).
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Following that, 10 ml of 0.5 M sodium hydroxide was added to the sample to achieve
hydrolysis. Next, 10 ml of 0.5 M hydrochloric acid was added and the sample was stirred until the
pink color of the solution completely disappeared. Lastly, the solution was titrated with 0.5 M
sodium hydroxide until a pink color was achieved. The added volume was then recorded as the
final titer (V2). The DE was calculated using the following formula:
𝑉

2
𝐷𝐸 (%) = 𝑉 +𝑉
∗ 100
2

(2)

1

3.3.2 Fabrication of Thin Films of Cross-linked Pectin
Pectin powders with varying DE were dissolved in water (10 mg/mL) and the suspension
was stirred until a uniform solution was achieved. Thin pectin films were prepared by spin-coating
pectin solutions on substrates, fictionalized with a solution of 3-aminopropyltriethoxysilane in
acetone. The spinning speed and duration were adjusted in a two-step process starting with 30
seconds of spinning at 1000 rpm followed by an additional 30 seconds of spinning at 3000 rpm to
obtain uniform coatings with thicknesses of approximately 80 nm.
Subsequently, dried coatings were cross-linked in situ by introducing the Ca2+ as CaCl2
dissolved in ethanol (a poor solvent for pectin) with a range of concentrations between 0.001 to 1
M to develop different extents of cross-linking. This ensures thin films remain intact by eliminating
water in the cross-linking process, while Ca2+ ions freely diffuse and cross-link the coatings.
This approach does not necessitate a high sugar concentration to cross-link the pectin as
the cross-linking relies on electrostatic interactions of carboxyl groups with Ca2+ ions rather than
the hydrogen bonding of chains or hydrophobic forces between methoxyl groups. Accordingly,
high-methoxyl pectin coatings with degrees of esterification up to approximately 70% could be
cross-linked in this manner.
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3.3.3 Swelling Characterization
The swelling behaviors of the coatings were examined using a variable-angle rotating
compensator ellipsometer equipped with a He–Ne laser (wavelength of 633 nm) as the lightsource. An “inverted” geometry with a LaSFN9 45˚ prism (refractive index of n=1.845) as the
incident medium and solvent as the transmitted medium was used.
An iterative procedure (least-squares minimization) was applied to determine the thickness
of the films. The theoretical ellipsometry parameters (ψ and Δ) were first calculated from the
Fresnel equations. The thickness was varied to obtain the best fit between the theoretical and
experimental ψ and Δ values [85].
3.3.4 ATR-FTIR Characterization
ATR-FTIR analysis of pectin coatings was conducted to investigate their chemical
modifications induced by de-esterification as well as cross-linking. Furthermore, changes in the
environment during the thermally-induced de-swelling was investigated by ATR-FTIR [37, 38].
The absorption spectra of pure and cross-linked pectin with different degrees of esterification were
collected by employing a Nicolet 8700 FTIR spectrometer equipped with a temperature controlled,
multi-bounce ATR ZnSe plate.
The spectra were recorded over a spectral range of 400−4000 cm−1 (mid infrared region)
at a resolution of 4 cm−1. The analysis was conducted by a software package (OMNIC software,
version 6.0, Thermo Fisher Scientific, Madison WI). The data represent the mean of at least
triplicate spectra for each sample.
3.4 Results and Discussion
Pectins of varying extents of esterification were developed through de-esterification of a
highly methoxylated parent pectin. Pectin with a DE of ∼25% (DE 25), and with a DE of ∼53%
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(DE 53) were produced from the highly methyl-esterified parent pectin with a DE of ∼70% (DE
70).
ATR-FTIR analyses of dry pectin coatings were conducted to investigate changes in their
chemical composition induced by de-esterification. Figure 3.1 compares the ATR-FTIR spectra of
as-cast dry DE 25 pectin, DE 53 pectin, and DE 70 pectin coatings. All spectra show a broad peak
at approximately 3300-3600 cm-1 representing the stretching vibration of the hydroxyl (–OH)
groups on the pectin backbone.
The bands centered at wavenumbers of ∼2930-2950 cm-1 and ∼1730-1740 cm-1 correspond
to the vibration of methyl (–CH3) and carboxyl-ester (–COOR) groups respectively. The strong
band centered at the wavenumber of ∼1600-1610 cm-1 is associated with carboxylate (–COO−)
representing the non-esterified galacturonic acid residues [88].
Upon chemical de-esterification of DE 70, the intensity of the bands associated with
esterified galacturonic acid residues decreased while a pronounced enhancement in the absorption
intensity of the band representing the non-esterified acid residues was detected. The ratio of the
band intensities of the non-esterified acid residues to the sum of the band intensities of the
esterified and non-esterified acid residues (𝐴

𝐴–COO−

–COO− +𝐴–COOR

) increased from ∼35% to ∼70% for DE

70 and DE 25 respectively.
It has been previously shown that as the extent of esterification decreases, the peak
intensity of the carboxyl-ester groups decreases while the peak intensity of the carboxylate groups
increases [119, 120]. The increase of the relative intensity of the carboxyl-ester and the carboxylate
peaks, therefore, confirms the conversion of esterified acid residues to non-esterified acid residues.
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Figure 3.1 ATR- FTIR spectra of (a) DE 25, (b) DE 53, and (c) DE 70 pectin coatings

Molecular-scale analyses of coatings before and after cross-linking were also performed
using ATR-FTIR spectrometry. Figure 3.2 compares the spectra of a dry DE 53 coating before
exposure to calcium to that of dry DE 53 coatings after cross-linking at different CaCl2
concentrations.
Cross-linking with CaCl2 resulted in spectral modifications and band shifts of the esterified
and non-esterified galacturonic acid residues, reflecting changes in their molecular environment.
Particularly, the absorption peak corresponding to the non-esterified carboxylate (–COO−) groups
was significantly affected by Ca+2-induced cross-linking, revealing that these groups are active
participants in Ca+2 binding.
The spectra of DE 25 and DE 70 coatings displayed similar trends, shown in Figure 3.3,
indicating an analogous cross-linking mechanism for all three pectin coatings independent of their
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extent of esterification. Moreover, a pronounced enhancement in the band intensities of the –COO−
vibration relative to the –COOR was detected with increasing CaCl2 concentrations for either cases
of pectin coatings. Such enhancement in the relative intensity is mostly attributed to the
displacement of the monovalent counterion in non-esterified galacturonic acid residues with Ca2+
ions, thus intensifying the –COO− absorption.
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Figure 3.2 ATR- FTIR spectra of (a) uncross-linked DE 53 pectin, and cross-linked DE 53
networks at CaCl2 concentrations of (b) 0.001 M, (c) 0.01 M, (d) 0.1 M, and (e) 1.0 M
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Figure 3.3 ATR- FTIR spectra of (A) DE 25, and (B) DE 70: (a) uncross-linked, and cross-linked
at CaCl2 concentrations of (b) 0.001 M, (c) 0.01 M, (d) 0.1 M, and (e) 1.0 M
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Figure 3.4 presents the shifts in the wavenumbers corresponding to the carboxylate (–
COO−) groups with respect to the CaCl2 concentrations. Upon introducing the lowest concentration
of CaCl2 (0.001 M), the absorption peak corresponding to the carboxylate (–COO−) groups blueshifted for all cases as a result of the –COO−–Ca+2 interaction.
Increasing the concentration of CaCl2 resulted in a continuous blue-shift in the
wavenumber of the carboxylate band. Upon introducing the highest concentration of CaCl2 (1.0
M), the carboxylate band blue-shifted between 22 cm−1 and 33 cm−1 depending on the extent of
esterification. The band representing the –COOR groups, however, remained relatively invariant
upon cross-linking for all cases of pectin coatings.
This reveals that for all coatings, independent of their extent of esterification, the crosslinking is promoted by the electrostatic interactions of Ca2+ ions and –COO− groups rather than
relying on the hydrophobic forces between methyl groups.
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Figure 3.4 Wavenumber values of –COO− of cross-linked DE 25 (open squares), DE 53 (open
circles), and DE 70 (stars) networks at different CaCl2 concentrations

The swelling behaviors of pectin coatings in contact with water were examined by
ellipsometry to determine the equilibrium swelling capacity as a function of temperature as well
as the degree of cross-linking. The coatings were exposed to water at 15 ˚C and the temperature
was increased at a rate of 0.5 ˚C per minute up to 55 ˚C. Figure 3.5 shows the normalized swelling
𝐻𝑇(°𝐶) −𝐻𝑑𝑟𝑦

ratio 𝑓 defined as 𝑓 = 𝐻

15(°𝐶) −𝐻𝑑𝑟𝑦

, where 𝐻𝑇(°𝐶) represents the equilibrium thickness after

exposure of the coatings to the water at temperature 𝑇 (˚C) , 𝐻𝑑𝑟𝑦 represents the thickness of dried
coatings, and 𝐻15(°𝐶) is the equilibrium thickness at 15 ˚C.
As seen, the de-swelling behavior of the pectin coatings with respect to temperature was
strongly impacted by the DE as well as the extent of cross-linking. At the lowest degree of cross51

linking (CaCl2 0.001 M), Figure 3.5 (a), coatings exhibited different collapsing behaviors as the
temperature was increased. The swelling ratio of coatings was rather unaffected by temperature
from 15 ˚C to 30 ˚C regardless of their extent of esterification.
However, coatings started to expel water as temperature was raised from 30 ˚C to 55 ˚C
while the rate of the contraction appeared to be different for different extents of esterification. For
instance, the coatings of DE 25 pectin continued to display hydrophilic behaviors with increasing
temperatures, and the normalized swelling ratio, f, dropped to 0.72 at 55 ˚C (∼30% reduction).
In the case of coatings made of DE 53, f decreased to 0.54 at 55 ˚C signifying a somewhat
stronger thermo-dependent swelling behavior compared to DE 25 coatings. The de-swelling
profiles of DE 70 coatings, however, revealed to be strongly affected by the temperature. As the
temperature was increased above 30 ˚C, the coatings started to contract and expelled water. At 40
˚C, the value of f decreased by more than 50% and eventually dropped to 0.26 at 55 ˚C.
The swelling behaviors of pectin coatings were also studied as a function of temperature
in regards to their extent of cross-linking. Increasing the degree of cross-linking also impacted the
swelling capacity of coatings (Figure 3.5 (b), (c), and (d)), for all cases of esterification. The
coating with the lowest extent of cross-linking swelled the most and swelling capacity decreased
as the extent of cross-linking increased. In the cases of DE 25 and DE 53 coatings, altering the
degree of cross-linking, though affecting the swelling capacity, did not considerably alter their deswelling profile with respect to temperature.
The de-swelling profiles of DE 70 coatings, however, exhibited a stronger dependency to
the degree of cross-linking (upward-pointing triangles in Figure 3.5 (a), (b), (c), and (d)). For
instance, at the lowest cross-link density (CaCl2 at 0.001 M), DE 70 coatings followed a rather
gradual release. As the degree of cross-liking increased, the de-swelling of the coatings occurred
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in a relatively narrower range of temperatures and a sharper transition zone, indicating stronger
thermo-dependency.
At the highest cross-link density, (CaCl2 at 1 M) for instance, a sharp descent was evident
in the swelling capacity by increasing the temperature only from 30 ˚C to 40 ˚C. Within this
interval the coatings contracted continuously, while abruptly transitioning from a swollen state to
a collapsed state (nearly the dry film thickness), reflecting a strong thermo-dependent de-swelling.
The fact that thermo-dependent swelling behavior is mainly observed in coatings of DE 70
pectin but DE 25 and DE 53 coatings do not appreciably display such thermosensitivity, suggests
that the difference in the thermo- responsive behaviors of the pectin coatings is primarily linked to
their degrees of esterification.
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Figure 3.5 Normalized swelling ratio f of DE 25 (squares), DE 53 (circles), and DE 70 (upwardpointing triangles) cross-linked networks at CaCl2 concentrations of (a) 0.001 M, (b) 0.01 M, (c)
0.1 M, and (d) 1.0 M in contact with water as a function of temperature

The difference in the thermo-responsive behaviors of the coatings was further investigated
using ATR-FTIR by probing the changes in the environment surrounding both the esterified and
non-esterified acid residues.
To this end, coatings were initially dried to eliminate any absorbed water. Following that,
coatings were immersed in water at 25 ˚C and their spectra were recorded as temperature was
raised. Figure 3.6 shows the spectra of the DE 53 pectin coatings at selected temperatures along
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with the spectrum of a dry DE 53 coating at 80 ˚C cross-linked with CaCl2 at 0.1 M. The spectrum
of the unbuffered water was subtracted from the spectra of the hydrated coatings at the relevant
temperature, enabling the analysis of water structured around the main functional groups in the
pectin while minimizing the interference of bulk water [121].
Following the exposure of the dried coatings to unbuffered water at 25 ˚C, the peaks
corresponding to both –COOR and –COO− groups blue-shifted to higher wavenumber values with
respect to the dry values. The blue-shift in the wavenumber values indicates the solvation of the
coatings as air is substituted with a solvent with a higher dielectric constant (unbuffered water),
shifting the corresponding wavenumbers to higher values [95, 96].
Note that at 25 ˚C, water molecules were structured around both hydrophilic and
hydrophobic groups which indicates that both groups were fully hydrated. The band representing
the COOR groups nevertheless, was rather indistinct and partially masked by the prominent –
COO− band. This suggests that the water trapped in the coating is mostly structured around
hydrophilic –COO− sites.
As temperature increased from 25 ˚C to 55 ˚C, the wavenumber values of both –COOR,
and –COO− groups red-shifted towards the dry state values indicating thermo-induced
dehydration. Moreover, the band intensity of the –COOR groups relative to those of the –COO−
groups enhanced with increasing temperature. This enhancement suggests that, despite water being
expelled from both hydrophilic and hydrophobic groups, the –COOR groups display a stronger
thermo-dependent water repellency. Therefore, this can be interpreted to suggest a heterogeneous
dehydration of the coatings with increasing temperature, occurring mostly at hydrophobic regions.
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Figure 3.6 ATR-FTIR spectra of DE 53-CaCl2 0.1 M in water at different temperatures (spectra
of water are subtracted for all samples)

For further analysis, a normalized wavenumber 𝜈̅ , was defined as 𝜈̅ =

𝜈𝑇(°𝐶) −𝜈80°𝐶
𝜈25°𝐶 −𝜈80°𝐶

for both

the –COO− and –COOR groups, where 𝜈𝑇(°𝐶) is the associated wavenumber at a temperature T,
𝜈25°𝐶 is the wavenumber at 25 ˚C, and 𝑣80°𝐶 is the wavenumber in the dry state. Figure 3.7 shows
̅ = 𝐻𝑇(°𝐶)−𝐻𝑑𝑟𝑦 ,
the progression of 𝜈̅ as a function of the normalized swelling ratio defined as 𝐻
𝐻
−𝐻
25°𝐶

𝑑𝑟𝑦

where 𝐻𝑇(°𝐶) is the thickness of the coating at a temperature T.
̅ between 1.0 and 0.85), 𝜈̅ decreased
Between 25 ˚C and 37 ˚C (corresponding to values of 𝐻
by 10% and 15% for –COO− and –COOR groups respectively. Upon increasing the temperature
to 45 ˚C, 𝜈̅ decreased by 53% for the –COOR groups but only by 30% for the –COO− groups. As
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temperature is further increased to 55 ˚C, the value of 𝜈̅ corresponding to –COO− groups decreased
only by 50% despite a full drop to nearly zero for the –COOR groups.
Given that at 55 ˚C, the normalized swelling ratio remained nearly 40% above the dried
state value, suggests that the remaining water in the DE 53 coatings is mostly structured around
the hydrophilic –COO− groups while the –COOR groups are dehydrated.
In the case of DE 25-CaCl2 0.1 M coatings, Figure 3.8 (a), the –COOR band was mostly
masked by the strong –COO− band at the studied range of temperatures. This is most likely due to
the significantly higher contents of hydrophilic non-esterified acid groups, compared to
hydrophobic esterified acid residues, which remain bound to water molecules as temperature is
raised.
In the case of DE 70-CaCl2 0.1 M coatings, Figure 3.8 (b), the –COOR band was slightly
masked by the –COO− band up to 37 ˚C but distinctly appeared as temperature was further
increased. Both bands corresponding to –COOR and –COO− groups red-shifted towards the dry
state values with increasing temperature. Analogous to the DE 53 coatings, the –COOR band
demonstrated a higher sensitivity to temperature increase, resembling a nearly similar peak to the
dried coating at 55 ˚C while the ––COO− band remained above its dry state value.
Such changes in the wavenumbers reveal the contribution of the hydrophobic nonesterified acid residues in the thermally-induced dehydration of the pectin coating. Water is
structured around both hydrophilic and hydrophobic regions at lower temperatures. Increasing the
temperature, however, promotes the hydrophobic interactions amongst the esterified acid residues.
Accordingly, water molecules around these hydrophobic sites are repelled, giving rise to the
shrinkage of the coatings. The contraction however, does not eliminate the total amount of water
linked to the coatings, as water remains bound to the hydrophilic non- esterified acid residues.
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Thermo-sensitivity therefore, is governed by the ratio of esterified to non-esterified
galacturonic acid groups controlling the hydrophobic/hydrophilic balance along the backbone of
the pectin chains. The high contents of carbomethoxy groups in highly methoxylated DE 70
coatings promotes hydrophobic interactions. The hydrophobic interactions intensify with
increasing temperature, ultimately dominating the hydrophilic interactions. Conversely, the higher
contents of non-esterified carboxylate groups along the backbone of the pectin chains in DE 25
and to a lesser extent DE 53 coatings yield rather hydrophilic coatings with swelling capacities
weakly impacted by temperature.
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Figure 3.7 Progression of normalized wavenumber for –COO− and –COOR groups as a function
of the normalized swelling ratio

58

(a)

Absorbance (a.u.)

80 oC
55 oC
45 oC
37 oC
25 oC

1800

1700

1600

1500

-1

Wavenumbers (cm )
(b)

Absorbance (a.u.)

80 oC
55 oC
45 oC
37 oC
25 oC

1800

1700

1600

1500

-1

Wavenumbers (cm )
Figure 3.8 ATR-FTIR spectra of (a) DE 25-CaCl2 0.1 M, and (b) DE 70-CaCl2 0.1 M at different
temperatures (spectra of water are subtracted)
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Once the swelling profiles of cross-linked pectin films were characterized in non-buffered
water, the effect of the pH of the medium was also investigated. To this purpose, the coatings
cross-linked with CaCl2 at 0.1 M were exposed to a buffer solution at a pH of 2 (potassium
chloride-hydrochloric acid buffer) for all cases of esterification and their pH-dependent swelling
responses were studied as a function of temperature.
Figure 3.9 compares the equilibrium degree of swelling, defined as the thickness of the
hydrated coatings at the relevant temperature 𝐻𝑇(°𝐶) divided by the dry layer thickness 𝐻𝑑𝑟𝑦 , as a
function of temperature for DE 25 coatings exposed to non-buffered water at a pH of 7 and a buffer
solution at a pH of 2. Figure 3.10 and 3.11 compares the equilibrium degree of swelling as a
function of temperature for DE 53, and DE 70 coatings, respectively.
As seen, at 15 ˚C, exposure of the coatings to the buffer solution at a pH of 2 reduced the
degree of swelling by approximately 5%-13% depending on the degree of esterification compared
to non-buffered water. Despite the differences in the swelling capacity, the same de-swelling
profile persisted over the entire temperature range for DE 25 at pH=7 and pH=2. For instance, at
the lowest temperature (15 ˚C), the degree of swelling decreased with decreasing the pH from 7 to
2, while at the highest temperature of 55 ˚C, the swelling ratio diminished with pH=7 to at pH=2.
This suggests that the variation of pH of the medium, though reducing the swelling capacity of the
DE 25 coatings, did not considerably influence their thermo-response characteristics.
Moreover, the DE 25 coatings displayed a more sensitive response to the pH adjustment
compared to the other coatings. The pH response of the pectin coatings is mainly governed by the
balance between the contents of charged non-esterified galacturonic acid residues (–COO−) and
the non-esterified hydrogenated galacturonic acid residues (–COOH), controlling the charge
density along the pectin chain backbone.
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At pH=2, (below the pKa of pectin 3.5), the non-esterified carboxylic groups are mostly
protonated which reduces the charge density along the pectin chain thus promoting water
repellency, leading to less hydrated layers. The high pH sensitivity of the DE 25 coatings is
therefore, attributed to the higher amounts of non-esterified galacturonic acid residues compared
to DE 53 and DE 70 coatings.
In the case of DE 53 coatings, the pH dependency is more noticeable at temperatures below
40 ˚C. At 15 ˚C, the degree of swelling decreased from at pH=7 to at pH=2. Across this temperature
range (15 ˚C to 40 ˚C), the swelling behavior continued to display a rather weak dependency on
temperature increase for both pH values. However, as the temperature was increased, the
differences between the swelling ratios at pH=7 and pH=2 significantly diminished. This depicts
that the swelling of DE 53 coatings is mainly impacted by the pH of the medium at temperatures
below 40 ˚C. Further temperature increase however, promotes the hydrophobic interactions,
contracting the layers regardless of the pH value of the medium.
For the DE 70 coatings, reducing the pH to 2 contracted the coating at temperatures below
33 ˚C. As temperatures exceeded 33 ˚C, the swelling degree decreased continuously for coatings
subjected to non-buffered water, following a nearly analogous trend to coatings in contact with the
buffer at pH=2.
Above 33 ˚C, coatings demonstrated nearly similar de-swelling profiles independent of the
pH values. Moreover, at these two pH values, coatings of DE 70 can be made to nearly collapse
by increasing the temperature independent of the pH of the medium. The DE 70 coatings thus,
showed a strong thermo-dependent swelling behavior, predominantly over the range from 33 ˚C
to 55 ˚C while the pH-dependent swelling behavior was less prominent and diminished with
increasing temperatures.
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The stronger pH-responsivity of the DE 25 coatings could be explained in terms of the net
charge as these coatings contain high amounts of ionizable non-esterified acid groups and adjust
their swelling capacity in response to the variations of the net charge.
The thermo-responsive behavior of the pectin coatings however, is primarily dependent on
the contents of the esterified and non-esterified acid residues which modulate the
hydrophobic/hydrophilic balance. Therefore, the higher contents of hydrophobic carbomethoxy
groups in DE 70 pectin coatings, and to a lesser extent DE 53 pectin coatings, promote a stronger
thermo-sensitivity whereas DE 25 coatings do not appreciably display such responsive behavior.
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Figure 3.9 Swelling ratio of DE 25 coatings in contact with unbuffered water and a buffer
solution at pH value of 2; cross-linked at CaCl2 0.1 M

62

DE 53 Pectin
Water
pH=2

2.2

Swelling Ratio

2.0
1.8
1.6
1.4
1.2
1.0
10

20

30

40

50

60

o

Temperature C
Figure 3.10 Swelling ratio of DE 50 coatings in contact with unbuffered water and a buffer
solution at pH value of 2; cross-linked at CaCl2 0.1 M
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Figure 3.11 Swelling ratio of DE 70 coatings in contact with unbuffered water and a buffer
solution at pH value of 2; cross-linked at CaCl2 0.1 M

3.5 Conclusion
Ultra-thin coatings of pectin with varying extents of esterification were fabricated by spincoating the pectin and subjected to Ca2+ induced cross-linking. The swelling response of the
coatings at different degrees of cross-linking were studied as a function of temperature and pH of
the surroundings using ellipsometry and ATR-FTIR and found to be governed by the extent of
esterification.
The coatings of highly methoxylated pectin exhibited thermo-dependent swelling
behaviors and underwent a thermally-induced hydrophilic–hydrophobic transition which was
attributed to high contents of the esterified acid residues promoting hydrophobic interactions upon
heating. The thermo-sensitivity weakened considerably as the degree of esterification was reduced
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to 25% which was found to be an effect of the altered hydrophilic/hydrophobic balance of the
structures.
The pH-dependency of swelling behaviors considerably increased as the degree of
esterification was reduced to 25% as a result of increased amounts of ionizable non-esterified acid
groups on the galacturonic acid residues. With changes in the extent of esterification along with
the degree of cross-linking, pectin surfaces showed a response to both pH and temperature triggers.
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CHAPTER 4: THERMALLY- AND PH-RESPONSIVE THIN FILMS FROM LOWMETHOXYL OPUNTIA FICUS-INDICA CACTUS PECTIN
4.1 Abstract
Pectin from cactus mucilage provides promising potential as an alternative to commercial
sources of pectin to fabricate “green” coatings implemented in controlled release applications. The
structural and molecular properties of pectin vary widely based on their extraction source,
encouraging the exploration of diverse sources of pectins to achieve versatile functionalities. Here,
we investigated the mucilage of Opuntia ficus-indica cactus as an underexplored source of highly
purified pectin.
Ultra-thin coatings of low-methoxyl Opuntia ficus-indica cactus pectin were fabricated by
spin-coating solutions of pectin followed by Ca2+ mediated crosslinking. The responsive properties
of cross-linked cactus pectin coatings were evaluated by characterizing the swelling behaviors as
a function of temperature and compared to that of high-methoxyl citrus pectin networks.
The coatings of cactus pectin swelled up to nearly 2.4 times the dry thickness at 15 ˚C and
stored up to 60% of the absorbed water at 60 ˚C. The coatings of high-methoxyl citrus pectin
however, demonstrated higher sensitivity to temperature, shrinking to nearly the dried thickness
as the temperature was increased to 60 ˚C. The citrus pectin coatings revealed to be less sensitive
to pH variations particularly at higher temperatures.
The difference in the responsive behaviors of coatings is explained by the balance between
esterified and non-esterified acid residues along the backbone of the pectin chains. The high
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contents of non-esterified acid residues led to the production of more hydrophilic coatings
whereas, high amounts of esterified acid residues prompted stronger hydrophobic interactions.
It is shown that the mucilage of cactus is a valuable source of low-methoxyl pectin to
develop responsive hydrophilic coatings. The release behavior of these coatings as a function of
temperature can be tailored by adjusting the extent of crosslinking, and pH of swelling medium.
4.2 Introduction
Pectins are naturally occurring anionic polysaccharides used mostly stabilizers in
pharmaceutical products [59]. They occur as structural elements of cell walls and intercellular
regions of plants, mainly functioning as the hydrating agent [110, 122]. Pectin polysaccharides are
obtained from several natural sources and are available at a wide range of molecular weights and
chemical structures.
Pectin polysaccharides are mainly comprised of sugars including L-arabinose, D-galactose,
L-rhamnose, D-and xylose and D-galacturonic acid. The galacturonic acid chains contain carboxyl
groups which may exist as non-esterified acid groups or may be present as esterified carboxyl
groups [45, 47].
The ratio of esterified acid residues per total number of acid groups is defined as the degree
of esterification (DE). Low-methoxyl pectin (DE<50%) presents gelling characteristics when
exposed to divalent cations such as Ca2+ ions which act as cross-linkers [43, 123]. The underlying
mechanism of Ca2+ induced gel formation, although debatable [112], is described by the formation
of junction zones between carboxylate groups induced by Ca2+ crosslinking (known as the “eggbox” model) [73, 75, 111]
Molecular size, structure (i.e., the monosaccharide content and branching), carboxyl group
content, and DE are the key factors governing the properties and functionalities of pectin and its
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gelling behaviors [124, 125]. These factors vary widely with the extraction source and procedure
as well as the growing conditions (botanic origin) [43, 126]. For instance, commercial pectin is
commonly extracted from citrus peels and apple and is highly-methoxylated (DE>50%) [127].
Pectins with high contents of esterified acid groups exhibit weak tendency for ionic crosslinking due to the lower contents of non-esterified carboxyl group, restricting the extent of gelation
[114]. The contents of esterified acid residues can be reduced through de-esterification to enhance
its Ca2+ sensitivity, thus facilitating the crosslinking [128].
The de-esterification however, may alter the intrinsic properties and functionalities of
pectin polysaccharides limiting their applications; as well as necessitating additional steps and
costs [129]. Therefore, it is essential to explore various resources to obtain pectins with versatile
intrinsic properties and functionalities, particularly low DE.
In this sense, we investigated the mucilage of Opuntia ficus-indica (OFI) cactus as an
underexplored source of highly purified pectin. The OFI cactus (commonly referred to as Nopal
or prickly pear) is grown in semi-arid and arid regions as a food source. Its abundance, intrinsic
biocompatibility, and low production costs make it a promising source of industrial pectins [123,
130-132].
The mucilage found in the OFI cactus pads has been studied for various applications such
as dietary fiber, food additives, emulsifying agents, and medical formulations [130, 133-136]. The
pectin polysaccharides extracted from the mucilage of OFI cactus have a high intrinsic molecular
weight which promotes the formation of elastic junction zones (egg-box model)[137, 138] and is
also capable of holding high volumes of water within the polysaccharide matrices, rendering
hydrophilic gels with unique properties suitable for a multitude applications[130]. Moreover, the

68

low contents of esterified acid residues in the cactus pectin encourages Ca2+ mediated gelation,
eliminating the need for de-esterification.
Only a few studies concerning the gelling properties of pectin extracted from the mucilage
of OFI cactus have been reported focusing on the properties of bulk gels[139, 140]. Coatings of
pectin obtained from the mucilage of OFI cactus have not been reported and practically no
information is available on their functional properties at surfaces and interphases.
Recently, we reported on the swelling behaviors of the thin pectin coatings from highlyesterified citrus pectin polysaccharides[141]. Herein, we have developed ultra-thin coatings of
cross-linked pectin obtained from the mucilage of OFI cactus with a controlled extent of
crosslinking. The chemical properties of pectin coatings at different extents were investigated by
ATR-FTIR.
The behavior of thin coatings was investigated in terms of swelling as a function of
temperature, pH, and the extent of crosslinking using ellipsometry. The responses of pectin
networks extracted from the mucilage of OFI cactus were compared to the response of highmethoxyl citrus pectin coatings prepared in the same manner.
The coatings of cross-linked pectin obtained from the mucilage of OFI cactus presented a
remarkable capacity to sensitively interact with Ca2+ ions due to the presence of a large number of
carboxyl groups along with the significantly low content of methyl-esterified carboxyl groups. The
coatings demonstrated responsiveness to the pH and to a lesser extent temperature.
On the other hand, coatings of high-methoxyl citrus pectin demonstrated swelling
behaviors strongly dependent on the temperature while the responsiveness to the pH variations
was less noticeable. The differences observed in the response of the coatings were mostly driven
by the content of carboxylate and carboxyl-ester units along the pectin backbone.
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Promising properties including high molecular weight,[131, 142] along with extremely low
DE indicate the potential utility of coatings of pectin extracted from the mucilage of OFI cactus in
controlled release applications. For instance, OFI cactus pectin can be potentially applied as a
hydrogel for in situ protein release through subcutaneous fluids, where high ion-sensitivity along
with high molecular weight is desirable[143, 144]. The results of this study provide an
understanding of the functional properties of mucilage of OFI cactus as a natural source of
intrinsically de-esterified pectin applied as thin coatings at surfaces and interphases.
4.3 Materials and Methods
Fresh OFI cactus pads were obtained from a private nursery in Tampa, Florida, U.S. OFI
cactus pectin was extracted from the mucilage of stems (pads) of the cactus using a modified
version of the method by developed by Goycoolea & Cárdenas[123]. The OFI cactus pads were
diced and boiled in a 1% NaCl solution to inactivate the enzymes. Once cooled, the mixture was
liquidized in a blender. The pH of the resulting mixture was then neutralized with 1M of sodium
hydroxide. The neutralized mixture was centrifuged at 4000 rpm for 10 minutes to separate the
solids from the liquid.
The solid residue was separated and used for the pectin extraction. The solid residue was
mixed with 7.5 g/L of sodium hexametaphosphate [(NaPO3)6] in 50 mM of NaOH, in a 1:1 massto-volume ratio of residue to solution. The mixture was vacuum filtered and the filtrate pH was
lowered to 2.0 by titration with hydrochloric acid (HCl). The filtrate was refrigerated overnight to
precipitate.
The precipitate was isolated by centrifugation followed by re-suspension in DI water. The
pH of the mixture was adjusted to 8.0. The pectin was re-precipitated with acetone in a 2:3 liquidto-solvent ratio. The precipitate was washed with ethanol−water mixtures in a graded series (70%,
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80%, 90%, 95% ethanol and absolute ethanol) and left overnight to dry at room temperature. The
pectin obtained from citrus fruit was purchased from Sigma Chemical Co. All chemicals used were
purchased from Fisher Scientific (Pittsburgh, PA).
4.3.1 Fabrication of Thin Films of Cross-linked Pectin
Thin coatings of pectin can be prepared by post-processing bulk gels into coatings. This
technique induces remodeling of the hydrogels potentially altering their properties. Additionally,
thin films prepared in this manner may suffer from poor properties due to lack of control over the
extent of crosslinking in bulk gels.
Alternatively, thin coatings can be prepared in a direct procedure by crosslinking in situ a
preformed coating of pectin. The direct strategy allows for a tight control over the extent of
crosslinking and thickness. The crosslinking of a preformed pectin coating can be achieved upon
exposure to divalent ions such as Ca2+ dissolved in a poor solvent for the pectin. This ensures that
the pectin coating remains presumably intact by the solvent while the divalent ions diffuse to crosslink the coating.
Thin pectin coatings were fabricated by spin-casting a solution of 10 mg/mL pectin in water
on a treated substrate. The spinning speed and duration were adjusted to maintain uniform films
with thicknesses of approximately 80 nm. The substrates were treated with a 1% solution of 3aminopropyltriethoxysilane in acetone. Cross-linking was performed by exposing the dried films
to solutions of CaCl2 in ethanol with a range of concentrations from 0.001 to 1 M to obtain different
extents of cross-linking.
4.3.2 Swelling Characterization
The swelling behaviors of the coatings were assessed using a home-built variable-angle
rotating compensator ellipsometer with a He–Ne laser (wavelength of 633 nm) as the light source.
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A LaSFN9 45˚ prism (refractive index of n=1.845) was used as the incident medium. The thickness
of the coatings was determined using an iterative procedure (least-squares minimization [85].
4.3.3 ATR-FTIR Characterization
ATR-FTIR analysis was performed to probe the chemical properties of pectin coatings by
characterizing the main functional groups including carbomethoxy and carboxyl groups. ATRFTIR spectra were collected using a Nicolet 8700 FTIR spectrometer (Thermo Fisher, Madison
WI, USA) with a horizontal ATR accessory (Pike Technologies, Madison WI, USA) in absorbance
mode at a resolution of 4 cm−1. The analyses were performed by a software package (OMNIC
FTIR software, version 6.0, Thermo Fisher Scientific, Madison WI). The data represent the mean
of at least triplicate experiments.
4.4 Results and Discussions
The chemical compositions of the OFI cactus pectin networks were investigated by ATRFTIR spectroscopy and compared to the high-methoxyl citrus pectin as shown in Figure 4.1 Both
spectra displayed a broad band centered at the wavenumbers of approximately 3400 cm-1 and 3350
cm-1 for high-methoxyl citrus pectin and OFI cactus pectin respectively, associated with the
stretching vibration of hydroxyl (–OH) groups.
The carboxylate (–COO-) band that corresponds to non-esterified galacturonic acid
residues was detected in both spectra, centered at wavenumbers of 1610 cm-1 and 1600 cm-1 for
high-methoxyl citrus pectin and OFI cactus pectin respectively. Moreover, the spectrum of highmethoxyl citrus pectin revealed two major peaks at the wavenumbers of 1738 cm-1, associated with
carboxyl-ester (–COOR), and 2937 cm-1, corresponding to methyl (–CH3) groups.
The bands associated with the esterified residues in OFI cactus pectin were less distinct
and were mostly covered by strong carboxylate and hydroxyl bands indicating the predominance
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of acid salt residues over the esterified acid residues. The carboxyl-ester band along with the
carboxylate band can be used to determine the DE in pectin [119, 120].
In general, as DE increases, the carboxyl-ester peak area increases while the carboxylate
peak area decreases. Thus, the predominance of the carboxyl-ester band over carboxylate band
suggests that citrus pectin is highly methoxylated. On the other hand, the bands corresponding to
the carbomethoxy groups were not distinctly present in the spectra of OFI cactus pectin, implying
an insignificant content of esterified acid residues.
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Figure 4.1 ATR-FTIR spectra of (a) OFI cactus and (b) citrus pectin films

Additionally, ATR-FTIR analysis provides information regarding the molecular
interactions between Ca2+ ions and the main functional groups of pectin. Figure 4. 2 demonstrates
the spectra of OFI cactus pectin as well as OFI cactus pectin networks cross-linked at different
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extents using different concentrations of CaCl2 in ethanol. The modifications of the spectra of
pectin networks reflect changes in their molecular environment induced by the introduction of Ca+2
ions. The carboxylate (–COO-) peak, in particular, was assessed to obtain information regarding
the interaction of Ca+2 ions with the carboxylate groups (as suggested by the “egg-box” model).
As shown, upon introducing the lowest concentration of Ca+2 ions, the carboxylate peak shifted
from 1600 cm-1 to 1608 cm-1 indicating the –COO-– Ca+2 interaction. This also verifies that the
Ca+2 ions introduced in ethanol successfully diffused into the dried coatings without ethanol
noticeably affecting the infrared vibrations.
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Figure 4.2 ATR- FTIR spectra of (a) pure OFI cactus pectin, and cross-linked OFI cactus pectin
networks at (b) 0.001 M, (c) 0.005 M (d) 0.01 M, (e) 0.05 M, (f) 0.1 M, and (g) 1.0 M CaCl2
concentrations
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Figure 4.3 shows the wavenumbers of the absorption peaks associated with the carboxylate
groups with respect to the CaCl2 concentrations. Crosslinking of OFI cactus pectin resulted in the
shift of the carboxylate band from 1600 cm-1 up to 1628 cm-1 (∆ν–COO=28). Interestingly, the major
shift in the wavenumber occurred at relatively low CaCl2 concentrations, suggesting the high
sensitivity of OFI cactus pectin to Ca+2 ion. This behavior has been previously reported for
polysaccharides with high galacturonic acid contents and low degrees of methyl ester
substitution[145].
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Figure 4.3 Dependence of the wavenumber values of –COO- groups at different CaCl2
concentrations
The changes of the carboxylate groups upon exposure to Ca2+ ions were tracked by
recording the spectra of cactus pectin coating over time as shown in Figure 4.4. This was performed
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to obtain information regarding the detailed –COO-– Ca+2 interaction as well as the time required
for Ca2+ ions to thoroughly diffuse into the layers.
The spectrum of a dried thin film of OFI cactus pectin deposited on an ATR crystal was
initially recorded. The film was subsequently exposed to the solution of CaCl 2 in ethanol at the
concentration of 0.1 M. The spectrum was recorded immediately upon exposure to Ca2+ ions and
repeated every 10 minutes until no noticeable changes were observed in the recorded spectra.
Upon introducing Ca2+ ions, the carboxyl band blue-shifted from 1600 cm-1 indicating an
immediate –COO-– Ca+2 interaction. As the spectra progressed over time, the carboxyl absorption
band shifted to higher wavenumbers indicating the increase in the number of the –COO-– Ca+2
bonds present. At t=40 min, the spectrum remained relatively unchanged suggesting the thorough
diffusion of Ca+2 ions into the coatings and saturating available carboxyl groups.
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Figure 4.4 ATR- FTIR spectra of (a) dried OFI cactus pectin, OFI cactus pectin networks crosslinked by CaCl2 at 0.1 M at (b) t=0 min, (c) t=10 min, (d) t=20 min, (e) t=40 min, (f) t= 80 min,
and (g) t=160 min

The thickness of the coatings was measured by ellipsometry to study the swelling behaviors
of pectin networks as a function of temperature at different extents of crosslinking. The swelling
ratio was defined as the ratio of the thickness of the films to their thickness measured initially at
the dried state (H/Hdry). The swelling ratios measured for coatings at different extents of
crosslinking are shown in Figure 4.5.
The films were in contact with water and their temperature was increased from 15 ˚C to 60
˚C at a rate of 0.5 ˚C per minute. As seen, the swelling capacity and the consequent thickness
varied with respect to temperature for the coatings cross-linked at different extents. All coatings
exhibited nearly similar swelling profiles with respect to temperature with water being
continuously expelled from the coatings over the studied range of temperature.
77

At temperatures between 15 ˚C to 30 ˚C, coatings expanded to nearly 2.0-2.3 times the dry
thickness depending on the CaCl2 concentrations. For instance, the coating swelled to nearly 2.0
times its dried thickness upon exposure to CaCl2 at the concentration of 1 M at 15 ˚C. The swelling
capacity increased by approximately 15% as the CaCl2 concentration was reduced to 10-3 M. For
temperature ranges of 15 ˚C to 30 ˚C, the degree of swelling demonstrated a weak dependency on
the temperature at a given extent of crosslinking.
At the temperatures above 30 ˚C however, the swelling of the coatings was affected by the
temperature. The coatings expelled water continuously from 30 ˚C to 60 ˚C at all extents of crosslinking resulting in the reduction in their swelling ratio. The extent of water repellency was to
some extent dependent upon the CaCl2 concentration. Given, at the CaCl2 concentration of 10-3 M,
the lowest concentration, the coating gradually expelled water as the temperature was increased
until the degree of swelling decreased to approximately 2.0 at 60 ˚C (15% reduction from the
measured value at 15 ˚C).
As the CaCl2 concentration increased to 1 M, the coating contracted to 1.4 times the dry
thickness at 60 ˚C (approximately 40% reduction from the measured value at 15 ˚C). Interestingly,
the water was not completely expelled at high temperatures (at a given extent of crosslinking). For
instance, at the highest crosslink density, the coating retained 60% of the initially absorbed water
at 60 ˚C.
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Figure 4.5 De-swelling of cross-linked OFI cactus pectin at 0.001 M (black solid squares), 0.005
M (open squares), 0.01 M (black solid circles), 0.05 M (open circles), 0.1 M (solid upwardpointing triangles), and 1 M (open upward-pointing triangles) CaCl2 concentrations in contact
with water

The swelling profiles of the OFI cactus pectin coatings were then compared to thin pectin
coatings made from high-methoxyl citrus pectin to better assess their behaviors particularly their
swelling capacity. It is well established that pectin hydrogels demonstrate versatile gelling
properties depending on the extraction source and procedure [45, 146]. Figure 4.6 compares the
swelling behaviors of thin coatings of pectin extracted from citrus peels and OFI cactus for both
high (CaCl2 at 1 M) and low (CaCl2 at 10-3 M) cross-link densities. All coatings were prepared and
cross-linked in a consistent manner.
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As observed, the extent of equilibrium water content and the resultant swelling ratio was
affected by temperature for both types of pectin at different cross-link densities. The swelling
profiles were assessed at two regimes of low temperature (below 30 ˚C) and high temperature
(from 30 ˚C to 60 ˚C) revealing different behaviors.
In the low-temperature regime, all coatings demonstrated nearly similar thermo-response
with slight differences in the swelling ratio. The coatings were hydrophilic and their degree of
swelling was weakly affected by temperature. The high-methoxyl citrus pectin coatings swelled
slightly higher compared to the OFI cactus pectin coatings at both cross-link densities. For
instance, the high-methoxyl citrus pectin coating cross-linked at 1 M CaCl2 swelled approximately
5 % higher than the OFI cactus pectin coatings.
As temperature was increased from 15 ˚C to 30 ˚C, the difference in swelling ratios became
less noticeable. In the high-temperature regime (from 30 ˚C to 60 ˚C) however, coatings followed
considerably different de-swelling trends. The high-methoxyl citrus pectin coatings contracted to
1.1 and 1.3 times the dry thickness at 1 M CaCl2 and 10-3 M CaCl2 respectively, at 60 ˚C (nearly
45 % reduction from the measured value at 15 ˚C). It is worth mentioning that the majority of the
contraction occurred at temperatures between 30 ˚C to 40 ˚C giving rise to distinctive de-swelling
profiles.
On the other hand, OFI cactus pectin coatings contracted to nearly 20 % and 30% of their
fully hydrated state at CaCl2 1 M and 10-3 M respectively. Their de-swelling profiles revealed a
more gradual release at this range of temperature and were not as noticeably affected by the
temperature compared to the high-methoxyl coatings. The differences in the thermo-responses of
the coatings appeared to be mainly associated with the intrinsic properties of pectin as the trends
were almost similar for both cases of CaCl2 concentrations.
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This behavior is attributed to the high carboxylate content of pectin hydrogels extracted
from OFI cactus yielding extremely hydrophilic hydrogels with a remarkable capacity to retain
large quantities of water. On the other hand, esterified acid residues in high-methoxyl coatings
induced a strong hydrophobic interaction with increasing temperature leading to a pronounced deswelling transition.
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Figure 4.6 De-swelling of cross-linked OFI cactus pectin at 0.001 M (black solid squares), and 1
M (black solid circles), and citrus pectin networks at 0.001 M (open squares), 1 M (open circles)
CaCl2 concentrations

The pH-responsive behaviors of cross-linked OFI cactus pectin films were also
investigated by studying their swelling profiles. The coatings were exposed to a buffer solution at
a pH of 2 (potassium chloride-hydrochloric acid buffer), pH of 4 (acetate), and pH of 10 (boric
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acid- hydrochloric acid buffer) for both high and low cross-link densities. Figure 4.7 compares the
effect of pH at 1 M and at 10-3 M CaCl2.
As observed, the swelling ratio of thin films is affected by the pH values for both crosslink densities. Upon exposure of coatings to unbuffered water at the pH of 7, the coatings swelled
to nearly 2 and 2.3 times the dry thickness at 1 M and at 10-3 M CaCl2 respectively. At this pH
(well above the pKa of 3.5) the carboxyl groups primarily exist as –COO-. The high charge density
on OFI cactus pectin chains resulted in the formation of highly hydrated coatings.
As the pH is increased to 9, no considerable changes were observed in the swelling
behavior of the coatings (results are not shown) suggesting that nearly all carboxyl groups are in
their charged state under neutral conditions. Decreasing the pH to 4 (slightly higher than pKa)
contracted the coatings by less than 5 % compared to the unbuffered water. At this pH, the
carboxylic acid groups are partially charged leading to less hydrated layers.
Further reduction of the pH to 2 led to more contracted coatings. At this pH, the carboxylic
groups are primarily protonated (pKa of 3.5) leading to reduced charge density on pectin chains
thus higher water repellency. This resulted in the reduction of the swelling ratio by approximately
10% and 15 % in comparison to non-buffered water for the low and high cross-link densities
respectively. It is worth mentioning that the de-swelling profiles with respect to temperature
remained nearly similar at different crosslink densities suggesting that adjusting the pH does not
considerably affect the temperature response of the coatings.
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Figure 4.7 De-swelling of cross-linked OFI cactus pectin at 1 M (a) and 0.001 M (b) CaCl2
concentrations, in contact with water (solid squares), and a buffer solution at pH values of 2
(solid triangles) and 4 (solid circles)
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Additionally, the pH-responsive behaviors of OFI cactus mucilage films were compared
to coatings of high-methoxyl citrus pectin to assess the influence of chemical compositions,
(mainly the DE) on the pH response behavior of coatings. Figure 4.8 compares the swelling
behaviors of thin coatings of pectin extracted from citrus peels and OFI cactus cross-linked with
CaCl2 at 1 M. As observed, the coatings demonstrated different responses to pH variations. The
coating of citrus pectin condensed almost 15% in comparison to unbuffered water at temperatures
below 30 ˚C. At higher temperatures, however (above 30 ˚C), the de-swelling profiles became
nearly similar.
Reducing the pH to 2 contracts the OFI cactus mucilage coating by approximately 10% in
comparison to non-buffered water which was not considerably affected by the temperature. The
stronger pH sensitivity of OFI cactus mucilage coatings compared to the citrus pectin films is
attributed to the extremely low DE along with high contents of carboxyl groups. The pH response
is mainly depending upon the COOH – COO- balance and thus the carboxyl group contents and
their charge density strongly affect the pH response behaviors of coatings.
On the other hand, the thermo-responsive behavior is mostly governed by the
hydrophilic/hydrophobic transition due to the dehydration of the carbomethoxy groups. Therefore,
the higher contents of carbomethoxy groups in citrus pectin induce a stronger thermo-responsive
behavior compared to that of OFI cactus pectin. The thermo-sensitivity enhances with increasing
temperatures thus outweighing the pH-responsiveness at higher temperatures.
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Figure 4.8 De-swelling of cross-linked citrus pectin at 1 M CaCl2 in contact with water (open
squares), and a buffer solution at pH values of 2 (open circles), and OFI cactus pectin at 1 M
CaCl2 in contact with water (solid squares), and a buffer solution at pH values of 2 (solid circles)

4.5 Conclusion
The mucilage of OFI cactus was used as an alternative natural source of pectin to fabricate
ultra-thin coatings of cross-linked pectin networks with varying extents of cross-linking. The
responses of the thin coatings were assessed in terms of the extent of cross-linking, temperature,
and pH of the surroundings by monitoring their swelling behaviors and also compared to that of
high-methoxyl citrus pectins.
The ATR-FTIR spectra revealed a considerably pronounced carboxylate band compared
to the less distinct esterified acid residues bands implying the remarkably low DE in the OFI cactus
pectin. Crosslinking of the OFI cactus pectin resulted in the dramatic shift of the carboxylate band
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with the major change occurring at low CaCl2 concentrations, demonstrating the high sensitivity
of OFI cactus pectin to Ca+2 ion.
Moreover, the coatings of OFI cactus pectin displayed responsiveness to pH and to a lesser
extent temperature variations attributed to the high carboxylate content of OFI cactus pectin,
yielding hydrophilic hydrogels with a remarkable capacity to retain water even at relatively high
temperatures.
On the other hand, esterified acid groups in high-methoxyl coatings induced a strong
hydrophobic interaction with increasing temperature leading to a pronounced de-swelling
transition while the responsiveness to the pH variations was less noticeable. The swelling
behaviors of coatings revealed to be adjustable by varying the extent of cross-linking, temperature,
and the pH of the surroundings to induce a favorable response for controlled release applications.
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CHAPTER 5: SUMMARY
Ultra-thin responsive coatings from high-methoxyl citrus pectin and low-methoxyl cactus
pectin polysaccharides were produced to be potentially implemented as elements of stimuliresponsive systems. Initially, a simple method was developed to fabricate and cross-link in situ a
preformed coating of pectin with tight control over the extent of cross-linking. Using this strategy,
pectins with up to 70% esterification were cross-linked.
Moreover, cross-linked pectin coatings with 70% esterification exhibited unexpected
thermally-cued volume-phase transitions similar to the thermally-induced hydrophilichydrophobic transition observed in LCST polymers. The responsive behavior of the coatings were
governed by the balance between the hydrophilic interactions of carboxylate acid groups and
hydrophobic interactions of the carboxyl ester groups.
Moreover, cross-linked pectin coatings with high contents of esterified acid residues were
used as cell culture substrates to control cell adhesion. Furthermore, responsive behaviors of pectin
coatings in relation to the degree of esterification were investigated. With changes in the extent of
esterification along with the degree of cross-linking, pectin surfaces showed a response to both pH
and temperature triggers.
The mucilage of OFI cactus was used as an underexplored source of highly purified pectins
to fabricate thin coatings of cross-linked pectin with varying extents of cross-linking. The coatings
of cactus pectin presented a remarkable capacity to sensitively interact with Ca2+ ions due to the
presence of a large number of carboxyl groups along with the significantly low content of methylesterified carboxyl groups.
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The coatings of cactus pectin displayed responsiveness to pH and to a lesser extent
temperature which was attributed to the high carboxylate content of OFI cactus pectin. The results
suggested that cactus is a great source of to obtain highly purified pectin with low contents of
esterified acid residues. The key findings of this dissertation are summarized as follows:


High-methoxyl pectin polysaccharides were used to fabricate all-natural, non-toxic “green”
coatings.



Coatings of high-methoxyl pectin polysaccharides displayed a thermally-induced volumephase transition similar to lower critical solution temperature (LCST) polymers.



At temperatures below approximately 35 ˚C, pectin coatings with the DE of approximately
70% demonstrated hydrophilic surface properties and swelled up to 2-3 times their dry
layer thickness.



At higher temperatures, pectin coatings with the DE of approximately 70% displayed a
pronounced decrease in the degree of swelling. The reduction of the solubility with
increasing temperature was found to be similar to the thermally-induced hydrophilichydrophobic transition observed in LCST polymers.



The thermally-induced hydrophilic-hydrophobic transition was driven by dehydration of
the hydrophobic methyl groups in the esterified acid residues as the temperature was
increased.



The thermal response of the pectin coatings was carefully controlled by adjusting the
degree of cross-linking and pH of the surroundings.



Cultured fibroblast cells were seeded on glass coverslips coated with cross-linked highmethoxyl pectin at 37 ˚C and subsequently released at 20 ˚C. Transition of pectin from a
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hydrophobic (37 ˚C) state to a hydrophilic (20 °C) one upon temperature reduction resulted
in a swelling of the culture surface thus reduction of the surface-cell interactions.


The thermo- and pH-responsive properties of coatings were strongly affected by the degree
of esterification.



The coatings of highly methoxylated pectin exhibited thermo-dependent swelling
behaviors and underwent a thermally-induced hydrophilic–hydrophobic transition as
evident by a reduction of water molecules structured around hydrophobic methyl groups.



The thermo-sensitivity weakened considerably as the degree of esterification was reduced.
This was found to be an effect of the altered hydrophilic/hydrophobic balance of the
structures.



The pH-dependency of swelling behaviors considerably increased as the degree of
esterification was reduced as a result of increased amounts of ionizable non-esterified acid
groups on the galacturonic acid residues.



With changes in the extent of esterification along with the degree of cross-linking, pectin
surfaces showed a response to both pH and temperature triggers.



The mucilage of Opuntia ficus-indica cactus was used to produce ultra-thin coatings of
low-methoxyl pectin to be used as an alternative to commercial sources of pectin.



The coatings of cactus pectin presented a remarkable capacity to sensitively interact with
Ca2+ ions due to the presence of a large number of carboxyl groups. It was shown that high
contents of non-esterified acid salt groups resulted in the production of more hydrophilic
coatings.

89



The swelling behaviors of coatings revealed to be adjustable by varying the extent of crosslinking, temperature, and the pH of the surroundings to induce a favorable response for
controlled release applications.



The results of this dissertation can be potentially implemented in many applications such
as controlled cell attachment, controlled release of drugs, tissue engineering scaffolds, and
etc. Moreover, it is expected that “smart” surfaces could be obtained also by modification
of other kinds of naturally occurring polysaccharides.



The promising potential of thin films of pectin polysaccharides offers endless opportunities
for the development of advanced materials and functional systems. The future research
needs to be directed to enable design and development of “green” coatings with tunable
responses to serve as a versatile platform in drug delivery systems, cell culture supports,
switchable antimicrobial coatings, and many other functional systems.
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