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Chemical Modification of Pectin and Polygalacturonic
Acid: A Critical Review
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Pectin, as a sustainable biopolymer with its two complementary
functionalities (carboxyl and hydroxyl moieties) imparted in the a-1,4-
galacturonic acid repeating unit, has gained increasing attention in the
last few years. The interest in this ubiquitously occurring plant
originating polysaccharide (PS) has shifted slowly from applications as
a food additive to a broader range of potential applications in medicine,
cosmetics, and other industries. Due to the increasing interest in
alternatives for petrochemical materials, PSs as biomaterials have
gained increasing attention in industrial processes in general. In the
last decade, an increasing number of chemical transformations related
to pectin have been published, and this is a prerequisite for the design
of the structure and hence properties of novel biopolymer-based
materials. This work aims to review the chemical modifications of
pectin by covalent linkage of the last decade and analyze the materials
obtained with these chemical methods critically.
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INTRODUCTION

Pectin, as a plant-based polysaccharide (PS), occurs predominantly in the
primary cell wall and the middle lamella and maintains the structural integrity of the
cell and provides adhesion between them (Mohen 2008). It was first mentioned in 1790
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by Vauquelin, who isolated the material from tamarind and got its name finally in 1825
(Ropartz and Ralet 2020). Due to its water solubility, the PS can be extracted by a
water-based procedure under neutral pH conditions; however, acidic extraction
procedures increase the extraction efficiency dramatically. The structural elucidation of
extracted pectin is a laborious and time-consuming procedure even today, due to a large
number of neutral sugars imparted (Morris and Binhamad 2020). The material can be
considered as a hetero-polysaccharide consisting mainly of o-1,4-galacturonic acid
chains, which are esterified at the C6-position with a methyl moiety to a varying extent

(Fig. 1).
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Fig. 1. (A) Main repeating units of pectin consisting of a-1,4-glycosidic linked galacturonic
acid. Esterification at C6 with methyl moieties and acetylation at C2 and C3 to a varying
degree, depending on the polysaccharide source, is observed. (B) Arabinan side chain
typically occurring in sugar beet shows acylation with ferulic acid to a varying degree

Additionally, the main chains can be interrupted by a-1,2-linked L-rhamnose
units, which may possess neutral sugars attached as well. The main features found in
naturally occurring pectin are homogalacturonan, rhamnogalacturonan | and II,
xylogalacturonan, and apiogalacturonan. These structural features can be summarized
with the term multi-block co-biopolymer (Ropartz and Ralet 2020). The predominant
homoglacturonan structure can be found as the methyl ester to different degrees. A
pectin with less than 50% of galacturonic acid unit esterified is considered low-methoxy
pectin (LMP), whereas with more than 50% degree of esterification it is high-methoxy
pectin (HMP) (Seymour and Knox 2002). The degree of esterification at the C6 position
has a large influence on the ability to form gels. HMP can form gels at low pH values
in the presence of high concentration of neutral sugars. This property is utilized for the
preparation of fruit jellies and jams. LMP forms gels with multivalent metal ions in
aqueous solution. Mostly calcium ions have been employed for this purpose (Williams
2020).

|
HO/H" s OH HO O -0
0 HO
OH "“OH
HO OH:
|
H,0/OH" % Zom
|
|
OH “OH O

Scheme 1. Two mechanisms for pectin chain degradation occurring at low (top) and high
(bottom) pH values. At low pH values the glycosidic bond is cleaved, at high pH values a -
elimination occurs preferably at repeating units bearing a methyl ester moiety.
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Additional groups found in naturally occurring pectin are ferulic and acetic acid.
They have a negative effect on the water solubility of the PS and the ability to form gels
with metal ions (Kouwijzer et al. 1996). A chemical modification of pectin frequently
occurring as a side reaction is the ester cleavage in basic or acidic aqueous systems. In
these procedures also the ferulic- and acetic acid moieties bound to the pectin are
cleaved, leaving a LMP. These procedures have to be considered critically, due to the
pH sensitivity of the pectin chain, which leads to depolymerization (Albersheim et al.
1960). In the case of acidic treatment, the glycosidic bond can be cleaved (Scheme 1,
top). In basic medium, a B-elimination leads to fission of polymer chains as well
(Scheme 1, bottom).

Although a review dealing with modification of pectin was published in 2015,
which describes, besides chemical, also physical transformations (degradation) of the
PS (Chen et al. 2015), it was reasonable to review the state of the art in this field due
to the increasing popularity of PS as feedstock for sustainable materials. The present
review is focused on chemical transformations of pectin and the products obtained,
considering preferably the last 10 years of pectin research including correct chemical
terminology. A common term used in PS chemistry is the degree of substitution (DS).
The DS describes the (average) number of substituent groups attached per repeating
unit of the PS. For cellulose, the value ranges from DS = 0 to 3, whereas for pectin from
DS =0to 2 (EPST 2011). The amount of chemical modification at the carboxylic acid
function of pectin is commonly expressed in percent conversion or degree of formation,
not to be confused with the DS value. No degradation reactions have been specifically
described. However, it can be assumed that -at least partially- pectin depolymerization
occurs in the course of most of the reactions mentioned here. The review is divided into
chemical reactions considering the carboxylic acid function at the C6 position and
reactions considering the hydroxyl groups of pectin. In the last part, reactions not fitting
in these categories are presented. Additionally, some trends concerning pectin and its
applications are presented as well.

Formation of Esters at C6

The ester cleavage of the galacturonic acid unit of pectin is a side reaction
occurring in extraction of pectin (Krall and McFeeters 1998; Diaz et al. 2007). The
content and the type of ester makes it possible to modify the water solubility, viscosity,
and gelling behavior of pectin (Flutto 2003). Besides the introduction of a hydrophobic
group, which lowers the water solubility, additional functional groups can be
introduced as well. Recent methods involve working with alkylation agents and
employing the carboxylate form of pectin to obtain ester functions. The carboxylate
reacts as a nucleophile with the alkyl halide. Zheng et al. (2013) employed a
heterogeneous approach, comparable with the conditions of carboxymethylation of
cellulose (Heinze et al. 2018). A highly esterified pectin was dispersed in 2-propanol
and an excess of aqueous NaOH added (Scheme 2).
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Scheme 2. Esterification of pectin in basic medium with long chain alkyl bromides at elevated
temperatures in the presence of tetrabutylammonium (TBA) bromide as catalyst
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To the mixture, the catalyst tetrabutylammonium (TBA) bromide and long
chain alkyl bromides were added. The reaction proceeded at 80 °C, yielding low
amounts of carboxylic acid ester only. The content of carboxylic acid moieties esterified
ranged from 4% up to 14%. The water solubility decreases with increasing amount of
ester formed, due to the introduction of these hydrophobic alky groups. In this
procedure, TBA bromide was found to be a good phase transfer catalyst, which leads
to the formation of hydrophobic pectin derivatives. Investigations showed that in the
absence of the catalyst or a change of the counter ion of the ammonium salt to
hydroxide, the reaction did not produce the desired hydrophobic pectin.

To perform a homogeneous alkylation of pectin in dimethyl sulfoxide (DMSO),
the solubility of pectin had to be adjusted. Usually salts of pectin (alkali ions) are
insoluble in DMSO. However, the TBA salt of pectin can be dissolved in this dipolar
aprotic solvent (Renard and Jarvis 1999). By neutralizing pectin in aqueous solution
with TBA hydroxide and subsequent lyophilization, a DMSO-soluble pectin salt can be
obtained. The salt dissolved in DMSO was reacted with long chain alkyl bromides with
Cs, Ci12, and Cis alkyl chains (Liang et al. 2015). The alkyl ester formation with the
alkyl bromides (Cs) reached 0.7%, 2.4%, and 3.6%, respectively. To compare pectin
with longer alkyl chain ester moieties as well, derivatives with C12 and Cis have been
prepared from their corresponding alkyl bromides as well. The esterified compounds
possessed a degrees of esterification of 0.7%. Interestingly the molecular masses were
comparable after synthesis, as has been shown by high performance size exclusion
chromatography measurements. The intrinsic viscosity [ 7] was found to decrease with
increasing alkyl chain length. On the contrary, their apparent viscosities increased with
increasing length of the alkyl chain attached. The emulsion stabilizing effects of the
esters obtained have also been probed and were shown to be correlated with the alkyl
chain length of the ester moiety. The longer the alkyl chain attached to the pectin, the
smaller the emulsified droplets turned out to be. Additionally, an increase in alkyl chain
length of the pectin ester increased the stability of the emulsions formed, which was
probed for a period of 7 days.

An enzymatic esterification of the carboxylic acid function of pectin could be
achieved when employing laccase as an enzyme catalyst (Karaki et al. 2017). The
reaction was performed in phosphate buffer at 30 °C, leading to an esterification of the
hydroxyl group of ferulic acid with the C6 carboxylic function of pectin with a
conversion of 6%. The low degree of esterification was difficult to detect with infrared
(IR) and BC nuclear magnetic resonance (NMR) spectroscopy. However, UV/Vis
spectroscopy could show differences between the native and transformed pectin, due to
the increase of aromatic moieties in the latter (Scheme 3). The study shows that the
preparation of pectin derivatives with potentially antioxidant properties is possible, e.g.,
for the use in the food industry.
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Scheme 3. Enzymatic esterification of pectin with ferulic acid in an aqueous
buffer/tetrahydrofuran (THF) mixture at 30 °C

Along these lines, other phenolic acid derivatives closely related to ferulic acid
have been enzymatically esterified with pectin as well (Zhang et al. 2020a). Gallic acid
was bound via its 4-OH group with the C6 carboxylate of pectin employing a lipase
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(Novozyme 435, from Aspergillus niger) in a water/tetrahydrofuran mixture at 50 °C.
Subsequently p/m/o-hydroxybenzoic acid and 3,4-dihydroxy benzoic acid have been
reacted in a similar manner (Scheme 4, Zhang et al. 2020b). The materials obtained
have been tested for their emulsifying properties as well as their antioxidant and
antibacterial activities.
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Scheme 4. Enzymatic esterification of pectin with different hydroxybenzoic acid derivatives in
a water/tetrahydrofuran (THF) mixture at 50 °C
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Fig. 2. Emulsifying properties of the starting pectin (a) and the pectin benzoic acid ester
derivatives (b, c). Reprinted from International Journal of Biological Macromolecules, 165,
Zhang, G., Zheng, C., Huang, B. and Fei, P., “Preparation of acylated pectin with gallic acid
through enzymatic method and their emulsifying properties, antioxidation activities and
antibacterial activities”, p. 202, Copyright (2020) with permission from Elsevier
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The materials esterified showed an increase in emulsifying properties, e.g.,
decreased droplet size and prolonged droplet stability in contrast to the staring pectin,
due to the amphiphilic nature of the hydrophobic aromatic carboxylic acid moiety
introduced (Fig. 2). Moreover, they exhibited a clear inhibition zone in contrast to the
native pectin when probing their antibacterial properties against E. coli and S. aureus.
Interestingly in these investigations, no cross-linking or esterification of the benzoic
acid derivatives with the hydroxyl groups of pectin was observed.

An esterification of the carboxylic acid group of pectin was also achieved by
employing a photoactive diazo-resin (Plewa et al. 2011). The material, synthesized in
a condensation reaction of diphenylamine-4-diazonium salt and paraformaldehyde, can
generate phenyl cations under UV light irradiation. These cations are prone to
nucleophilic attack from a carboxylate group, forming phenyl esters. By this
photochemical reaction, pectin and the diazo resin could be cross-linked permanently.
The reaction was monitored and quantified directly employing UV/Vis spectroscopy.
The two polymers have been deposited in multiple layers on quartz plates and onto
silica gel particles as well for the transformation and were subsequently cross-linked
with UV light at 350 nm (Scheme 5). The resulting materials were shown to be
promising scaffolds for growing cell cultures especially for bone tissue engineering.
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Scheme 5. Formation of pectin ester followed by cross-linking of pectin and a diazo resin
triggered by irradiation with UV light at 350 nm

Heteroatom Transformation at the Carboxylic Acid Group
Formation of amide

Pectin amide is a well-known thickening agent that is safe for use in the food
industry (Mortensen et al. 2017). It can be produced simply by reacting native pectin
with ammonia, thus cleaving the methyl ester moieties releasing methanol (Einhorn-
Stoll et al. 2001). Structurally more diverse amides of pectin have been synthesized in
the last few years.

An increased functionality of pectin derivatives can be achieved by reacting
HMP with amino acids. The amide structures formed are stable chemical bonds, and
the other functionalities of the amino acid moiety are still accessible. Kurita et al.
(2012) reported on this transformation; HM citrus pectin and glycine, or glycine methyl
ester, and glycylglycine were reacted in aqueous solution at pH value of 5.4 (Scheme
6). The amide formation occurred to an extent of 1% to 5% only, not changing the
solubility of the biopolymer derivatives in water to a large extent. It is reasonable to
assume that the water employed caused the low degree of amide formation due to
hydrolysis of the pectin methyl ester in the acidic medium.
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Scheme 6. Formation of pectin amides from high-methoxy pectin and glycine derivatives in
water

The amide formation was also studied with cysteine and a LMP, thus
incorporating thiol functional groups in the pectin structure (Chen et al. 2018; Eliyahu
etal. 2021). The carboxylic acid function of pectin was activated in water using 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC). The activated PS was reacted with L-
cysteine monohydrate hydrochloride at a pH value of 4.75 to obtain the corresponding
pectin amide (Scheme 7). The product fabricated was mixed with a chitosan acrylate,
and the gel formation was studied in detail. Two cross-linking mechanisms could be
identified. An electrostatic cross-linking was achieved, combining the carboxylate
groups of pectin with the ammonium groups of the chitosan. A Michael addition of the
thiol groups (Michael donor) to the electron-deficient double bond of the acrylamide
moieties (Michael acceptor) resulted in a slow increasing permanent cross-linking of
the two polymers mixed.
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Scheme 7. The carboxylic acid function of pectin was activated in water with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide and reacted with cysteine to form a pectin amide (top). A
Michael addition between the thiol group of the pectin derivate and a chitosan acrylate resulting
in a cross-linked gel (bottom)

Fig. 3. Anti-adhesive films based on disulfide cross-linked cysteine moieties bearing
polygalacturonic acid amide. The material is shown in the dry state (A), immersed in
phosphate buffered saline solution (B), and as a comparison a
hyaluronate/carboxymethylcellulose gel (C). Reprinted from J. Mater. Sci.: Materials in
Medicine, 24(6), Peng, H.-H., Chen, Y.-M., Lee, C.-l. and Lee, M.-W., “Synthesis of a disulfide
cross-linked polygalacturonic acid hydrogel for biomedical applications”, p. 1378, Copyright
(2013), with permission from Springer Nature.
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The influence of temperature and pH value on the curing time and gel properties
was investigated, showing that the increase of pH value gave stiffer gel structures and
pH values below the pKa of chitosan led to materials with greatly enhanced
adhesiveness. The gels are potential candidates for mucosa-mimetic materials (Fig. 3).

An amide-linked polygalacturonic acid-cysteine material was prepared with a
degree of modification of 16%, which forms hydrogels via disulfide cross-linking (Peng
et al. 2013). The hydrogel obtained could be employed as a carrier for rosmarinic acid
and used to prevent postsurgical adhesion and inflammatory reactions. It was shown to
significantly reduce adhesion incidents (over 90%); on the contrary hyaluronate/
carboxymethylcellulose leads to a reduction of 42% only.

To protect the thiol group against oxidation at pH values above 5, a cysteine-
nicotinic acid disulfide was synthesized (Hintzen et al. 2013). This product was allowed
to react with pectin after activation of the C6 carboxylic group with EDC in water. In
addition to the EDC activation of the carboxylic acid, N-hydroxysuccinimide was
added, probably to form an activated ester in situ right before the amide formation
(Scheme 8). The resulting materials were shown to be non-cytotoxic on Caco-2 cells
within 24 h. The S-protection improved the stability as well as the adhesive and
cohesive properties of the pectin derivative compared to the unprotected pectin
derivative. Comparable products were investigated for a drug release system,
employing lidocaine as a model drug (Hauptstein et al. 2013). The gel formation of the
starting pectin, pectin cysteine amide, and thiol protected pectin-cysteine amide were
compared, and the swelling behavior and drug release of these gels in a saline buffer
solution was probed for possible application in the buccal tissue. The thiol protected
pectin-cysteine amide showed the best drug release behavior in comparison to the other
two biopolymer derivatives investigated.
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Scheme 8. Pectin amide formation with S-protected cysteine in water aided by activation of the
carboxylic acid function by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)

In a more recent study, amino acids (glutamic acid, glycine, cysteine, lysine,
and arginine) were allowed to react with HMP without any catalyst in water at 40 °C
(Chen et al. 2020). From the amino acids tested, only glycine, lysine, and arginine could
form amide bonds with the pectin. The degree of amide formation was generally low,
not exceeding 6.5%. The pectin derivatives were probed using elemental analysis,
Fourier transform infrared (FTIR), and 'H NMR spectroscopy. The surface
topographies of the samples prepared showed appreciable differences as revealed by
environmental scanning electron microscopy (SEM) (Fig. 4). The amino acid-pectin
amide derivatives possess no cytotoxic effects, which would be expected considering
pectin and amino acids are already non-cytotoxic.

The formation of a carboxylic acid amide with taurine led to a product that
exhibits good surfactant properties (Aris et al. 2017). Taurine can be linked to
polygalacturonic acid (PGA) via activation with EDC or without activation by treating
the reaction mixture in a microwave oven (Scheme 9). The amount of carboxylic acid
amide formed corresponding to the available carboxylic acid functions was 10%. The
product exhibited surface activity comparable to Triton X-100 and, additionally, it is
non-toxic against human dermal fibroblast and human leukemic cell lines.
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Fig. 4. Environmental scanning electron microscopy images of the starting pectin, the pectin
amide of glycine (P-Gly), the lysine (P-Lys) and the arginine derivative (P-Arg) of pectin after
freeze-drying. Reprinted from Journal of Food Chemistry, 309, Chen, J., Niu, X., Dai, T., Hua,
H., Feng, S., Liu, C., “Amino acid-amidated pectin: Preparation and characterization,” p. 5,
Copyright (2020), with permission from Elsevier
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Scheme 9. Formation of pectin amide of taurine in water, 1-ethyl-3-(3-dimethylamino-propyl)
carbodiimide (EDC)

The synthesis route employing LMP with activation in agqueous medium via
EDC was also followed by Tang et al. (2010). They used this method to form pectin
amide with adriamycin, a drug employed in treating different types of solid malignant
tumors. After dissolving all components, the reaction proceeded at 50 °C for 8 h. The
dialyzed and lyophilized product was transformed into nanoparticles (NP) that showed
a narrow distribution with the main peak at 152 nm and a Z-average diameter of 126
nm, which is a good value for the necessary renal clearance after NP administration.
The drug release at 37 °C was increased by decreasing the pH-value from 7.4 to 5.0.
The addition of lysosomes to the pectin derivative solution also had a positive drug
releasing effect. Unfortunately, the study revealed that at concentrations equivalent to
0.125 to 1.000 pg of pectin derivative/mL, it did not inhibit the growth of either A594
or B16 cells to the same extent as the free drug or a mixture of the free drug with pectin.
However, an anticancer effect on C57BL/6 mice was superior for the drug loaded pectin
derivative in contrast to the drug alone or a mixture of the drug and pure pectin.
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Using a water/dioxane mixture and EDC as activating agent, Perera et al.
(2010) were able to form amide bonds between the carboxylic acid function of pectin
and 4-aminothiophenol. The idea was to employ the thiophenol moiety as a reversible
cross-linker in an oxidation/reduction procedure. Two derivatives were synthesized
with a degree of amidation of approximately 3% and 10%. The viscosity of the sample
dissolved was measured before and after the addition of hydrogen peroxide. It was
found that a large increase in viscosity appeared. For the pectin derivatives containing
3% and 10% of amide groups, a 29-fold and 500-fold increase in dynamic viscosity
was found, after 60 min of peroxide treatment. The materials synthesized showed
increased water uptake after cross-linking. Additionally, no increase in toxicity
compared to the starting PS was observed. Due to the increased PS stability after cross-
linking, these pectin derivatives might be of interest for colon drug delivery systems.

Formation of hydroxamic acid

The reaction of hydroxylamine and HMP conducted in water at room
temperature (RT) for 4, 18, 24, or 48 h resulted in the formation of a hydroxamic acid
(Bae et al. 2011). The content of hydroxamic acid ranged from 4.7% to 10.4%
conversion and increased with increasing reaction time (Scheme 10). In contrast to the
highly esterified starting material, the hydroxamic acid derivatives produced showed
an increased water solubility, which can be attributed to the decrease in hydrophobic
methyl ester moieties. The inhibitory activity of pectin hydroxamic acid derivatives
against semicarbazide-sensitive amine oxidase and angiotensin-converting enzyme was
shown earlier (Hou et al. 2003).
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Scheme 10. Formation of a hydroxamic acid derivative of pectin by reaction of a highly
methyl esterified pectin in water with hydroxylamine

Formation of hydrazide

A homogeneous synthesis of pectin hydrazide was presented by Guo et al.
(2014). The transformation of HMP was studied in aqueous solution with a large excess
(60 eq.) of hydrazide hydrate at 80 °C for 12 h (Scheme 11). The hydrazine hydrate
reacted with the methyl ester groups of pectin, forming the corresponding hydrazide in
only moderate yields. The product showed an increased nitrogen content and was able
to bind mercury ions from an aqueous solution more efficiently than the starting HMP.
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Scheme 11. Homogeneous reaction of high-methoxy pectin with hydrazine hydrate in water
at elevated temperatures

A heterogeneous synthesis approach for pectin hydrazide could be realized as
well and was shown to be more efficient and even useful for industrial application
(Warfel et al. 2021). The reaction of LMP or PGA proceeds in a slurry of 2-propanol
between RT and 50 °C, applying 4 eq. to 10 eq. of hydrazide hydrate. The reaction is
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complete after 4 h, leading to a hydrazide content of up to 98%. Interestingly, no methyl
ester groups are present or needed for this transformation. The carboxylic acid groups
or their ammonium salts react readily with hydrazine hydrate while releasing water or
ammonia by forming the correspondent hydrazide (Scheme 12). The pectin hydrazide
thus obtained had a good metal chelating ability and can form stable gels with
multivalent metal ions. Furthermore, an ex ovo hen's egg test demonstrated that the
pectin hydrazide derivatives are non-toxic.

NH2
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Scheme 12. Formation of polygalacturonic acid hydrazide from ammonium polygalacturonate
heterogeneously in 2-propanol

Acylation Reaction at the Hydroxyl Group

Native pectin incorporates varying amounts of acyl groups, originating from
acetic- and ferulic acid groups. The acetylation of pectin was investigated and was
shown to have a strong influence on the water solubility and the ability to form gels
with multivalent metal ions (Wang et al. 2019). Different strategies have been
employed to acylate pectin with a variety of carboxylic acid derivatives. A solvent-free
approach was published for esterifying the hydroxyl groups of pectin with fatty acid
anhydrides catalyzed with base at 160 °C (Monfregola et al. 2011). The compounds
were ground in an agate mortar and heated in an oil bath for 15 to 20 min (Scheme 13).
The resulting pectin esters have been isolated by extracting the reaction product with
chloroform. This method of purification contradicts the claim of an environmentally
friendly method of esterification, as stated. The reaction yields pectin esters of low DS
of 0.27 for hydroxy! oleic acid anhydride and DS = 0.07 for linoleic acid anhydride.

--0 (0] OH K,COj5 (cat.) --0 0} OH
o o o 160 °C, 15 min o
HO : R)J\O)J\R R'0

OH:! O
I I
R = -(CH,);CH=CH(CH,);CH3 R/§O
-(CH2)7CH(OH)(CH,)sCH3
- (CH5);CH=CHCH,CH=CH(CH,)4,CH4 R'= C(O)R, H

Scheme 13. Solvent-free and base-catalyzed acylation of pectin with long chain acid
anhydrides at 160 °C for 15 min

Later, a similar microwave assisted approach was published (Calce et al. 2012).
The mixture of pectin, fatty acid anhydride, and K2CO3 was ground and treated
subsequently in the microwave with 900 W for 3 min to 6 min. The products were still
water soluble and possessed an intense IR absorption belonging to the C-H stretching
vibrations of the fatty acid moieties introduced. The anhydrides of linoleic acid, oleic
acid, and palmitic acid were employed. As interesting as this synthesis protocol seems
to be, the reactions was performed in amounts of 30 mg only, showing problems arising
from solvent-free procedures such as homogeneous mixing of the compounds
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employed and efficient absorption of the microwave irradiation by materials with low
dielectric properties.

Pectin derivatives incorporating linoleic-, oleic-, and palmitic acid esters were
found to be active against different strains of bacteria (Calce et al. 2014). Pectin oleate
and -linoleate could inhibit the growth of S. aureus and E. coli by 50% to 70%.
Furthermore, the pectin esters could be coated on polyethylene films that possess good
oxygen barrier properties, which could be interesting in the field of food application
and packaging.

The reaction of HMP with diacylhalides (glutaryl chloride and sebacoyl
chloride) was described (Seslija et al. 2018). The homogeneous transformation with the
acylation reagent proceeds in DMSO and pyridine applying a ratio of reagent/pectin of
1:3 and 1:15 (Scheme 14). The conversion rate was low. Otherwise the resulting
product would have been insoluble in water, due to cross-linking reactions. The
inefficient reaction and the use of DMSO as solvent raises the question, if this synthesis
protocol is really suited to produce hydrophobic pectin derivatives for food packaging
films as proposed by the authors.

--00. OH --00g_OH
~-00,_OH o o DMSO & &
12h,50°C_

o)
S e .
OH: ! R
R = (CHp), Ho—§ O

n=3,8 JJ_HH
= C(O)RCOOH, H

Scheme 14. Homogeneous acylation of pectin with diacyl halides in dimethyl sulfoxide
(DMSO) at 50 °C for 12 h

Expanding the functionality of pectin further, the PS was modified with thiol
group bearing compounds, including thioglycolic acid (Sharma and Ahuja 2011). The
esterification proceeded with an excess of thioglycolic acid in water aided by HCI as
catalyst (Scheme 15). A biopolymer derivative with a thiol content of 0.6 mmol/g was
obtained. This value can be approximated to a DS of 0.1. Neither elemental analysis
nor NMR data are available for the product. The thiol groups have been quantified with
an Ellman’s test and the ester formation was analyzed by IR spectroscopy. The materials
produced are still capable to form gels with Ca?* and show an increased mucoadhesion
time compared to the starting material.

H,0O, 150 min
80 °C --00. OH
--00._ OH 0 HCI (cat.) 0 R = C(O)CH,SH, H
O + /—<
RO
OH:! /—<
I
HS o

Scheme 15. Acylation of pectin with thioglycolic acid in acidic aqueous medium at 80 °C

The introduction of unsaturated ester groups in the pectin structure was
achieved by Almeida et al. (2015). The reaction employed pectin in N,N-dimethyl
formamide that was reacted with maleic anhydride at 70 °C for 24 h without a catalyst.
The esterified pectin obtained bears maleate groups with a DS of up to 0.24, as
determined with *H NMR spectroscopy. The esterification increased the thermal
stability of the pectin derivative, which started substantial degradation at 268 °C. This
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temperature is 18 °C above the degradation temperature of the staring pectin. The
material obtained showed an increased inhibition efficiency against Caco-2 colon
cancer cells compared to the starting pectin. In addition, the cytotoxicity of the PS was
also lowered by this modification.

Si-O Bond Formation

The formation of Si-O bonds is a reaction closely related to acylation. The bonds
formed can be inert depending on the neighboring substituents at the silicon atom due
to steric hindrance or easily cleavable, e.g., by acid-catalyzed hydrolysis. A
condensation reaction of pectin with 3-aminopropyltriethoxysilan (APTES) in toluene
was reported, resulting in an amino group bearing biopolymer derivative (Baran 2019).
The resulting nucleophilic pectin derivative was further treated with thiophene-1-
carbaldehyde to form a Schiff base. This imine structure was employed as a ligand for
a palladium complex, which could be applied for efficient Suzuki-Miyaura reaction
(Scheme 16). The catalyst could be used without activity loss for 12 catalytic cycles.
The Pd-loaded pectin derivative (14 w% Pd) showed no leaching of the metal.

--00_ OH
O OH
__00 > toluene --00_ OH -0 o
0 OH d NadeC|4 o
O+ SiTTONH, —_— !
HO /70 o ! s
OH! < I / e

o \/\/N cl

NH2 N--Pd--Cl

O

| /

Scheme 16. Condensation of 3-aminopropyltriethoxysilan with pectin, imine formation with
thiophene-1-carbaldehyde, and Pd complexation led to a polysaccharide derivative fit for
Suzuki-Miyaura reaction (adapted from Baran 2019)

Very recently, a homogeneous approach to prepare silylated pectin derivatives
was published employing PGA in dry formamide (FA) with trimethylsilylchloride
(TMSCIl)/imidazole or 1,1,1,3,3,3-hexamethyldisilazane (HMDS) as reagent (Wurfel et
al. 2019a). The reaction was shown to be more efficient employing HMDS, leading to
a trimethylsilyl polygalacturonic acid derivative with a DS of 1.8, on the one hand. On
the other hand, TMSCI was found to be much less efficient, leading to a DS of 0.60
only (Scheme 17). A complete silylation of the hydroxyl groups was not feasible even
with a large excess of reagent (12 eq.). The silylated pectin derivative obtained was
prone to hydrolysis in water. Additionally, side reactions could be identified, which led
on the one hand to cross-linking with TMSCI, and on the other hand to the formation
of amide groups with HMDS during the reaction.

formamide, AT ®
TMSCI / imidazole X .
--00._ OH or - 00.°0 R= H, -Si(CH3);
0 HMDS 0 ® @ ®HNN
HO& Ro& X=H, NH,, |\/NH
OH: OR:

Scheme 17. Silylation of polygalacturonic acid with trimethylsilyl chloride (TMSCI)/imidazole
or 1,1,1,3,3,3-hexamethyldisilazane (HMDS) in formamide resulting in trimethylsilyl
polygalacturonic acid derivatives (adapted from Wirfel et al. 2019a)
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S-O-bond Formation

The synthesis of pectin sulfate and their anticoagulant activity was studied
(Vityazev et al. 2010). For the sulfation reaction of pectin, pyridine monomethyl
sulfate, pyridine sulfur trioxide, and chlorosulfonic acid have been investigated
(Scheme 18). All three sulfation reagents employed led to a partial PS degradation. The
sulfating reagent with the best results considering degree of sulfation, degree of
degradation, and product yield turned out to be the chlorosulfonic acid. The specific
anticoagulant activity of the products obtained depends further on the plant species
employed for pectin extraction, the composition of the pectin employed, and the degree
of sulfation introduced. The specific antithrombin activity of the biopolymer
derivatives obtained was assayed and showed to be superior in contrast to the starting
pectin.
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Scheme 18. Sulfation of pectin with pyridine monomethyl sulfate (top), pyridine sulfur trioxide
(middle), and chlorosulfonic acid (bottom)

The anticoagulant activity of pectin sulfates has also been investigated by
another group (Fan et al. 2011). The sulfating reagent to obtain pectin sulfate was
trisulfonated sodium amine, which can be obtained by the reaction of NaSOs and
NaNOs in water at 90 °C. This path allows the sulfation of pectin in aqueous solution.
The DS was determined after hydrolysis of the pectin sulfate with hydrochloric acid
and transforming it into BaSOa4. The amount of BaSO4 as homogeneous dispersion was
determined with UV/Vis spectroscopy, at an absorption wavelength of 360 nm. It is
unclear how a homogeneous dispersion was maintained during the measurement and
how this insoluble material was referenced against the water soluble K2SO4 employed
for calibration. The literature cited for this method of sulfate determination does not
describe the procedure employed (Schoniger 1956). Additionally, the calculation of the
DS values given in the paper uses incorrect values for the molecular weight of the
repeating unit. Thus, the DS values given are questionable and cannot be compared
with other literature data.

P-O-bond Formation

A reaction of pectin with trisodium trimetaphospate in strongly basic aqueous
medium (pH = 12) resulted in pectin phosphate derivatives (Scheme 19, Souto-Maior
et al. 2009). The pectin phosphates showed reduced water solubility due to cross-
linking (Scheme 19). The polymer network obtained have been probed by FTIR
spectroscopy and thermogravimetric analysis. The pectin phosphates could be casted in
combination with an aqueous dispersion of poly(methyl methacrylate) into films at a
temperature of 50 °C. The films showed changes in water vapor permeability and
hydration properties correlated to the pectin phosphate content. These films are
potential drug release materials suitable for preventing the premature release of drugs
in the upper part of the gastrointestinal tract.
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Scheme 19. Network formation of pectin and trisodium trimethaphosphate in basic aqueous
solution (adapted from Souto-Maior et al. 2009)

Alkylation Reaction at the Hydroxyl Group

Alkylation of the hydroxyl groups of pectin is difficult to accomplish, due to the
sensitive nature of pectin, which shows backbone degradation at pH values above 6.8
(Albersheim et al. 1960). Thus, a fast decrease in molecular weight occurs. The
synthesis of quaternary ammonium derivatives of pectin employing (3-chloro-2-
hydroxypropyl)trimethylammonium chloride (CHPTAC) was reported in the presence
of sodium hydroxide in water (Fan et al. 2012). The reaction is nonselective and leads
to alkylation at the hydroxyl groups as well as esterification at the C6 carboxylate group
(Scheme 20). This can be assumed, considering the DS obtained at high amounts of
reagent (5 eg. and above, CHPTAC). The DS exceeds a value of 2, which can only
happen if the carboxylate groups react as well with the epoxide formed during the
reaction (Fraenkel-Conrat and Olcott 1944). The quaternary ammonium pectin
derivatives have been probed against their antibacterial and antifungal activities.
Unfortunately, the materials synthesized showed no enhanced inhibition activity
compared to the starting pectin.

HO

Cl ®ON—
\

Scheme 20. Formation of ether derivatives of pectin by addition reaction of pectin with in situ
generated glycidyltrimethylammonium chloride in basic aqueous medium (adapted from Fan
et al. 2012)

A similar reaction was published by Bostanudin et al. (2019) describing the
etherification of pectin in water at a pH value of 12 lasting for 16 h (Scheme 21). The
DS ranging from values of 0.10 up to 0.14 was calculated from the 'H NMR spectra.
The possibility of a reaction at the carboxylic acid moiety was not described.
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Scheme 21. Synthesis of hydrophobic pectin derivatives useful for nanoparticle formation and
drug loading (adapted from Bostanudin et al. 2019)

The products formed have been characterized employing water and deuterium
oxide as a solvent for gel permeation chromatography and *H NMR measurements,
respectively. Confusingly, water could also be employed as dispersion phase in the
precipitation of the material for the formation of NP. An influence of the drug
incorporated seems likely to have changed the solubility of the system; however, it was
not discussed further. The NP formed showed diameters of 250 to 280 nm with zeta
potentials ranging from -26 mV to -20 mV (Fig. 5). The NP could incorporate the drug
doxorubicin with up to 12 w%.

Fig. 5. Scanning electron microscopy image of lyophilized pectin ether particles (Polymers,
11(5), Bostanudin, M. F., Arafat, M., Sarfraz, M., Gorecki, D. C. and Barbu, E., “Butylglyceryl
Pectin Nanoparticles: Synthesis, Formulation and Characterization,” p. 9, Copyright (2019)

The carboxymethylation of pectin was reported recently (Muthukumaran et al.
2018). The synthesis of carboxymethyl pectin (CMP) was performed in ethanol with
aqueous NaOH and chloroacetic acid as reagent. The DS values were calculated by
titration of the carboxylic acid moiety produced. Unfortunately, the formula employed
to calculate the DS from the amount of NaOH was used without modification from a
work employing carboxymethyl starch (Gao et al. 2011). Therefore, the carboxylic acid
function already imparted in pectin was not accounted for. In addition, the formula for
titration depicts the molecular mass of glucose and not galacturonic acid as repeating
unit, rendering the data obtained incorrect. Additionally, no NMR spectroscopic
analysis was performed to give clear insights to the CMP structure. The IR spectra were
misinterpreted as well, accounting a signal at 2963 cm™ in the pectin employed as a
COOH vibration which disappears after basic treatment. Additionally, a signal at
1600 cm™ in the resulting product was attributed to the CHz-group of the emerging
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carboxymethyl group. The more likely possibility was that the methyl ester moiety of
the starting pectin gave the signal at 2963 cm™*, which was absent after basic treatment
due to saponification. The new appearing signal at 1600 cm, which was not addressed
in the cited work, likely corresponds to the carboxylate moiety formed. For these
reasons, the values of carboxymethylation obtained cannot be compared with other
carboxymethyl PSs.

MISCELLANEOUS PECTIN DERIVATIVES OF INTEREST

Synthesis and Properties
Solvents for pectin

Pectin as an ionic PS shows only a very limited solubility in organic solvents.
Besides water, only FA is able to solubilize the compound at elevated temperatures.
Mixtures of organic solvents and salts, e.g., DMSO/TBA fluoride or N,N-
dimethylacetamide/LiCl, show no dissolution effect as well. A homogeneous solution
is usually a key element for a complete PS transformation. Working with reactive
compounds such as carboxylic acid anhydrides or —halides water can be discarded as
solvent options, due to the significantly faster hydrolysis of the reagent in contrast to
the acylation reaction with pectin. At best only small amounts of substitution are
feasible with a large excess of acylation reagent employed working homogeneously in
an aqueous medium. As a solvent, FA is not well suited for homogeneous pectin
transformation either, due to side reactions occurring during a range of transformation
reactions (Bredereck et al. 1959).

In the search for appropriate solvents suitable for modification reactions of
pectin, it was found that the biopolymer is soluble in 1,3-dialkylimidazolium formats
with up to 3 wt% (Fukaya et al. 2006). Later the commercially available ionic liquid
(IL) 1-n-butyl-3-methylimidazolium (BMIM) chloride proved to be a fast solvent for
PGA, the main component of pectin (Wdrfel et al. 2019b). Up to 5.3 wt% PGA can be
dissolved by simple heating of the dried material in the IL for a short time at 140 °C
(Scheme 22).
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Scheme 22. Dissolution of polygalacturonic acid in 1-n-butyl-3-methylimidazolium chloride at
140 °C partially leading to formation of a 1-n-butyl-3-methylimidazolium polygalacturonate
(adapted from Wirfel et al. 2019b)

IR and NMR investigations showed that the solvent reacts with the PS at these
temperatures, forming a BMIM-polygalacturonate with half of the carboxylic acid
groups still present (Fig. 6). The IL can therefore be characterized as a derivatizing
solvent for PGA. The degradation of the PS during the dissolution is negligible.

Oxidation of pectin

A systematic investigation about the oxidation of pectin with periodate at the
vicinal hydroxyl groups at the C2-C3 position of the repeating unit was reported (Gupta
et al. 2013). The influence of the reaction medium, pH value, temperature, and
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concentration of sodium periodate was varied to achieve a maximum degree of
aldehyde groups (Scheme 23). The study shows that a solvent mixture of water/ethanol
80/20 gave the highest amounts of aldehyde without precipitation of the pectin
employed. Additionally, decreasing the pH value from 6.2 to 2.4 increases the
formation of aldehyde groups from 0.8 to 3.6 mmol/g. As expected, an increase in
concentration of sodium periodate and reaction time yields an increase in aldehyde
group formation as well. The reaction is accompanied by a decrease in the intrinsic
viscosity of the pectin oxidized, most likely due to PS degradation.
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Fig. 6. 'H NMR spectra of a) sodium polygalacturonate and b) 1-n-butyl-3-methylimidazolium
polygalacturonate, measured in *D20. Reprinted from Carbohydrate Polymers, 207, Wrfel, H.,
Kayser, M., and Heinze, T., “Non-aqueous solvent for efficient dissolution of polygalacturonic

acid,” p. 793, Copyright (2019), with permission form Elsevier
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Scheme 23. Oxidation of pectin with sodium periodate in water/ethanol mixtures forming
aldehyde groups (adapted from Gupta et al. 2013)

Periodate-oxidized pectin was employed to aid water solubility for
amphotericin B (Kothandaraman et al. 2017). The amino group of this polyene
macrolactone reacted with the aldehyde groups of periodate oxidized pectin, forming
an imine. To further increase the stability of the linked drug, the imine was subsequently
reduced to an amine employing sodium borohydride (Scheme 24). Both the imine and
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the amine derivative have been tested for their anti-fungal activity against Candida
albicans and Aspergillus fumigatus. Furthermore, the antileishmanial activity was
investigated for both compounds, showing that they are active against Leishmania
donovani LV9 and DD8. The amine form showed to be a more active compound
compared to the imine form.
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Scheme 24. Periodate oxidized pectin was employed in the covalent linkage of amphotericin B
via an imine formation. Subsequent reduction of the imine with sodium borohydride led to the

formation of an amine.
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Fig. 7. Cross-linking reaction of amino groups with genipin results in a deep blue coloration of
the cross-linked gel (a), which shows a new absorption band at 596 nm. The cross-linking is
finished within 10 h of reaction time which could be monitored with UV/Vis-spectroscopy (c) or
determination of the free amino acid content (d). Reprinted from Food Hydrocolloids, 101, Lin,
J., Yu, S., Aj, C., Zhang, T., and Guo, X., “Emulsion stability of sugar beet pectin increased by
genipin crosslinking,” p. 3, Copyright (2020) with permission from Elsevier

An interesting new cross-linker was employed in small amounts to enhance the
molecular weight of native pectin (Lin et al. 2020). The cross-linker genipin, a
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hydrolysis product of gardenoside isolated from Gardenia jasminoides, can react with
amino groups of protein impurities in native pectin, leading to an increase in molecular
mass of the material and subsequently to a gel formation. Due to the formation of an
aromatic system during cross-linking, the material starts to exhibit a blue coloration
when reacted (Fig. 7, Butler et al. 2003). It must be mentioned that the cross-linking
occurs exclusively with the protein impurities and genipin. Pectin is embedded in the
genipin cross-linked network.

The products showed a decrease in their emulsion forming activity, but the
emulsion stability was greatly increased compared to the starting material. The linker
can be considered as an alternative to glutaraldehyde or formaldehyde because of its
low toxicity that is especially important in food industry and drug delivery applications
(Scheme 25, Manickam et al. 2014).

00O

N N
~ OO OO 05 O HZN/R o) N\R
P /+\ R Tho - - > ThoO = )
HNT - - - MeOH
o M 2 yNH SN N ¢ NN
I R {
HO Ho—" (§ Ho— H, HO HO

OH
R: polysaccharide, amino acid

Scheme 25. Reaction of genipin with amino groups. Two reactions could be identified, which
in combination lead to cross-linking and the deep coloration of the compounds. Adapted from
Butler et al. 2003

Energy Storage — Emerging Application Trends

Lightweight materials for reversible energy storage are gaining much attention,
due to changing energy generation techniques and fast increasing energy demands and
storage necessities. The trend is most recognizable in the fields of electric cars and
smart homes. Pectin, due to its water solubility and gelling properties depending on
multivalent ions, was tested as an alternative material for electrolytes and as membrane
material for applications in battery and fuel cell.

A blended material combining chitosan and pectin in a membrane for fuel cells
was described (Cabello et al. 2017). Due to the opposite charges in the two PSs, an
ionic induced cross-linking and compacting led to membrane materials that show
smaller pore sizes compared to the pristine materials. The methanol permeability of the
formed membranes was lowered as well, and the ion transport was decreased by an
order of one magnitude when reaching a weight composition chitosan: pectin of 1:1.
The stability against oxidizing agents was tested as well, showing an increase for
chitosan/pectin membranes compared to pristine chitosan.

Vahini et al. (2019) prepared pectin-based electrolytes with various ratios of
NaNOs with a solution casting technique using distilled water as a solvent. Minor
changes (1 to 3 cm™) in the FTIR spectra between the samples have been interpreted as
a complexation reaction; however, the scanning resolution of the IR spectrometer was
not reported. The electrical properties showed a high ionic conductivity (4.2 x 10
S/cm) with a ratio of 91 m% pectin to 9 m% NaNOs. This pectin/NaNOs system has a
higher ionic conductivity as pure pectin (2.7 x 10 S/cm). These values of conductivity
clearly show that pectin acts as binder only. However, the conductivity falls short on
biopolymer/salt mixtures already reported (Smitha et al. 2005; Cabello et al. 2017).

A mixture of pectin and LiCl was tested as a membrane produced by solution
casting, which showed high conductivity (2.08 x 10 S/cm) at a molar ratio of 1:1
(Perumal et al. 2018). The membrane was applied for the construction of a primary
lithium ion battery. The open-circuit voltage was found to be 1.93 V.
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As a binder, pectin was evaluated to sustain volume changes of Si anodes in
lithium ion batteries (Wang et al. 2020). Thus, poly(acrylic acid) (PAA) and pectin
were separately dissolved in distilled water and mixed dropwise by adding the pectin
solution to the stirred solution of PAA (Scheme 26). The resulting homogeneous
mixture was deposited on a Teflon surface and dried for one day to obtain a film. A
three-dimensional network was formed based on the interactions of hydrogen bonds
between the respective functional groups of pectin and PAA. This material showed a
strong interfacial adhesion and a rapid electrolyte permeation and could be serve as
efficient binder material for electrolytes.
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Scheme 26. Pectin/poly(acrylic acid) films as binder materials for electrolytes (adapted from
Wang et al. 2020)

HYDROGELS

A topic of increasing research interest for applying cross-linked pectin
derivatives is the field of hydrogels. Hydrogels are three-dimensional structures that
have a high water absorbing capacity. They are found to be of great applicability in
medical and pharmaceutical research and applications. Due to their interesting
properties, such as anti-inflammatory, non-toxicity, non-irritating action, water and
oxygen permeability, drug leaching, and biodegradability, they can be tailored to fit a
specific application (Fu and in het Panhuis 2019). Hydrogels can be designed to exploit
either chemical cross-linking, via covalent bonds, or physical cross-linking via ionic
interactions, van der Waals, hydrophobic or hydrogen bond interactions (Hennink and
van Nostrum 2012). LMP, pectin, and pectin hydrazide are known to form complexes
with metal ions, and their three-dimensional network is described as an “egg box”
model (Wang et al. 2019). The “egg box” model assumes that the carboxyl groups allow
the binding of metal ions via ionic interactions (Cao et al. 2020). Physically cross-
linked pectin gels form reversible bonds that are less stable than covalent ones.
Nevertheless, this cross-linking method is of great interest, especially for the
encapsulation of bioactive compounds and for the removal of metal ions from
wastewater (Wang et al. 2019; Hennink and van Nostrum 2012). Covalent linking of
pectin derivatives is more useful in tissue engineering and in medical adhesion
applications, due to their higher stability and better mechanical properties. In the
following section, the hydrogel formation has been divided into permanent and
potentially reversible cross-linking. The reversibility can generally be triggered by a
pH response or a reduction reaction.
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Permanent Cross-linking
Acyl hydrazide cross-linking

A hydrogel was prepared by reacting EDC activated PGA with adipic acid
dihydrazide (ADH) (Peng et al. 2011). Subsequent activation of a short-chain
hyaluronate (sHA) with 1,1°-carbonyldiimidazole (CDI) and a second acyl hydrazide
formation with the PGA dihydrazide led to the PGA-ADH derivative (Scheme 27). The
modification of SHA with CDI was carried out in FA at RT. Both derivatives were
characterized by *H NMR spectroscopy. A mixing of the aqueous solution yields cross-
linking and formation of the hydrogel, which has a high water content and a great
compressive modulus. Additionally, a membrane was prepared from the hydrogel that
was applied in animal implant studies, where it exhibited good anti-adhesion properties.
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Scheme 27. Activation of pectin with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in
water and reaction with adipic acid dihydrazide forming a bisacyl hydrazide structure (top).
Formation of an activated hyaluronic acid derivative with 1,1’-carbonyldiimidazole in formamide
at RT (bottom)

Acyl hydrazone cross-linking
An acyl hydrazide could be applied as the starting structure to generate cross-
linked pectin derivatives (Lin et al. 2015).
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Scheme 28. Activation of hyaluronic acid with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and subsequent reaction with adipic acid dihydrazide (top). Oxidation of pectin with
sodium periodate in water leading to aldehyde groups bearing pectin (bottom, adapted from Lin
et al. 2015)
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Thus, hyaluronic acid (HA) was allowed to react in water with EDC and
subsequently with ADH. This HA dihydrazide derivative was further treated with
aldehyde containing oxidized polygalacturonic acid (PGA-CHO) in a phosphate buffer
solution (Scheme 28). Due to the formation of acyl hydrazone, PGA-HA gel is formed
very rapidly, which shows a swelling ratio of 18.4% to 22.2%, depending on mixing
ratio of the two components. The degree of swelling varies with the strength of cross-
linking. The hydrogel was also probed in animal implant studies, and tests confirmed
that the PGA-HA gel is slower in its degradation within 1 week than HA and the FDA
approved Medishield™, which was also employed for the tests. Furthermore, the area
of scar tissue formed after a surgical intervention was lower for the Medishield™
(0.41£0.11 mm?) and PGA-HA (0.30+0.10 mm?) gels than compared with saline
solution (0.51£0.14 mm?) and a HA (0.55£0.09 mm?) gel.

Further studies showed that loading of the PGA-HA gel with bioactive
substances, e.g. ibuprofen (IBU), is possible (Lin et al. 2016). Therefore, the carboxyl
group of IBU was activated with N,N’-dicyclohexylcarbodiimide and transformed into
an activated ester employing N-hydroxysuccinimide. The active ester reacted with
hydrazide groups at the modified pectin forming bisacyl hydrazide derivatives with the
IBU. The hydrogels were tested as wound dressing after surgical intervention. The drug
loaded compound PGA-HA-1BU showed also reduced scar tissue formation (0.91+0.33
mm?) slightly superior to an unloaded PGA-HA (0.97+0.34 mm?) hydrogel and more
efficient than pure IBU (1.29+0.31 mm?) and saline solution (1.04+0.21 mm?).

Radical cross-linking

Chemical cross-linking via radical polymerization is described by Khan et al.
(2019). In this study, pectin was converted with the monomer 2-acrylamido-2-
methylpropan sulfonic acid in the presence of ammonium persulfate and sodium
metabisulfite as redox initiator. Methylene bisacrylamide was used as a cross-linking
agent to obtain a three-dimensional network. The gels were prepared by dissolving each
substance separately. Then the aqueous solutions were mixed and heated to 60 °C for
24 h. The hydrogels formed were tested for drug loading with captopril, an angiotensin-
converting enzyme inhibitor, and exhibited a great mechanical strength. The best
swelling ratio was obtained at a pH value of 7.4 and the release of captopril took place
ata pH=1.2. Both drug release and swelling decreased with an increasing concentration
of cross-linking agents.

Reversible Cross-linking
Disulfide cross-linking

A recent study of chemical cross-linking employed the amide formation of
cysteine with the C6 carboxylic acid function of PGA. The cysteine moiety can cross-
link via oxidation of the thiol group attached forming disulfides (Peng et al. 2013). This
cross-linking reaction is pH-sensitive, allowing disulfide formation above a pH value
of 8.5 only. The hydrogels obtained show a very low degree of swelling of 0.8% and a
high gel content, which is a basic requirement for biomaterials used as anti-adhesion
device. The degree of swelling increases as the degree of cross-linking decreases. Due
to the reversible nature of this covalent cross-link, it is of interest for drug delivery
systems as well (Saito et al. 2003).

Schiff base cross-linking

Gelatin was used to cross-link nanofibers of aldehyde containing HMP, which
was prepared by periodate oxidation in water (Shi et al. 2020). The cross-linking
occurred, due to a Schiff base reaction. The nanofibers were placed in a gelatin solution
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(ethanol/water, 70:30) and reacted at 37 °C for 24 h. The chemical cross-linking was
confirmed by IR spectroscopy. After the formation of imine cross-links, the nanofibers
exhibit a larger diameter and a rougher surface as ascertained by use of SEM
measurements (Fig. 8). The cross-linked nanofibers promote cell infiltration due to the
hydrophilicity and cell affinity of gelatin and can potentially be used for the
regeneration of soft tissues such as skin or cartilage.
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Fig. 8. Scanning electron microscopy images and diameter of electrospun oxidized pectin
fibers before and after gelatin cross-linking. Reprinted from Materials Science and
Engineering: C, 112, Shi, X., Cui, S., Song, X., Rickel, A. P., Sanyour, H. J., Zheng, J., Hu, J.,
Hong, Z., Zhou, Y., and Liu, Y. “Gelatin-crosslinked pectin nanofiber mats allowing cell
infiltration,” p. 3, Copyright (2020), with permission from Elsevier

CONCLUDING REMARKS

Pectin, as a very important yet underestimated biopolymer resource, has been
becoming more popular in the last decade. The bi-functional nature of the o.-1,4-linked
anhydrogalacturonic acid repeating unit allows for a wider range of one-step
transformations compared to other PSs, such as cellulose or starch, which are mainly
used today resulting in a much broader spectrum of possible functional materials. Some
properties of pectin, including its ionic nature, can lead to unpredictable behavior such
as reactivity and solubility. The ionic nature leads to water solubility, which raises
opportunities in medical and food applications, on the one hand. On the other hand, it
interferes with the solubility in organic solvents, the preferred medium for efficient
derivatization reactions in the laboratory. Another example is the inherent degradability
of pectin and most of its derivatives. One the one hand, this is a desired property
considering the raising concern of micro-plastic pollution. On the other hand, this is a
drawback if long life stable products are required. A general trend for pectin
modification can be found leading away from homogeneous transformation reactions
to heterogeneous processes, which are commonly required in industrial applications,
considering the reaction efficiency and the cost and the recycling of solvents.

However, a concerning issue in a large number of papers presented is the use of
incorrect chemical terms, which can lead to great confusion. This state of affairs may
prohibit a clear communication of research results among scientist and prevents a direct
comparison of research work. These trends have even been adapted in review articles
published (Cheng et al. 2015). From a chemist’s point of view, there is a clear
differentiation between an alkylation- and acylation reactions. The definitions for both
types of reaction are found in the IUPAC goldbook and should be used stringently
(Moss et al. 1995). Another term, frequently employed to circumvent the terms
alkylation and acylation altogether is the term conjugation, which also has a completely
different meaning in chemistry and therefore should be avoided as well (Muller 1994).
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In addition to the problems of terminology, a number of studies refrain from
characterizing the pectin employed in their research adequately. The focus is directed
on the effects obtained by a modification at times. It is desirable to develop a distinct
structure-property relationship; thus a detailed structure characterization is highly
relevant in further studies about pectin and pectin derivatives. Due to the fact that pectin
is rather complex, at least the galacturonic acid content, the molecular weight, and the
degree of esterification of the starting pectin should be stated (Muller-Maatsch et al.
2014). Otherwise, experiments performed and results obtained are hardly reproducible,
in particular by other researchers.

Nevertheless, the increase in the number of publications concerning the
chemical modification of pectin, PGA, and PSs in general reflects a global trend to
intensify their usability in applications, as they are the largest group of available
bioresources and will contribute to substitute for petrochemical based materials.
Additionally, this research aids in developing more sustainable industrial processes,
and helps to reduce the concerns about the environmental problems based on chemistry
in general.

It is the authors’ hope that the review helps to foster the development of novel
derivatives of pectin and PGA by chemical modification in order to take full advantage
of this very important renewable resource. The critical issues discussed are not only
true for pectin but also for other PSs. Thus, it is highly desirable that the chemistry of
this most important class of renewable resources will use the terminology of organic
chemistry adequately. Of particular interest is the clear structure determination of the
natural products due to the fact that they may differ in structure depending on the source
and the isolation procedure.
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