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Abstract

Natural polysaccharides are ubiquitous in nature and have been widely used
in human history as food, materials, fuels, and medicine. To cope with climate

crisis and develop a more sustainable economy, promoting the use of natural

polysaccharides and other products from oxygenic photosynthesis is of great
interest.

In this work, anionic iota-carrageenan (CG) polysaccharide was
employed to prepare an iota-carrageenan/CuS covellite (CG/CuS)
nanocomposite using a gel/liquid interface precipitation process similarly to
chemobrionics. This approach showed how pristine natural polysaccharides
such as CG could be effortlessly utilized to develop high-end products for
humidity and temperature sensing.

Despite great potential of pristine natural polysaccharides in
fabricating novel materials, chemical modifications of natural
polysaccharides still play a crucial role in altering and enriching physical,
chemical and biological properties, as well as applications of natural
polysaccharides. Due to fascinating physicochemical properties,
biodegradability, biocompatibility, natural abundancy and low cost, non-ionic
guar gum (GG) polysaccharide was chosen as a model material to study how
chemical modifications can substantially change properties of GG and extend
its applications.

An extensive analysis on reported chemical modification approaches
of GG was conducted to examine recent advances in this field, as well as
structure-property relationships and applications of GG-based materials.
Among the four commonly used chemical reactions on GG, namely,
nucleophilic reactions, graft polymerization, partial oxidation and cross-
linking, nucleophilic reactions were adopted in this study due to the
simplicity, accessibility and diversity of chemical reaction conditions and

reagents. Different nucleophilic reactions were successfully carried out in



aqueous medium at room temperature without using toxic organic solvents,
allowing the introduction of different organic functional groups and moieties
such as amine, thiol, xanthate, benzoic acid, catechol and tosylate to GG. The
chemical modification of GG by xanthate and benzoic acid groups was chosen
for further study due to their great potential applications.

Being a soft base according to the hard and soft acid and base (HSAB)
theory, xanthate functional groups on guar gum-xanthate (GG-X) allowed GG-
X to coordinate more strongly to a wide range of soft metal ions, which have
great potential in heavy metal removal, wastewater treatment, cross-linked
hydrogel preparation, etc. In addition, GG-X offered dual functionalities as a
surfactant and an organic matrix in the formation of GG-X/CuS
nanocomposite colloidal dispersions, which showed printability and
electrical responsiveness in humidity sensing.

Benzoic acid moieties contain aromatic benzene rings and carboxylic
acid groups, which offer interesting intermolecular interactions, coordination
chemistry and swelling properties at mildly acidic environments to GG. Guar
gum-benzoic acid (GG-BA) was found biocompatible to living cells (mouse
embryonic fibroblasts and human mammary epithelial cells). Therefore, GG-
BA could be explored further as coacervates and cross-linked hydrogels for

biomedical applications, e.g. wound dressing, bioadhesives and drug delivery.
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Svensk sammanfattning

Naturliga polysackarider ar allméant forekommande i naturen och har anvants
i stor utstrackning i manniskohistoria som mat, material, bransle och medicin.
For att klara av klimatkrisen och utveckla en mer hallbar ekonomi ar det av
stort intresse att frimja anvandningen av naturliga polysackarider och andra
produkter fran syreproducerande fotosyntes.

I detta arbete anviandes anjonisk jota-karragenan (CG) polysackarid
for att framstédlla en jota-karragenan/CuS covellit (CG/CuS) nanokomposit
med anvandning av en gel/vatskegranssnittsutfallningsprocess som liknar
kemobrionik. Detta tillvigagangssatt visade hur ororda naturliga
polysackarider utan anstrdngning kunde anvdndas for att utveckla
avancerade produkter for fukt- och temperaturavkéinning.

Trots den stora potentialen hos orérda naturliga polysackarider vid
tillverkning av nya material, spelar kemiska modifieringar av naturliga
polysackarider fortfarande en avgoérande roll for att forandra och berika
fysiska, kemiska och biologiska egenskaper samt tillampningar av naturliga
polysackarider. P4 grund av fascinerande fysikalisk-kemiska egenskaper,
biologisk nedbrytbarhet, biokompatibilitet, naturlig 6verflod och lag kostnad,
valdes nonjonisk guargummi (GG) polysackarid som modellmaterial for att
studera hur kemiska modifieringar kan vasentligt forandra egenskaperna hos
GG och utoka dess tillimpningar.

En omfattande analys av rapporterade metoder for kemisk
modifiering av GG genomfordes for att underséka de senaste framstegen
inom detta omrade, savidl som struktur-egenskapsforhallanden och
potentiella tillampningar av GG-baserade material. Bland de fyra vanligaste
kemiska reaktionerna pa GG, namligen nukleofila reaktioner,
ymppolymerisation, partiell oxidation och tvarbindning, antogs nukleofila
reaktioner i denna studie pa grund av enkelheten, tillgingligheten och
mangfalden av kemiska reaktionsférhallanden och reagens. Olika nukleofila

reaktioner genomfordes framgangsrikt i vattenhaltigt medium vid

Vii



rumstemperatur utan att anvidnda giftiga organiska losningsmedel, vilket
mojliggjorde inférandet av olika organiska funktionella grupper och delar
sasom amin, tiol, xantat, bensoesyra, katekol och tosylat till GG. Den kemiska
modifieringen av GG av xantat- och bensoesyragrupper valdes for vidare
studier pa grund av deras stora potentiella tillampningar.

Som en mjuk bas fran teorin om hard och mjuk syra och bas (HSAB)
tillit xantatgrupper pa guargummi-xantat (GG-X) GG-X att koordinera
starkare till ett brett spektrum av mjuka metalljoner, som har stor potential
vid borttagning av tungmetaller, avloppsvattenbehandling, tviarbunden
hydrogelberedning etc. Dessutom erbjod GG-X dubbla funktioner som ett
ytaktivt dmne och en organisk matris vid bildning av GG-X/CuS nanokomposit
kolloidal dispersion, som visade tryckbarhet och elektrisk kanslighet vid
fuktavkanning.

Bensoesyradelar  innehdller —aromatiska bensenringar och
karboxylsyragrupper, vilket erbjuder intressanta intermolekylara
interaktioner, koordinationskemi och svillningsegenskaper i milt sura
miljoer till GG. Guargummi-bensoesyra (GG-BA) visade sig vara
biokompatibel med levande celler (embryonala musfibroblaster och humana
brostepitelceller). Darfor skulle GG-BA kunna utforskas vidare som koacervat
och tvarbundna hydrogeler for biomedicinska tillimpningar, t.ex. sarférband,

bioadhesiver och likemedelstillforsel.
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1 Introduction

Throughout the human history, natural polysaccharides and other products
of oxygenic photosynthesis have been utilized intensively by humans as food,
fuels, materials, medication, etc. [1,2]. In the recent years, as climate, food and
energy crises have become pressing issues globally, long-term holistic
strategies, practical solutions and immediate actions are of paramount
interest [3-10]. Nature has found out sustainable oxygenic photosynthetic
pathways for solar energy utilization, carbon fixation and metabolism, which
result in the formation of diverse polysaccharide-based products [11-15].
Promoting the use of natural polysaccharides as food, medicine, fuels and
materials, therefore, can offer sustainable long-term solutions to address
these crises [16-21].

To enrich physicochemical and biological properties of
polysaccharide-based materials and extend their applicability, various
chemical modification approaches of pristine polysaccharides and/or
incorporation of polysaccharide matrices with different organic and
inorganic materials have been considered, resulting in the development of
numerous advanced materials [22-26]. While the incorporation of organic
and inorganic materials into pristine polysaccharide matrices can offer
simple yet efficient ways to synergize beneficial properties of different
components [27], chemical modifications of polysaccharides typically
provide more radical alterations in properties of polysaccharide-based
materials, allowing fundamental changes in the behavior of the materials

[28,29].






2 Objectives of the work

The overall objective of this work was to demonstrate not only the great
potential of pristine natural polysaccharides in developing new materials, but
also how chemical functionalization can play a crucial role in altering and
enriching physical and chemical properties of natural polysaccharides, hence,
extending their potential applications.

Natural polysaccharides such as anionic iota-carrageenan were
employed directly to formulate inorganic/organic nanocomposites with
potential applications in humidity and temperature sensing (Paper I).

Various chemical modification approaches of non-ionic guar gum
were examined to find out green and sustainable synthetic pathways using
commercially available and affordable chemicals (Paper II).

Among different organic functional groups and moieties, which were
successfully chemically introduced to guar gum, xanthate and benzoic acid
groups were further examined. Different characterization techniques and
application demonstrations were carried out to highlight impacts of xanthate
and benzoic acid groups on physical and chemical properties of guar gum

(Paper III, IV).






3 Background and literature review

3.1 Carrageenan (CG)

Carrageenan (CG) is a family of natural linear anionic sulfated galactans
obtained from different edible red marine algae. Typical repeating units of CG
consist of sulfated [-D-galactose (Gal) and 3,6-anhydro-a-D-galactose
(3,6-AHG) linked together via a-1,3 and 3-1,4-glycosidic bonds. Depending on
the solubility in potassium chloride aqueous solutions as well as the number
and position of organosulfate moieties, CG can be classified into different
types, namely alpha- (a-), beta- (B-), gamma- (y-), delta- (8-), epsilon- (g-),
theta- (0), iota- (1), kappa- (kx-), lamda- (A-), mu- (u-) and nu-CG (v-CG) [30].
Among these types of CG, commercially available k-, 1-, and A-CG with
one, two and three organosulfate groups per repeating unit, respectively, are
of great interest due to their fascinating antioxidant, antimicrobial, antiviral,
anticancer, anticoagulant and immunomodulatory properties [31-35].
Moreover, these CGs can also be easily incorporated with other nanomaterials
to develop nanocomposites with novel properties [36,37]. In aqueous
solutions, gelation of k-CG normally yields firm, brittle gels and 1-CG gives soft,
elastic gels due to the formation of helical conformations, while dissolution of

A-CG only results in viscous solutions [38-40].

3,6-anhydro-a-D-galactopyranose-2-sulfate
B-D-galactopyranose-4-sulfate \

0s0, OH

6
4 5 0

2
o

3 OH 1 4 00y

lota-Carrageenan, 1-CG

Fig. 1. Chemical structure of 1-CG.

In this work, 1-CG (or simply CG) was chosen to form nanocomposites

with copper sulfide covellite (CuS) due to its capacity of forming soft and



elastic gels in water. 1-CG contains repeating units of B-D-galactopyranose-
4-sulfate linked to 3,6-anhydro-o-D-galactopyranose-2-sulfate via
B-1,4-glycosidic linkages (Fig. 1) [41,42]. Due to the presence of organosulfate
groups, 1-CG is an anionic polysaccharide and can easily form coordinate

covalent bonds with metal ions.

3.2 Guar gum (GG)

3.2.1 Introduction

Guar gum (GG) is found naturally in seeds of cluster bean (Cyamopsis
tetragonolobus). Endosperm of guar seed consists mainly of non-ionic
galactomannan polysaccharide (around 80%) and other minor components
such as water, ash, protein, and fat [43]. Recently, GG has gained more
attention in different research fields due to its biocompatibility,
biodegradability, natural abundancy, low cost, etc. [44-51]. In energy
research, for instance, GG has been explored as a green binder in Li-ion
batteries [52-54], a biodegradable electrolyte in zinc-ion batteries [55,56],
perovskite-based zinc-air batteries [57], and dye-sensitized solar cells [58].
Moreover, GG can also enhance the production of biogas and activity of
photocatalysts [59-63]. In agriculture and construction, GG has been
employed as a stabilizer for soil treatment [64-66], concrete additives and
corrosion inhibitors in metal protection [67-69]. Additionally, various GG-
based biomaterials such as bio-ink in 3D printing and biofilms for food
packaging have been fabricated [70-75]. In biomedical research, GG is an
interesting biomaterial for wound dressing, healing and drug delivery [76-
79]. Despite various fascinating properties and reported applications of
natural GG, limitations in uncontrollable swelling, susceptibility to bacterial
contamination and rapid biodegradation of pristine GG still exist, and
therefore, further research on chemical modification and functionalization of

GG is of great interest [45].



3.2.2 Chemical structure and properties of GG

Natural galactomannan polysaccharide of GG contains -D-mannose (Man)
backbones and a-D-galactose (Gal) branches with an average Man:Gal ratio
varying from 1.8:1 to 2:1 and a significantly high molecular weight up to
millions of Dalton [80]. Typical repeating units of GG are composed of two 3-
D-mannopyranose linked together by [3-1,4-glycosidic bonds to form
galactomannan main chains, and one a-D-galactopyranose side chain bonded
to the main chain via a-1,6-glycosidic bonds (Fig. 2). In addition, each GG
repeating unit has three anhydroglucose units (AGUs) on an average, with
nine hydroxyl (-OH) functional groups in total. The chemical formula of these
AGUs can be approximated as C¢Hi100s5 or C¢H;02(OH)s to highlight the
presence of the three average -OH groups in each AGU. Even though GG is the
least hygroscopic polysaccharide among different types of gums, hydrophilic
GG has high solubility even in cold water due to its unique structure and
numerous remaining -OH groups [81-83]. Additionally, the -OH groups also
behave as reactive sites for possible chemical modification and derivatization
of pristine GG [84-86]. In terms of nucleophilicity, less bulky primary -OH
groups are more nucleophilic than secondary -OH groups [87]. Since there are
three average -OH groups in each AGU of GG, the degree of derivatization or

substitution (DS) of AGU might be up to three.

Guar Gum, GG

Fig. 2. Chemical structure of GG.



3.2.3 Current progress in the chemical functionalization of GG
and its derivatives [88]

In the recent years, various chemical modification methods have been

performed on GG to introduce new functional groups and biologically reactive

moieties. Herein, the latest chemical functionalization approaches of GG and

its derivatives are reviewed briefly. Even though physical blending offers

great simplicity to the modification of materials including GG [89-92], this

approach is not covered here because direct chemical modifications of GG are

not normally carried out.
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Copyright 2023, Elsevier.

Among different chemical reactions, etherification allows one of the

simplest synthetic pathways to modify -OH groups in GG (Fig. 3). Typical

etherification of GG is performed under inert atmosphere (e.g. Ar, N;) via two

major stages, namely, activation of -OH groups in alkaline solutions and

nucleophilic substitution reaction with electrophilic etherifying reagents.




Various alkyl halides have been employed as alkylating agents such as 3-
(hexadecyloxy)-1-chloropropan-2-ol for hydroxypropylation [93-95], methyl
iodide for methylation [96-98], monochloroacetic acid or sodium
chloroacetate for carboxymethylation [84,99-103], and N-(3-chloro-2-
hydroxypropyl)-trimethyl ammonium chloride for quaternization
(cationization) of GG [104-106]. In addition, different epoxides such as 2,3-
epoxypropyltrimethylammonium chloride [107,108], glycidyl methacrylate
[109], propylene oxide [110], etc. can also be used for etherification of GG.

Esterification of -OH groups in GG is also a commonly used
functionalization approach (Fig. 3). Esterification of GG by different
carboxylic acids, carboxylic acid anhydrides and acyl halides is typically
carried out in aprotic solvents such as acetone, acetonitrile, dichloromethane,
and dimethylsulfoxide with an assistance of basic catalysts such as 4-
dimethylaminopyridine, trimethylamine, etc. [111-118].

Moreover, due to the high affinity of Si towards O and the particularly
high stability of Si-O bonds, silylation (silanization) of -OH groups
offers effective chemical modification pathways to introduce new
functionalities to different materials [119-125]. For instance, (3-
aminopropyl)trimethoxysilane and (3-aminopropyl)triethoxysilane have
been used to silylate -OH groups of GG and introduce amino (-NH>) groups at
the same time to develop catalytic centers on GG [126,127].

In addition, phosphorylation is ubiquitous in nature and has been
employed to enrich chemical properties and potential applications of
materials, including polysaccharides [128-132]. Recently, phosphorylation of
GG has been performed to cross-link GG and soya lecithin to develop a novel
photocatalytic system with zero-valentiron [133], or to introduce phosphonic
acid moieties to GG for removal of uranyl (UO,2+) ions in wastewater [134].

Sulfation of polysaccharides is also of great interest due to its ability
to modify physicochemical properties of the materials [28,29]. Different

sulfating agents, such as chlorosulfonic acid-pyridine, chlorosulfonic acid-1,4-



dioxane, sulfur trioxide-pyridine and sulfamic acid-1,4-dioxane with urea-
based activators, have been reported for sulfation of GG to examine its
anticoagulant and antithrombotic properties, as well as synthetic possibilities

(Fig. 3) [135-137].
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Recently, partial oxidation of -OH groups on polysaccharides has

become increasingly popular since it can convert nucleophilic hydroxyl
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groups to electrophilic aldehyde and/or carboxylic acid moieties, resulting in
other possible chemical reactions such as nucleophilic addition,
condensation, cross-linking, etc. [138,139]. Regioselective oxidation of
primary Ce¢-OH groups on GG might be done using 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation pathway
[140,141]. Typically, hypochlorite ions are used as oxidizing agents in the
presence of bromide and TEMPO catalysts (NaOCIl-NaBr-TEMPO system)
[142-145]. Additionally, O, oxidant can also be used with laccase enzymes
and TEMPO mediator (O.-Laccase-TEMPO system) for the same purpose (Fig.
4) [146-149]. In addition, oxidative cleavage of vicinal 1,2-diols on GG by
periodate (periodate-mediated oxidation) could be readily performed on C,-
OH and C3-OH of mannose backbone, and C;-OH, C3-OH and C4-OH of galactose
side groups to produce different dialdehyde GG products [150-157]. Further
oxidation of aldehyde groups in dialdehyde GG products to carboxylic acids
by chlorite ions is also possible (Fig. 4) [158].

In recent years, graft polymerization such as step-growth, ring-
opening and free-radical graft polymerization of GG has drawn much
attention due to the availability of diverse monomers for these graft reactions
(Fig. 5). For instance, GG-based polyurethanes have been fabricated as
stabilizers, emulsifiers, thickeners or binding agents via step-growth
polymerization of -OH groups on GG and isocyanate (-NCO) functional groups
from isophorone diisocyanate (IPDI) [159,160]. Moreover, ring-opening
polymerization of eg-caprolactone (ge-CL) and GG in the presence of
tetra(phenylethynyl)tin catalyst has also been studied [161,162].

Free-radical graft polymerization (FRGP) is so far one of the most
common approaches to graft polysaccharides [163,164]. Typically, the
initiation step of FRGP begins by using free-radical initiators. Then, vinyl-
containing monomers are added to the reaction mixture together with
multifunctional cross-linkers for the propagation step of FRGP [165]. During

the initiation step, free-radical initiators such as ceric(IV) ammonium nitrate,
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ammonium persulfate, potassium persulfate and sodium persulfate can be
activated by physical processes (e.g. heating, microwave irradiation, etc.) or
chemical reactions with reducing agents such as bisulfite (HSO3),
metabisulfite (S20s2), N,N,N’,N’-tetramethylethylenediamine and ascorbic
acid to form free-radicals for the propagation step [166-173]. A wide range
of vinyl-monomers have been employed in the FRGP of GG such as acrylamide
(AAm) [174], 2-acrylamidoglycolic acid (AGA) [175-177], 2-acrylamido-2-
methyl-1-propane sulfonic acid (AMPS) [178,179], acrylic acid (AA) [180-
183], acrylonitrile (AN) [184], ethyl acrylate (EA) [185], 2-hydroxyl ethyl
methacrylate (HEMA) [186] and N-isopropylacrylamide (NIPAAm)
[187,188], with cross-linkers such as [N,N’-methylenebisacrylamide
(MBAAm) and tetra(ethyleneglycol)diacrylate (TEGDA)] [189-192].
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Fig. 5. Reported step-growth, ring-opening and free-radical graft
polymerization of GG with vinyl-monomers (red) and cross-linkers (green).
Reproduced with permission from Paper II. Copyright 2023, Elsevier.
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Moreover, different cross-linking pathways have been examined to
develop complex structures of GG-based materials (Fig. 6). Borax (anhydrous
sodium tetraborate, sodium tetraborate pentahydrate or sodium tetraborate
decahydrate), boric acid and sodium borohydride can be used as precursors
to form borate ester linkers for GG [193-205]. Ether, ester, amide, hemiacetal,
acetal and imine are also common carbon-based cross-linking functional
groups for GG [70,95,114,117,134,149,150,153-155,206-209]. In addition,
silicate esters, phosphate esters and zirconium alkoxide linkages can be

effectively used for the cross-linking of GG [102,110,187,210-213].
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Fig. 6. Recently reported chemical linkages for cross-linking of GG. Reproduced
with permission from Paper II. Copyright 2023, Elsevier.

3.3 Copper sulfide covellite (CuS)

Binary copper sulfide compounds have been well-known in various research
fields, such as surface plasmon resonance, photocatalysis, chemical and
biological sensing, molecular imaging, tumor therapy, cancer theranostics,
etc. due to their special thermochemical, electrochemical, p-type
semiconducting, low-cost, low-toxic and biocompatible properties [214-
220]. Depending on the oxidation state of Cu, its stoichiometry and atomic
arrangement, copper sulfide can exist in stoichiometric [e.g. chalcocite (CuzS),

covellite (CuS)] and non-stoichiometric phases [e.g. yarrowite (Cui12S),
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spionkopite (Cui3¢S), geerite (CuieS), anilite (Cui7sS), digenite (CuisS),
roxbyite (Cu1s1S) and djurleite (Cuios - 1.97S)] [221]. These phases can be
experimentally distinguished by powder X-ray diffractometry (XRD) (Fig. 7)
and their relationships can also be described by a phase diagram [222,223].
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Fig. 7. X-ray diffraction patterns of the different copper sulfide phases. The data
are obtained from the International Centre for Diffraction Data (ICDD)
(Reproduced with permission from [223]. Copyright 2019, Wiley.)

Among the reported copper sulfide phases, covellite (CuS) stands out
due to its stability, simple synthetic routes, metallic-like and superconducting
properties [225-227]. Under ambient conditions, CuS adopts a hexagonal
crystal structure with P63/mmc space group, while phase transition of CuS to
an orthorhombic structure (Cmcm space group) at around 55 K has been
reported [228]. The hexagonal unit cell of CuS (or CusS3) consists of layers of
tetrahedral CuS,, trigonal planar CuS; and linked together via S-S disulfide
bonds (Fig. 8). Three S ions in the unit cell of CuS could be described by two
oxidation states, namely, S2- [S(1)] and S;2- [S(2)]. Meanwhile, the presence of
one Cu?* and two Cu* ions in tetrahedral [Cu(2)] or trigonal planar [Cu(1)]
sites have also been suggested to give a proposed (Cu#/3+)3(S22-)(S2") ionic
model. The exact oxidation states and position of these ions in the CuS

hexagonal unit cell, however, are still under discussion [224,229-231].
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Fig. 8. Hexagonal unit cell of CuS covellite. Reproduced with permission from
[224]. Copyright 2014, ACS Publications.

Several synthetic approaches of CuS nanocomposites have been
reported such as aqueous precipitation by different precursors and
surfactants, solvothermal processes, hot injection, thermolysis, chemical
vapor deposition, etc. to yield various morphologies of CuS, namely, nanotube,
nanorod, nanowire, nanoflake, nanosheet, nanodisk, nanocube, hollow
nanosphere, nanocage, and nanoflower [232,233]. Meanwhile, different CuS-
based nanoheterostructures, which consist of more than one component
fused into one nanoparticle or more than one distinct phase in individual
nanoparticles, have been explored via cation exchange methods [234].
Moreover, various nanocomposites of CuS, inorganic and/or organic

materials have also been prepared and studied [235-238].
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3.4 Chemobrionics and surfactant-assisted
precipitation in the fabrication of polysaccharide-
based nanocomposites

In recent decades, fabrication methods of nanomaterials via top-down and
bottom-up approaches have been of great interest [239,240]. The top-down
synthetic approach involves breaking processes of bulk materials to nano-
scaled products via physicochemical methods such as etching, laser ablation,
lithography, mechanical milling, sputtering, etc. Meanwhile, the bottom-up
approach is based on chemical reactions of ions, atoms and molecules to form
nanostructures. Due to simplicity, wet-chemical methods such as
precipitation, co-precipitation, solvothermal and sol-gel methods are
routinely used in chemical laboratories [241]. To demonstrate how
polysaccharides can be valuable materials in the bottom-up synthesis of
nanomaterials, chemobrionics and surfactant-assisted precipitation of CuS
covellite by iota-carrageenan and guar gum-xanthate, respectively, were
chosen.

Chemobrionics has been well-known for centuries as chemical
gardens, the chemical formation of hollow tubular structures under non-
equilibrium conditions due to the presence of a semipermeable precipitation
membrane, steep concentration gradients, osmotic and buoyancy forces
[242]. In nature, chemobrionics can be found as hollow tubes of ice (brinicles)
in sea ice and hydrothermal vents in deep sea [243-246]. In chemical
laboratories, chemobrionics can be carried out via various methods such as
seed growth, injection growth, membrane growth, bubble guidance, varying
gravity, etc. [242]. In addition, interfaces between semipermeable hydrogel
membranes and aqueous solutions are also fascinating candidates in
chemobrionics (Scheme 1) [247-249]. Typically, a homogeneous aqueous
solution of ions with lower osmotic pressure is placed on top of a counterion-
containing hydrogel network with higher osmotic pressure. As a

semipermeable membrane forms at the interface of the hydrogel and aqueous
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solution, water diffusion and osmotic force allow the swelling of hydrogel and
development of a concentration gradient in the hydrogel network. While the
osmotic pressure increases in the hydrogel network, the hydrogel membrane
ruptures and releases a flow of counterion-containing fluid upwards into the
aqueous solution of ions, resulting in precipitation of these ions and their
counterions into hollow tubular structures. Then, continuous formation and
rupture processes of the semipermeable membrane at the tube tip allows the
elongation of the tube based on osmotic and buoyant forces, and further
precipitation of ions and counterions. When the tubes reach to a certain
length, structural collapse of the tubes might occur due to gravity, ending the

growing process.
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Scheme 1. Chemobrionics of hydroxylapatite Caio(PO4)¢(OH)2 from an interface
between a CaZ*-containing semipermeable hydrogel membrane and a PO43-
aqueous solution [247].

To have a better control in wet-chemical synthesis of nanomaterials,
various surfactants have been utilized as capping, dispersing, oxidation
etching, structure-directing and weak reducing agents [250]. Surfactants are
amphiphilic organic molecules with hydrophilic and hydrophobic groups that
can interact with both polar and nonpolar phases [251]. In wet-chemical
synthesis of nanomaterials, electron lone pairs from hydrophilic groups of

surfactants can form coordinate covalent bonds with vacant orbitals on the
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surface of nanomaterials, hence, alternating the structure, morphology,

physical and chemical properties of the nanomaterials (Fig. 9) [252-255].
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Fig. 9. Surface properties of CdSe nanocrystals. Transmission electron
microscope (TEM) images of quasi-spherical quantum dots (A, B), a quantum
rod (C) with scale bars of 5 nm, and their atomic models identified by Wurtzite
(WZ) Miller indices. Terminal dangling orbitals of cationic Cd2+, anionic Se?- and
nonpolar CdSe crystal facets (D). Effects of surface hole traps on the
fluorescence of 2.1 nm nanocrystals (E). Reproduced with permission from
[253]. Copyright 2010, ACS Publications.
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4 Materials and methods

4.1 Chemicals

4.1.1 Polysaccharides

t-Carrageenan was purchased from CP Kelco for chemobrionics of CuS. Guar
gum was purchased from Sigma Aldrich for synthesis of GG-X, GG-X/CuS

nanocomposite and GG-BA.

4.1.2 Reagents

4-(Bromomethyl)benzoic acid (BBA) 97% was used to prepare GG-BA.
Carbon disulfide (CS2) 99% was used for the synthesis of GG-X. Sodium
hydroxide (NaOH) 97% and hydrochloric acid (HCl) 37% were used to
activate GG and neutralize GG products, respectively. All the reagents were

purchased from Sigma Aldrich.

4.1.3 Salts

Cu(NO3)2:3H20 99.9% and NaS were used to prepare CuS. AlClz 99%, CdCl;
99.99%, CoCl2-6H20 98%, CuCl; 97%, FeCl2-4H20 99%, FeClz-6H:0 99%,
Ni(NO3)2:6H20 98.5%, PbCl; 98%, PtCl, 98%, SnCl; 98% and ZnCl; 98% were
used as metal cation precursors for the demonstration of GG-X metal ion
complexation. Potassium ethyl xanthogenate C;Hs0CS2K (Et-X) 96% was used
as a reference for the quantification of xanthate groups on GG-X using UV-Vis
spectrophotometry. Na;C0O3 99% and NaHCO3 99.5% were used to prepare a
carbonate-bicarbonate buffer solution at pH 10. All the salts were purchased
from Sigma-Aldrich and they were used as received without further

purification.

4.1.4 Solvents

Acetone 99.9%, hexanol 99.5% and toluene 99.8% were used as volatile

organic compounds to test the sensing capacity of GG-X/CuS nanocomposite.
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Ethanol (EtOH) 99.8% and methanol (MeOH) 99.8% were used during the
synthesis of GG-BA and GG-X. All the solvents were purchased from Sigma-

Aldrich and they were used as received without further purification.

4.1.5 NMR solvents

Deuterated dimethylsulfoxide (DMSO-d6) 99.96% was purchased from
Sigma-Aldrich and used directly in NMR studies.

4.2 Methods of synthesis

4.2.1 -Carrageenan/copper sulfide covellite (CG/CuS)
nanocomposite

3.00 g of CG was dissolved in 100.0 mL distilled water at 50 °C to obtain a
homogenous 3 wt% CG stock solution. Meanwhile, 0.242 g (1.00 mmol) of
Cu(NO3)2:3H20 was dissolved by 1.00 mL water in a vial to yield a Cu?+ 1.00
M precursor solution. Then, 10.0 mL of 3 wt% CG solution was added to the
Cu?+ vial, which was heated to 90 °C under vigorous stirring to yield a
homogenous viscous solution of Cu?* (around 0.1 M) and CG (around 3 wt%).
As this viscous solution cooled down to room temperature, a firm gel of CG
and Cu?+ (CG/Cu?* gel phase) was formed. At the same time, aqueous solutions
of Na;S 0.1 M (liquid phases) were prepared and HCl was used to adjust the
pH of these liquid phases to get HS- solutions at pH 7, 10 and 13. To prepare
CG/CuS nanocomposites via chemobrionics, 10.0 mL of each previously
prepared HS- solution at pH 7, 10 and 13 was introduced on top of CG/Cu?*
gel phase in the prepared vials, resulting in three types of samples CG/CuS pH
7,CG/CuS pH 10 and CG/CuS pH 13 (Scheme 2). The formation and growth of
black CG/CuS nanocomposites became noticeable after 20 min. After 48 h of
reaction, the remaining liquid was carefully removed from the reaction vials,
while the obtained black CG/CuS nanocomposites were washed by a mixture
0f 80:20% v/v EtOH:H,0 once by absolute EtOH and then transferred to petri

dishes for drying under vacuum.
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Additionally, a CuS sample was prepared by mixing 0.1M
Cu(NO3)2:3H20 and 0.1M Na,S under the same reaction condition without CG

for comparison purpose.

’

LIQUID

Bisulfide

GEL
Carrageenan-Cu’ - .- —
Oh —_— 24 h o 48 h

Scheme 2. Upward and downward growth (red and blue arrows, respectively)
of CG/CuS nanocomposite from the interface of CG/Cu2+ hydrogel and
hydrosulfide solution in 48 h. Reproduced with permission from Paper I.
Copyright 2021, Wiley.

4.2.2 Guar gum xanthate (GG-X) and guar gum xanthate/copper
sulfide covellite (GG-X/CuS) nanocomposite

12.22 g NaOH (296.3 mmol) was dissolved in 200.0 mL distilled N>-purged
water, followed by a gradual addition of 2.00 g GG (12.35 mmol AGU) under
vigorous stirring in 30 min. Then, 4.455 mL CS; (73.7 mmol) was introduced
to the GG solution for xanthation reaction, which took place in 2.5 h at room
temperature. Eventually, the reaction was quenched, and the GG-X product
was precipitated by MeOH antisolvent. Excess MeOH was then used to wash
the GG-X product from inorganic xanthate byproducts. Then, the final GG-X
product was dried in vacuum to give a reaction yield of 87.2%.

600.0 mg of pure GG-X (0.452 mmol X) powder was dissolved in 32.0
mL distilled water to obtain a homogenous yellow aqueous solution.
Meanwhile, 608.0 mg of CuCl; (4.386 mmol) was dissolved in 8.0 mL distilled

water to prepare a Cu?* solution. Then, the two solutions were mixed together
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to obtain a viscous mixture of GG-X and Cu?* (GG-X/Cu?*) under vigorous
stirring. To this GG-X/Cu?* mixture, 61.5 mL of aqueous Na;S 0.1 M (6.15
mmol) solution was introduced dropwise during 15 min under vigorous
stirring to yield copper sulphide dispersed in GG-X (GG-X/CuS). The obtained
solution was sonicated for 15 min and concentrated by a hotplate at 85 °C in
2 h to get 48.0 mL of a homogeneous solution. Finally, the product solution
was purified by solvent precipitation using EtOH antisolvent and redissolved

in water (Scheme 3).
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Scheme 3. Synthesis of the GG-X/CuS nanocomposite.

In addition, several other samples were prepared in similar synthetic
conditions for comparison. An inorganic xanthate (Inorg-X) control solution
for UV-Vis spectrophotometry was synthesized by adding 30.0 pL CS; to 2.0
mL of NaOH 1 M in 2.5 h under N, atmosphere. The CuS (HS-) reference
sample was prepared by adding Cu?* to an alkaline solution of HS-at pH 10.5,
while the CuS (OH-) reference sample was obtained by adding HS- to a Cu2+
solution at pH 10.5 to mimic the preparation of GG-X/CuS in the absence of
GG-X. The GG/CuS reference sample was also synthesized using 600 mg of GG
instead of GG-X at the same pH of 10.5.

To demonstrate the metal complexation capacity of GG-X, metal ion
solutions with the same molar concentrations of 37.68 mM (Al3+, Cr3+, Fe3+)
and 56.52 mM (Cd?+, Co?+, Cu?+, Fe2*, Ni2+, Sn2+, Pb2+, Pt2+, Zn2+) were prepared
in acidified water. Meanwhile, 15.0 mg GG-X was dissolved completely in 1
mL neutral water in different vials. Then, 100 uL of each metal ion solution
was transferred to the GG-X vials to allow metal complexation reactions. The

pH of the final gel-like products was recorded in the range of 9.5-10.5.
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4.2.3 Guar gum benzoic acid (GG-BA)

5.73 g of NaOH (138.94 mmol) was dissolved in 500 mL N,-purged water,
followed by an addition of 5.00 g of GG (30.875 mmol AGU) under vigorous
stirring in 30 min at room temperature. Then, 6.845 g of BBA (30.875 mmol)
was added to the GG solution and the mixture was kept under stirring
overnight atroom temperature. To quench the reaction, HCI (37%) was added
until the pH of the solution dropped to 1. Excess EtOH was used to precipitate
and purify the GG-BA. The final product was vacuum-dried to yield 7.62 g of
GG-BA (83.1% reaction yield).

4.3 Characterization methods

4.3.1 Proton nuclear magnetic resonance (1H NMR) spectroscopy
[256,257]

NMR spectroscopy studies the interaction between electromagnetic radiation
of radio frequency waves and nuclear spins under an external magnetic field

(Eg). Spinning protons possess angular momentum L and charge, resulting in

intrinsic magnetic moments ji (Eqn. 1). When protons are placed in an
external static magnetic field B_O), magnetic moments of protons ji couple with
B_O) to yield new magnetic energy states (Eqn. 2). Since protons have a nuclear
spin quantum number I of 1/2, they can adopt 21 + 1 = 2 spin states, namely,
+1/2 (o, spin up, parallel to B—O)) and -1/2 (B, spin down, antiparallel to E;),
with their corresponding energy levels £, /, and E_, /,, respectively (Zeeman
effect, Eqn. 3). By supplying electromagnetic radiation with energy equal to
the energy difference AE between E,;,, and E_;,;, magnetic transitions

between the two spin states of protons can be carried out (Eqn. 4, 5, Fig. 10).
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Fig. 10. Magnetic energy levels of protons with spin quantum number of 1/2
without and with an external static magnetic field.
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v Larmor precession frequency

Recently, pulsed Fourier transform (FT) NMR has dominated modern
NMR studies comparing to continuous wave (CW) NMR. In typical pulsed FT-
NMR experiments, pulses of electromagnetic radiofrequency (rf) impose
torques on proton spins, hence, switching proton spin states from +1/2 to -

1/2. The applied rf pulses can be controlled so that the macroscopic magnetic
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moment M (vector sum of individual magnetic moments, M=y ,Zz?) might be

transverse or antiparallel to B—(; (90° and 180¢ pulses). Then, relaxation of
nuclear spins via spin-lattice and spin-spin interaction begins to return the
nuclear spins to their lowest energy states. Decreases in the intensity of M
over time are recorded as free induction decay (FID) files and processed by
Fourier transformation technique to yield typical NMR spectra, which show
signal intensity versus frequency (chemical shift) of different proton
environments.

Depending on surrounding electrons and nuclei, protons of interest
might experience different chemical environments, yielding different proton
signals at different chemical shifts (8) in NMR spectra. For instance,
surrounding electrons possess their own intrinsic magnetic fields GBT), which
can interfere with the interaction between B_(; and protons (shielding effect),
resulting in different local applied magnetic fields Elocal (Eqn. 6). As the local
electron density around protons increases, protons become more shielded
and shielding constant ¢ increases, leading to a decrease in & and upfield or
high-field signal shifts (Eqn. 7 and 8). The chemical shift is highly sensitive to
electronegativity and induced magnetic field (magnetic anisotropy from =
electrons) of neighbouring nuclei, as well as solvent media. In addition,
neighbouring NMR-active nuclei can also give more information (e.g.
multiplet structures) on the protons of interest via spin-spin interaction
(coupling).

Biocar = Bo — 0By = (1 — 0) By (6)

Bioca  local magnetic flux density that determines the

magnetic resonance behaviour of protons

c NMR shielding constant
(1-0)
V= %z' Biocar = Z 272,0- By )
YT Vref 106 =7 %. 106 ~ — ) -.106
o= ot 10 T— oy 10 (Cref —0) 10 (8)
) NMR chemical shift
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Vref reference Larmor frequency
Oref reference NMR shielding constant
1'H-NMR spectra of the samples in this work were measured with a
Bruker AVANCE-III NMR-system 400 MHz (Bruker Inc., Billerica, MA, USA) at
298.15 K.

4.3.2 Powder X-ray diffractometry (XRD) [258]

Upon exposure to electromagnetic X-ray waves, atoms in solid lattices can
scatter these X-ray waves, followed by their constructive or destructive
interference to result in X-ray diffraction phenomena. Conditions for
constructive interference of scattered X-rays (X-ray diffraction) can be
described by the Bragg’s law (Eqn. 9, Fig. 11). Due to specific arrangements of
atoms and ions in crystalline materials, each crystalline phase structure has
characteristic interplanar d-spacing, resulting in unique patterns of
diffraction signals at different scattering angles. From these diffraction
patterns, phase structures of crystalline materials can be identified. In
addition, crystallite size in solid crystalline compounds can be approximated

using the Scherrer equation (Eqn. 10).

X-ray source Detector

Crystal lattice

Fig. 11. Diffraction of X-rays by a crystal lattice.

26



nA=2dsind 9

n diffraction order (integer)
A incident X-ray wavelength
d crystal interplanar spacing
0 incidence angle
= G (10)
D crystallite size
K Scherrer constant (= 0.9)
FWHM full width at half maximum
0 Bragg angle (e.g. half of the 26 position of the (110)

diffraction peak in CuS samples)

In this work, a Bruker D8 Discover diffractometer (Bruker Inc.,
Billerica, MA, USA) was used to measure XRD spectra of samples. An X-ray
K780 (Cu Ka anode, A = 1.5418 A) generator was employed at 40 kV voltage
and 40 mA current. The diffraction angle was measured within the range from

10° to 80° with a resolution of 0.04° at room temperature.

4.3.3 Scanning electron microscopy - energy dispersive X-ray
spectroscopy (SEM-EDS) and transmission electron
microscopy (TEM) [259]

Due to the resolution limitation of optical microscopy based on visible light,

which is approximately half of the visible light wavelength (around 200 nm),

wave-like behaviour of high-energy electrons can be exploited instead to
study material morphology on nanoscale. When incident primary electron
beam interacts with the sample surface, different types of events may occur,
such as transmission, elastic or inelastic back- and forward-scattering, as well

as excitation of electrons, which results in the formation of characteristic X-

rays, secondary electrons and Auger electrons (Fig. 12). In SEM, secondary

electrons from the sample are normally detected to construct SEM images.

Additionally, characteristic X-rays can be utilized for elemental analysis and
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mapping in SEM-EDS. Meanwhile, TEM images are created based on

transmitted electrons.
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Fig. 12. Schematic illustration of possible events between an incident primary
electron beam and electrons in atomic shells of a sample.

In this study, material morphology was studied by using a LEO Gemini
1530 scanning electron microscope (Leo Electron Microscopy Inc,
Thornwood, NY, USA), while elemental mapping was carried out using energy
dispersive X-ray spectroscopy (Thermo Scientific ultradry silicon drift
detector) on the same SEM device. Samples were coated with a conductive
carbon adhesive tape and the obtained SEM images were examined using
Image ] software. Particle size distribution curves were plotted based on 50
particles of GG, 150 particles of GG-BA and 200 particles of CuS in GG-X/CusS.

A JEM-1400 plus transmission electron microscope equipped with an
OSIS Quemesa 11 Mpix bottom mounted digital camera (Jeol Ltd., Akishima,

Tokyo, Japan) was used for TEM experiments. The samples were dispersed on
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standard copper TEM grids and resultant TEM images were examined using

Image ] software.

4.3.4 Ultraviolet-visible (UV-Vis) absorption spectroscopy [260]

UV-Vis absorption spectroscopy studies interactions between ultraviolet-
visible radiation and valence electrons of a sample. In molecules, UV-Vis
radiation can cause electronic transitions between molecular orbitals,
alternating molecular electronic states. Once molecules are in electronic
excited sates, different relaxation pathways of excited electrons can take
place, e.g. non-radiative vibrational relaxation, internal conversion,
intersystem crossing or radiative fluorescence and phosphorescence (Fig.
13).In addition, Beer Lambert’s law can be used to quantify the concentration

of sample solutions from their absorption spectra (Eqn. 11).

Energy A
e Internal
—_— conversion _
. S2 p—— —
Singlet (S) Intersystem
excited states T crossing —
ST T —— =
Triplet (T) y P - o —
excited states 1 =5
hv hv —
AANSI- AAANI- hv
AT AT A e R S—
Y
Ground
state SO
Absorption Fluorescence Phosphorescence
\ J
Y
Excitation Radiative relaxation Non-radiative relaxation

Fig. 13. A Jablonski diagram of molecular electronic states, non-radiative and
radiative electronic transitions.

A =log (170) = log (%) =2—log (WT) =¢cl (11)
A absorbance
Io incident intensity
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| transmitted intensity
T transmittance

% T  percenttransmittance

€ molar absorption (extinction) coefficient
c concentration
1 sample path length

The UV-Vis spectra of all studied samples were measured with a
Shimadzu UV-2501PC spectrophotometer (Shimadzu Inc., Kyoto, Japan) in
the wavelength range from 190 to 900 nm (near IR) with a resolution of 0.5

nm, in quartz cells (1 x 1 cm?) at room temperature.

4.3.5 Attenuated total reflectance - Fourier-transform infrared

(ATR-FTIR) spectroscopy [260]
Infrared absorption spectroscopy examines vibrations of chemical bonds
when they absorb infrared electromagnetic radiation, hence, allowing a quick
and effective approach to identify and confirm various chemical bonds. In
classical mechanics, vibration of chemical bonds between atoms can be
modelled as springs connecting different masses with different stretching and
bending vibrational modes (Fig. 14). Different chemical bonds and their
varying vibrational modes have unique resonance wavenumbers (i.e.
reciprocal wavelengths), which are utilized for the identification of chemical
bonds. In quantum mechanics, molecular symmetry and point group theory
can also be used to describe the nuclear position and motion in molecular
vibrations.

Attenuated total reflectance allows a convenient route to measure
FTIR spectra of solid and liquid samples. Its principle is based on total internal
reflection at an interface of two media when incident infrared radiation
travels from a medium of higher refractive index n; (e.g. diamond) to another
with lower refractive index n;. From Snell’s law, the critical angle required for
total internal reflection is calculated as 6. and to observe this phenomenon,

the incidence angle 61 must be greater than 6. (Eqn. 12, 13). During the total
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internal reflection at the interface between two media, a small portion of the
incident IR waves (evanescent waves) penetrates the interface into the
sample medium of lower refractive index and gets absorbed by chemical
bonds in the sample before reflection occurs (Fig. 15). Depending on the
nature of chemical bonds in the measured sample, certain wavenumbers are
absorbed, resulting in attenuation of the incident IR waves. Then, the

obtained ATR-FTIR spectra are processed to give similar spectra as

.

traditional FTIR measurements using KCl pellets.

v

Symmetric Rocking Wagging
.Y Y Y
Asymmetric Scissoring Twisting
a) Stretching b) In-plane bending c¢) Out-of-plane bending

Fig.14. Several types of molecular vibrations (+ and - signs indicate motion of
atoms toward and away from the reader, respectively).

Evanescent waves
A/ Sample \A
/A /A
Crystal
IR beam Detector

Fig. 15. Demonstration of evanescent waves in an ATR-FTIR apparatus with a
sample placed on an internal reflection crystal of high refractive index.
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n,Sin@, = nysiné, (12)
ny, ny refractive indices

01,0, incidence and refraction angles

sing, = % (13)

1

0c critical angle
IR spectra in this work were recorded between 400 and 4000 cm!
with a resolution of 4.0 cm-! by using a Nicolet™ iS50 ATR-FTIR spectrometer
(Thermo Scientific Inc., Waltham, MA, USA).

4.3.6 Thermogravimetric analysis (TGA) [261]

Thermal analysis can be employed to examine thermal behaviour of studied
materials. As the temperature increases at a constant rate in a specific
atmosphere, changes in weight of an analyte due to physical and chemical
processes (e.g. water desorption, glass transition, melting, vaporization,
sublimation, polymorph conversion, combustion, decomposition,
degradation, etc.) are recorded and processed as TGA curves. Moreover, to
detect weight changes of an analyte more easily, the first derivative of a TGA
curve with respect to temperature can be taken, resulting in differential
thermogravimetric (DTG) curves.

In this study, TGA measurements were performed with a Netzsch STA
449 F1 Jupiter thermogravimetric analyzer (Netzsch Instruments Inc.,
Featherstone, Wolverhampton, UK) under N; inert atmosphere. The studied
temperature ranged between 30 and 600 °C using a heating rate of 10 °C min-
1. Dry samples were kept in vacuum before measurement. Then, 2-10 mg of
the sample was placed into an aluminium pan. Finally, the obtained TGA and

DTG curves were analyzed with a Netzsch TGA software.
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5 Results and discussion

5.1 -Carrageenan/CusS covellite (CG/CuS)
nanocomposite [262]

5.1.1 Synthesis

Chemobrionics was employed to explore a novel and unique bottom-up
synthetic approach for CG/CuS nanocomposite (Fig. 17). 3 wt% of CG and 0.1
M of Cu?* and HS- solutions have been found as the optimal condition for
CG/CuS growth. While varying pH of CG/Cu2* hydrogel showed negligible
effects to the nanocomposite, the pH of the HS- solution phase had a significant
impact on the nanocomposite growth and therefore was examined further at

pH 7,10 and 13.
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Fig. 16. Relative abundancy of H,S and HS- species in water at different pH.

In water, hydrosulfuric acid (H2S) is a weak diprotic acid with pKa1 of
around 7.0 and estimated pKaz of 19 + 2. Due to very high pKaz, H2S behaves
more similar to monoprotic acids and can be deprotonated into

hydrogensulfide or bisulfide (HS-) (Eqn. 14), while sulfide (S%) is rarely
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obtained even at very high pH (Fig. 16). The formation of CuS, therefore, can
be described as in Eqn. 15 and 16, with their corresponding solubility product
constant in acid (Kspa) and solubility product constant (Ksp) at 25 °C [263]. K
indicates that the formation of CuS in alkaline solution is thermodynamically
much more favoured than in neutral and mildly acidic solutions.

HySaqy = H* (aqy + HS ™ (ag) (14)

Cu?* (aq) + HyS(aq) = CuS(sy + 2H* (qq) Kipa = 6 - 107 (15)

Cu2+(aq) + HS—(aq) + OH_(aq) = CuS(S) + HZO(l) Ky =6 - 1037

(16)
~ p \ g ; *-‘1
HS™— LPH13 - LPH10 LPH7
CG/Cu?* —< Y !
~ \\
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Fig. 17. Growth of CG/CuS nanocomposite under different pH of HS- solutions.
Reproduced with permission from Paper I. Copyright 2021, Wiley.

At pH 7, H2S and HS- were found simultaneously in the solution with a

molar ratio of around 1:1, allowing the formation of CuS via both Eqn. 15 and
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16. At pH 10 and 13, HS- dominated the solution phase and the precipitation
of CuS occurred mainly by Eqn. 16. Since the formation of CuS by HS- in the
alkaline solution was thermodynamically more favoured than that by H,S,
more CuS product was observed in the reaction systems at pH 10 and 13 than
at pH 7 (Fig. 17). Moreover, increasing the concentration of OH- from pH 10
to 13 also enhanced the reaction kinetics, and shifted the reaction equilibrium
to gain more CuS product.

It should be noted that even though the growth of CG/CuS
nanocomposite occurred readily under the optimal synthetic condition,
tubular morphology of CuS was not observed, which could be explained due
to the strong complexation between the CG gel matrix and Cu?* diminishing

the formation of jets from the CG/Cu?* interface [249].

5.1.2 Characterization

5.1.2.1 FTIR

While the FTIR spectrum of CuS was omitted for clarity since no significant
absorption bands were observed, the FTIR spectrum of CG in Fig. 18 has the
typical absorption bands of CG. In the diagnostic region (> 1500 cm-1), CG had
a broad O-H stretching vibration band at 3425 cm-1, C-H stretching bands at
2968 cm! and 2903 cm! and a water deformation band at 1630 cm'. In the
fingerprintregion (< 1500 cm-1), an ester sulfate 0=S=0 symmetric stretching
signal at 1218 cm-1, a C-O stretching band at 1025 cm-! and a C-0O-C stretching
band of 3,6-anhydro-D-galactose at 926 cm were detected [264-266].
Moreover, these vibration signals of CG were also found in the FTIR spectra

of CG/CuS samples, hence, confirming the presence of CG in these composites.
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Fig. 18. FTIR spectra of CG (black) and CG/CuS at pH 7, 10 and 13 in purple,

dark cyan, and orange, respectively. Reproduced with permission from Paper L.
Copyright 2021, Wiley.

5.1.2.2 XRD
The X-ray diffractogram of CG showed a broad diffused peak around 26 = 22°,

indicating an amorphous phase structure (Fig. 19) [267,268]. Meanwhile, the
X-ray diffractograms of CuS control sample in the absence of CG, and CG/CuS
samples prepared at pH 7, 10 and 13 possessed characteristic peaks of CuS
covellite when compared to the CuS covellite reference (JCPDS file no. 79-
2321) [269,270]. Broad peaks at around 22° in the XRD spectra of CG/CuS
samples were attributed to the presence of CG in the CG/CuS composites. In
addition, the average crystallite size of CuS in CG/CuS decreased from 13.5
nmto 12.4 nm and 10.1 nm as pH increased from 7 to 10 and 13, respectively.
This could be explained such that as the pH increases, higher concentration of
OH- increases the nucleation rate of CuS, resulting in the formation of more

CuS nuclei and smaller crystallite size [271].
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Fig. 19. XRD spectra of CG, CuS reference, controlled CuS, CG/CuS at pH 7, 10
and 13. Reproduced with permission from Paper I. Copyright 2021, Wiley.

5.1.2.3 SEM
SEM micrographs of the CG/CuS samples (Fig. 20 C, E, G) indicated an

incorporation of CuS nanoparticles (particle size less than 40 nm) and CG
particles (particle size of several microns) into the composite structures.
Interestingly, a separation of CuS nanoparticles and CG particles into small
domains in the composites after chemobrionics was observed. After
purification, while the morphology of CuS remained approximately the same
as in the CuS control sample (Fig. 20 A), changes in morphology of CG (Fig. 20
B) were noticed (Fig. 20 D, F, H). The CG particles in CG/CuS samples at three
pH values appeared with smaller sizes after purification. In addition,
irregularly shaped CG particles in CG/CuS samples at pH 7 had leaf-like
morphology after the purification. Meanwhile, CG particles in CG/CuS

samples at pH 10 and 13 still possessed irregular shapes.
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Fig. 20. SEM micrographs of CuS control sample (A), CG (B), CG/CuS at pH 7, 10,
13 before (C, E, G, respectively) and after purification (D, F, H, respectively).
Reproduced with permission from Paper I. Copyright 2021, Wiley.
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5.1.2.4 TGA-DTG
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Fig. 21. TGA (top) and DTG (bottom) thermograms of CG, CuS, CG/CuS at pH 7,
10 and 13. Reproduced with permission from Paper I. Copyright 2021, Wiley.
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Thermogravimetric analysis in N, atmosphere showed water removal from
the tested samples at temperatures below 180 °C (Fig. 21). In the studied
temperature range, CG had a sharp weight decrease of 32.3% at 257 °C, which
was attributed to the dissociation of sulfur dioxide from CG [264,267,272].
Meanwhile, a gradual weight loss due to transformation of CuS into Cu,S (1 <
X £ 2) and vaporization of released S within the temperature range of 200-
600 °C has been detected [273,274]. The thermogram of CG/CuS pH 7
indicated three major degradation events of the sample at 140, 235 and 389
°C, with weight losses of 20.2, 10.9 and 9.5%, respectively. For CG/CuS pH 10,
degradation events at around 185, 232 and 244 °C overlapped with one
another to give a total weight loss of 18.9%, while another degradation at 348
°C was also observed with a weight decrease of 9.8%. Moreover, the
thermogram of CG/CuS pH 13 showed a distinct weight loss of 22.1% at 252
°C, and two continuous degradation events at 340 and 374 °C with a total
weight loss of 8.4%. Based on the total weight loss, CG/CuS pH 7 seemed to
be the least thermally stable sample, while CG/CuS pH 10 was more thermally
stable than CG/CuS pH 13.

5.1.3 Potential applications

CG/CuS composites have shown great potential for humidity and temperature
sensing [Paper |, Fig. 7]. The varying resistance of the CG/CuS-based sensor
upon water exposure can be attributed to variations in electrical permittivity
of the composite and/or the swelling of hydrophilic CG polysaccharide in the
composite, leading to an increase in distance and hopping conductivity
between CuS nanoparticles [275,276]. Additionally, the CG/CuS-based sensor
also showed a promising linear and reversible response towards the

temperature range between 30 and 80 °C, under ambient condition.
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5.2 Guar gum-xanthate (GG-X) and guar gum-
xanthate/CuS covellite (GG-X/CuS) nanocomposite
[277]

5.2.1 Synthesis

cL>H —OR S
s, " — N
o o - Na
1.NaOH,H;0,N;  HO-\ %\ S
T T OH | R: Xanthate
2.CS, (o}
S§=C=§s s ( =
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Guar gum, GG Guar gum xanthate, GG-X

Scheme 4. Xanthation of GG. Reproduced with permission from Paper III
Copyright 2022, Elsevier.

Xanthation of GG polysaccharide was carried out by a reaction between
hydroxyl groups of GG and CS; in an alkaline aqueous solution with a reaction
yield of around 87% (Scheme 4, Eqn. 17). During the reaction, N; purging was
required to avoid further oxidation of xanthate groups. In aqueous media,
besides the main xanthation reaction, other side reactions might also take
place simultaneously to yield inorganic by-products under complex equilibria
(e.g. Eqn. 18) [278]. Nevertheless, these by-products were easily removed
from the GG-X product by MeOH.
GG — OH(gqy + OH™ (qq) + CSz(aq) = GG = 0CSy™ 4,y + H20q
(17)
2CS5 qq) T SOH ™ (aq) = CO3™ 0y + CS3™ 0y + HS ™ (ag) + 2H;0()
(18)
Surfactant-assisted precipitation of CuS in the presence of GG-X was
then examined to show a potential application of GG-X polysaccharide both as
a surfactant and as a matrix for the precipitation and dispersion of CuS into a

GG-X/CuS nanocomposite. To study beneficial effects of GG-X on the
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preparation of CuS in GG-X/CuS nanocomposites, control samples such as CuS

(HS"), CuS (OH) and GG/CuS were prepared.

5.2.2 Characterization

5.2.2.1 UV-Vis
So ¥ ® —EtX
OO ™
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Fig. 22. UV-Vis absorption spectra of Et-X reference, Inorg-X control sample, GG-
X and GG-X/CuS (black, dashed black, blue and green, respectively) in an
aqueous carbonate-bicarbonate buffer solution at pH 10.5. Reproduced with
permission from Paper II1. Copyright 2022, Elsevier.

The UV-Vis absorption spectra showed an absorption band of the pure GG-X
product in water at 302.5 nm, which was similar to the absorption band of the
Et-X reference at 300.5 nm, while no inorganic by-product was observed
around 334.5 nm (Fig. 22). Moreover, the degree of substitution (DS) and
grafting density (GD) of xanthate on GG was approximated as 0.132 and 4.4%,
respectively, resulting in the chemical formula of C¢Hogss05(CS2Na)o.132 for
each GG-X anhydroglucose unit. Due to the presence of the GG-X capping

agent, insoluble CuS nanoparticles could be dispersed in water into a green
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transparent homogeneous colloidal dispersion. The UV-Vis absorption
spectrum of this aqueous dispersion, therefore, was easily measured from UV
to near IR radiation range [236,279]. While absorption of CuS in the UV-Vis
range can be attributed to electronic transitions within the optical band gap
of this semiconductor [280], absorption in near IR wavelengths is due to
localized surface plasmon resonance (LSPR) of free carriers (i.e. excited
electrons in the conduction band and holes in the valance band) in the CuS

semiconductor [281,282].

5.2.2.2 FTIR
The FTIR spectrum of the GG reference showed O-H stretching and C-H

stretching vibration bands from -OH and CH: groups around 3325 and 2904
cm’l, respectively, as well as GG ring stretching at 1640 cm-! in the diagnostic
region (Fig. 23). Additionally, absorption peaks of GG due to C-OH, CH,OH
stretching and CH; twisting vibrations were observed at 1143, 1064 and 1014
cml, respectively in the fingerprint region. In addition, a characteristic peak
of galactose and mannose at 874 cm! was detected [283-285]. Meanwhile,
the presence of xanthate groups in GG-X was verified by new absorption
bands at 1149 and 1057 cm due to S-C-S stretching and C=S stretching
vibrations [286,287]. Moreover, the FTIR spectrum of GG-X/CuS showed
similarities with that of GG-X (e.g. C=S stretching vibration at 1057 cm1),

hence, confirming the presence of GG-X in GG-X/CusS.
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5.2.2.3 XRD
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Fig. 24. XRD spectra of CG, CuS reference, controlled CuS, CG/CuS at pH 7, 10
and 13. Reproduced with permission from Paper III. Copyright 2022, Elsevier.

The X-ray diffractograms of both GG and GG-X had broad peaks at around 26
= 18°, indicating their amorphous phase structure (Fig. 24). Meanwhile, the
CuS covellite phase structure in CuS (HS-), CuS (OH-), GG/CuS and GG-X/CuS
was confirmed when compared to the CuS covellite reference. In addition,
small broad signals at 20 of around 20.5° could be attributed to the presence
of amorphous GG and GG-X in GG/CuS and GG-X/CusS, respectively.

During the pH-dependent precipitation of CuS, GG-X can offer not only
a GG polysaccharide matrix with remaining hydroxyl functional groups and
xanthate capping functional groups, but also an intrinsic pH environment of
around 10. It was, therefore, important to examine whether beneficial effects
of GG-X on the synthesis of CuS result from the alkaline pH environment, the

presence of GG matrix and/or xanthate groups (Table 1). Among the four
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tested samples, CuS in CuS (OH-) and GG/CuS had broad XRD peaks and
smaller crystallite sizes (9.1 and 5.1 nm, respectively) when compared to 11.7
nm of the CuS (HS-) control sample, and therefore, excluding beneficial effects
of the alkaline environment and the presence of GG polysaccharide matrix in
forming crystalline CuS covellite. Meanwhile, CuS in GG-X/CuS possessed the
most distinctly sharp XRD peaks and the largest crystallite size (15.6 nm),
which emphasized the advantage of employing GG-X in enhancing the

crystallite size of CuS, hence, potentially relating to its electrical conductivity
[288].

Table 1: Synthetic conditions of CuS covellite particles and their crystallite size
in CuS (HS?), CuS (OH-’), GG/CuS and GG-X/CuS samples. (+) means yes,
(-) means no.

Sample CuS (HS) CuS (OH) GG/CuS GG-X/CuS

Addition order (i) HS- + OH- (i) OH- (i) GG + OH- (i) GG-X
(i) Cuz+ (i) Cuz+ (i) Cuz+ (ii) Cu?

(iii) HS (iii) HS (iii) HS

Alkaline pH 10.5 + + + +

GG matrix - - + +

Xanthate groups - - - +

Crystallite size of CuS, nm 11.7 9.1 5.1 15.6

5.2.2.4 SEM-EDS
SEM analysis indicated irregular morphology of GG in GG, GG-X and GG-X/CuS

samples (Fig. 25 a, b and g, respectively) with particle size in the range of 30-
90 um, as well as some degree of GG particle aggregation in GG-X and GG-
X/CuS. Elemental mapping by EDS was carried out to confirm the presence of
C (red), O (lime), S (blue) and Cu (cyan) elements in GG-X and GG-X/CuS. C
and O atoms could be easily detected in both samples in Fig. 25 d and j.

Meanwhile, S atoms in GG-X and GG-X/CusS, as well as Cu atoms from CuS of
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GG-X/CuS were observed in Fig. 25 f,1 and h, respectively. More interestingly,
individual CuS nanoparticles (average length of 230 + 31 nm) were found
distributed uniformly throughout the GG-X polysaccharide matrix (Fig. 26),
compared to separated domains of CuS nanoparticles that were found in

CG/CusS (Section 5.1.2.3).

o S 250 pm

Fig. 25. SEM micrographs of GG (a), GG-X (b) and GG-X/CuS (g) as well as the
EDS elemental mapping of GG-X (c-f) and GG-X/CuS (h-1). Carbon, oxygen, sulfur
and copper are shown in red, lime, blue and cyan, respectively. Reproduced with

permission from Paper III. Copyright 2022, Elsevier.
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Fig. 26. SEM micrographs of GG-X/CuS. Reproduced with permission from
Paper III SI. Copyright 2022, Elsevier.
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5.2.2.5 TGA-DTG
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Fig. 27. TGA (top) and DTG (bottom) thermograms of GG, CuS (HS"), GG-X and
GG-X/CuS. Reproduced with permission from Paper III. Copyright 2022,
Elsevier.
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Under N; atmosphere, the thermograms of GG reference showed two major
weightlosses ataround 78 °C and 314 °C due to water desorption and thermal
degradation of galactomannan chains, respectively (Fig. 27) [284].
Meanwhile, the thermograms of GG-X also exhibited two similar thermal
events around 72 °C because of water desorption and 251 °C due to the
degradation of xanthate groups and galactomannan chains [289]. Within the
studied temperature range, a gradual weight loss of CuS was also observed
due to moisture removal, CuS degradation to Cu,S (1 < x < 2) and vaporization
of released S (similarly to Section. 5.1.2.4). In addition, GG-X/CuS possessed
three major thermal events, namely, water desorption at around 161 °C,
removal of lattice water, decomposition of xanthate groups, galactomannan

backbone and/or CuS into Cu,S (1 < x < 2) at around 222 and 343 °C.

5.2.3 Potential applications

Metal ion complexation plays a crucial role in numerous fields [290-294].
From the hard and soft acid and base (HSAB) theory, metal ions can be
classified as hard (Al3+, Cr3+, Fe3+*), borderline (Co?*, Cu?+, Fe2+, Ni2+, Pb2+, Sn2+,
Zn?+), and soft (Cd2+, Pt2+) acids [295]. Since pristine GG contains hydroxyl
functional groups, which can be classified as hard bases, metal ion
complexation by GG is typically limited to hard (Al3*) and borderline (Pb?*)
acids, rather than soft acids (Cd?+) (Fig. 28). The introduction of S-containing
xanthate groups to GG, however, reversed the coordinating capacity of GG. Fig.
29 shows that GG-X with soft-base xanthate groups could easily form
complexation to a wide range of soft and borderline acids, rather than the
hard acids. This indicates great potential of GG-X in metal ion complexation
for the synthesis of cross-linked hydrogels and removal of heavy metal ions

in wastewater treatment (Scheme 5).
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Scheme 5. Potential applications of GG-X in metal ion complexation and CuS-
based nanocomposite formation. Reproduced with permission from Paper III.
Copyright 2022, Elsevier.
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Fig. 28. Metal-ion complexation of pristine GG with Al3+, Pb2+ and Cd2* under pH
10. Reproduced with permission from Paper III SI. Copyright 2022, Elsevier.
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Fig. 29. Metal-ion complexation of GG-X with hard, borderline and soft acids
under pH 10. Reproduced with permission from Paper III. Copyright 2022,
Elsevier.

Moreover, GG-X has been found as a valuable surfactant and
polysaccharide matrix to prepare organic/inorganic composites (Scheme 5).
The GG-X/CuS composite showed potential in humidity sensing with a greater
range of resistance variation, and hence, greater sensitivity compared to the
GG/CuS control sample. Within the tested relative humidity between 80 and
10%, a linear normalized resistance decrease has been determined with some
degree of hysteresis. The resistance variation of GG-X/CuS upon water
exposure shared similar mechanisms with those of CG/CuS [Paper III, Fig. 5

b, c].
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5.3 Guar gum-benzoic acid (GG-BA) [296]

5.3.1 Synthesis

' A N 1
HO\ T 1. NaOH, H,0, N,

2. 4-{Bromomethyl)benzoic acid
Br " ‘
2 ’ OH

Guar Gum, GG Guar Gum - Benzoic acid, GG-BA

Scheme 6. Synthesis of GG-BA. Reproduced with permission from Paper IV.
Copyright 2022, Elsevier.

Benzoic acid moieties were successfully introduced to GG via a nucleophilic
substitution reaction between 4-(bromomethyl)benzoic acid (BBA) and GG in
a Nz-purged alkaline aqueous solution at room temperature with a reaction

yield of 83% (Scheme 6).

5.3.2 Characterization

5.3.2.1 1H-NMR

While hydrophilic pristine GG had poor solubility in DMSO solvent, GG-BA was
found more hydrophobic due to the presence of benzoic acid (BA) groups,
hence, 1H NMR spectrum of GG-BA in polar aprotic DMSO-ds was easily
obtained as shown in Fig. 30. The 1H NMR spectrum of GG-BA showed proton
signals with chemical shift between 3.4 and 5.0 ppm. These signals were
attributed to aliphatic protons (CH, CH:) from the galactomannan chains and
protons from remaining hydroxyl groups of GG. Besides, ortho and meta
proton signals from BA groups of GG-BA were detected in the typical aromatic
chemical shift range between 7.3 to 8.0 ppm with good agreement to tH NMR
spectrum of the BBA reference [Paper 1V, Fig. S1]. In addition, a small proton
signal of -CO;H from BA in GG-BA was also observed at a chemical shift of
around 12.8 ppm. Meanwhile, the degree of substitution of GG-BA was

calculated from the intensity of the aliphatic and aromatic proton signals as
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0.1639, suggesting a grafting density of 5.5% and a chemical formula of
C6H9.836105(C8H702)o_1639 for AGU of GG-BA.
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Fig. 30. 1H NMR spectrum of GG-BA in DMSO-de at 25 °C. Reproduced with
permission from Paper IV. Copyright 2022, Elsevier.

5.3.2.2 UV-Vis
The UV-Vis spectra showed that the absorption spectrum of GG extended

from 700 nm to 190 nm with two distinct maxima around 341.0 and 262.0
nm. Meanwhile, the BBA reference did not absorb visible light and possessed
a major absorption maximum at 246.5 nm, as well as a small absorption band
around 290.0 nm (Fig. 31). Due to different molar absorption coefficients of
the galactomannan backbone and the BA moieties in GG-BA, and a similar
absorption spectrum of GG-BA to that of BBA with no absorption band in the
visible radiation range, the absorption spectrum of GG-BA might result mainly
from the presence of BA groups. Comparing to the BBA reference, GG-BA had

a blue-shifted absorption maximum at 236.5 nm and a small absorption band

54



around 280 nm, which might be attributed to the blue-shifted absorption of

BA and/or the absorption of galactomannan backbone from GG.

Normalized absorbance (a.u.)

200 300 400 500 600 700
Wavelength (nm)

Fig. 31. UV-Vis absorption spectra of BBA, GG reference and GG-BA (dashed
black, black and red, respectively) in aqueous solutions at pH 1.01. Reproduced
with permission from Paper IV. Copyright 2022, Elsevier.

5.3.2.3 FTIR
Typical vibration peaks of the GG reference were observed at 3330, 2920,

1645, 1143, 1065, 1012 and 867 cm! from O-H stretching, C-H stretching,
ring stretching, C-OH stretching, CH,OH stretching, CH; twisting vibrations
and characteristic galactomannan chains, respectively (Fig. 32), which were
similar to those described in Section 5.2.2.2. Comparing to GG, the FTIR
spectrum of GG-BA showed new signals at 1694 cm'! and 1255 cm-l, which
were attributed to C=0 and C-O stretching vibrations from carboxylic acid

groups of BA in GG-BA.
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Fig. 32. FTIR spectra of BBA, GG reference and GG-BA. Reproduced with
permission from Paper IV. Copyright 2022, Elsevier.

5.3.2.4 XRD
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Fig. 33. XRD spectra of the GG reference and GG-BA. Reproduced with
permission from Paper IV. Copyright 2022, Elsevier.
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The X-ray diffractograms of GG and GG-BA (Fig. 33) had broad diffused peaks
around similar 20 values of 17.84, 18.36, 43.12 and 43.72°, suggesting an
amorphous phase structure of both GG and GG-BA.

5.3.2.5 SEM and TEM
SEM analysis showed irregular shapes of both GG and GG-BA particles with

particle size of 637 + 16 and 196 * 17 nm, respectively (Fig. 34 a, b).
Meanwhile, TEM micrographs showed a more spherical morphology of GG
and GG-BA with smaller particle size of around 400-600 and 100-200 nm for
GG and GG-BA, respectively (Fig. 34 ¢, d). Both SEM and TEM analyses
indicated a significant particle size decrease by nearly three-fold of GG-BA
compared to GG, which might be due to dissolution and precipitation

processes during the chemical functionalization of GG into GG-BA.

Fig. 34. SEM (a, b) and TEM (c, d) micrographs of GG (a, c) and GG-BA (b, d).
Reproduced with permission from Paper IV. Copyright 2022, Elsevier.
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5.3.2.6 TGA-DTG
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Fig. 35. TGA (top) and DTG (bottom) thermograms of GG and GG-BA.
Reproduced with permission from Paper IV. Copyright 2022, Elsevier.

58



Under N, atmosphere, the TGA and DTG thermograms of GG and GG-BA
showed two major thermal degradation events (Fig. 35). Moisture removal of
GG and GG-BA was detected around 81 and 62 °C, respectively, with similar
weight losses of around 8%. The lower temperature for water desorption of
GG-BA compared to that of GG was attributed to the increase in
hydrophobicity of GG-BA due to the presence of benzene rings in the BA
moieties. Moreover, the DTG curves indicated that GG-BA thermally degraded
at a lower temperature than GG (at around 291 and 313 °C, respectively).
Nevertheless, a smaller weight loss of 57.9% was noted in GG-BA compared
to that of 66.1% in GG from the TGA thermograms. This could be attributed to
a smaller grain size, hence, a larger surface area of GG-BA particles, allowing
a more efficient heat transfer process, and therefore, lowering the

degradation temperature range.

5.3.3 Potential applications

GG-BA was found biocompatible to mesenchymal and epithelial cells, which
are the two main types of connective cells mainly consisting of tissues and
organs [Paper IV, Fig. 6]. GG-BA, therefore, has great potential to be developed
into biomaterials. Due to the presence of carboxylic acid functional groups in
the benzoic acid moieties of GG-BA, deprotonation of GG-BA can be readily
carried out at neutral to mildly alkaline pH to obtain anionic GG-BA, which
could be exploited in complex coacervation and drug delivery systems
similarly to previously reported carboxylic acid-containing GG derivatives
(Scheme 7) [297,298]. In addition, coordination chemistry between benzoic
acid moieties in GG-BA and various metal cations could also be explored to

yield novel structures and materials (Scheme 8) [299-301].
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Scheme 7. Possible complex coacervation of anionic GG-BA and a cationic
polysaccharide.

Scheme 8. Possible coordination chemistry of GG-BA and metal cations to form
cross-linked hydrogels.
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6 Conclusions and outlook

In this thesis, natural biodegradable polysaccharides have been shown to be
excellent building blocks to fabricate novel materials. Natural
polysaccharides can be used directly in their native forms or chemically
functionalized to significantly alter their chemical properties.

Pristine anionic CG was firstly chosen to fabricate a CG/CuS
nanocomposite via a novel precipitation process at a gel/liquid interface that
mimicked natural chemobrionics. This synthetic approach offered a simple
yet efficient way to prepare inorganic/organic nanocomposites, which could
be used in humidity and temperature sensing (Paper I).

Then, to demonstrate how chemical functionalization can
significantly alter properties of natural polysaccharides and extend their
applicability, non-ionic GG was chosen as a model polysaccharide. An
extensive review on different chemical modification approaches of GG was
conducted to analyze recent advances in this field. Various chemical reagents
and reaction pathways such as nucleophilic reactions, graft polymerization,
partial oxidation and cross-linking for the functionalization of GG and its
derivatives were examined. In addition, structure-property relationships and
potential applications of GG-based materials were also discussed (Paper II).

Subsequently, nucleophilic substitution reactions were chosen and
optimized to chemically modify GG in aqueous medium at room temperature
without using toxic organic solvents. By employing these synthetic
conditions, a number of organic functional groups and moieties such as
amine, thiol, xanthate, benzoic acid, catechol and tosylate have been
successfully conjugated to GG. In the scope of this study, chemical
modification of GG with xanthate and benzoic acid groups was chosen to
discuss further.

Xanthate functional groups were successfully introduced to GG,
yielding GG-X. The presence of xanthate in GG-X could substantially alter the

coordination chemistry of native GG towards various metal ions, which
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showed great potentials in heavy metal removal, wastewater treatment,
cross-linked hydrogel preparation, etc. Moreover, GG-X was used as a
surfactant to support the synthesis of CuS covellite nanoparticles and
simultaneously as an organic matrix to form a GG-X/CuS nanocomposite. The
homogeneous colloidal dispersion of GG-X/CuS in water was stable for
months and showed electrical responsiveness to humidity changes as well as
printability. This material could therefore be developed further into humidity
sensors and potentially printable electrically conductive inks (Paper III).

Benzoic acid was another fascinating organic moiety to be chemically
linked to GG, resulting in GG-BA. Benzoic acid moieties contain aromatic
benzene rings and carboxylic acid groups, which could offer interesting
intermolecular interactions and coordination chemistry to GG
polysaccharide. GG-BA showed good biocompatibility to living cells (mouse
embryonic fibroblasts and human mammary epithelial cells) and was an
excellent starting material to fabricate biomaterials such as coacervates and
hydrogels for drug delivery, wound dressing and bioadhesives (Paper 1V).
Further development of GG-BA into cross-linked hydrogels and coacervates
for biological applications is being carried out.

Natural polysaccharides such as CG and GG are ubiquitous in nature
and have been widely used in human history. Even though various pristine
natural polysaccharides can be employed directly, further chemical
modifications of natural polysaccharides, however, can substantially enrich
and alter properties of these materials, hence, extending their applicability in
many fields such as medicine, biomaterials and biofuels. Modifying properties
of natural polysaccharides and formulating complex materials using
polysaccharides and other organic and inorganic materials by chemical
approaches can offer green and sustainable solutions to deal with climate
change, food and energy crises. Therefore, these materials are of paramount

interest for future research.
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Muhammad Khatib, Orr Zohar,'! Hossam Haick,'” and Tan-Phat Huynh*®

The aim of this study is to highlight novel CuS-carrageenan
nanocomposites grown from the interface between sulfide
solutions (liquid phases) and Cu-i-carrageenan gels. Several
parameters including pH, copper and carrageenan concentra-
tion of the hydrogel that influence the growth of the nano-
composite have been examined. The most effective parameter
is the initial pH of the liquid phase, hence, three growing
samples at pH 7, 10 and 13 were selected for further studies
and referred as LPH7, LPH10 and LPH13. Three CuS-carrageenan
nanocomposites obtained from the three pH conditions were

1. Introduction

Chemical gardens (or chemobrionics) featuring typical micro-
and nano-tubular structures result from self-organizing precip-
itation processes."! Besides unique synthetic routes, these
processes allow not only the development of new method-
ologies to understand non-equilibrium chemical systems and
the origin of life, but also the exploration of potential methods
to drastically enhance future materials design. Traditional
chemical gardens are grown from a salt seed placed in a
counterion solution. However, some examples of non-tradi-
tional gardens have been reported such as the 2D gardens,
organic gardens, and garden of cement nanotubes.”® More
interesting morphologies as well as physical and chemical
properties have been found when chemobrionics evolves a gel/
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purified and examined in detail using several characterization
techniques such as X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA),
scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS). The structure, composition, properties as
well as the growth mechanism of the nanocomposite have
been studied. Additionally, the electrical conductivity of the
nanocomposite was exploited to be used as a sensor of relative
humidity and temperature.

liquid interface.”'® The gel (or hydrogel) herein is formulated

from water-soluble biopolymers with salts. The process results
in precipitation of diverse materials and some have found their
applications, for example, in biomedicine."*'"

Among biopolymers, carrageenans have been extensively
investigated due to their unique properties such as high-water
content, softness, flexibility and biocompatibility."*" The
presence of many hydroxyl groups and anionic sulfate groups
in their structures makes carrageenan a hydrophilic, anionic
polyelectrolyte. Carrageenan belongs to a family of linear
sulfated polysaccharides, which can be found in red edible
seaweeds (such as achondrus, eucheuma, and gigartina)."*"”
Carrageenans are used mainly for thickening, suspending,
stabilizing, and gelling, thus appeared in many food and
cosmetic products as well as pharmaceutical industries."®
Carrageenan is categorized into three forms, namely, kappa,
iota and lambda depending on the number and position of
ester sulfate groups."® All carrageenan types are soluble in hot
water at temperatures above their gel melting points to yield
viscoelastic hydrogels.”” These hydrogels maintain their shapes
when tipped out of containers and yet retain the vapor pressure
and ionic conductivity of the liquid from which they are
made.?"” k- and 1-carrageenan form thermo-reversible gels on
cooling in the presence of suitable counter-ions through the
formation of “double-helix” structure.?? \-carrageenan has less
specific ionic binding, but increased ionic strength, which
allows helices to form junction zones in soft elastic gels with
good freeze-thaw stability. Not only are cations such as Na*, K,
Mg**, Ca’* being used as gelling agents of the carrageenan-
based hydrogel, but also Cu**, Fe’*, and Zn>* exhibit similar
trends.?"

In this report, we take a step further, i.e. converting the
Cu’'-complexed carrageenan hydrogels into the CuS-carra-
geenan nanocomposite by utilizing the novel precipitation
process at the gel/liquid interface. Cu,S as nanoscale particles,
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particularly covellite-phase CuS nanocrystals, exhibit an out-
standing structural performance, such as excellent photoelectric
properties compared with individual molecules or bulk form.
CuS exhibits numerous applications as semiconductors photo-
catalysts, solar radiation absorbers, catalysts, polymer surface
coatings, cathodic materials, nanoscale switches, electrolumi-
nescent devices and sensors.'*? Herein, the grown CuS-
carrageenan nanocomposite was successfully applied as the
active material for sensing of relative humidity (RH) and
temperature.

2. Materials and Methods
2.1. Preparation

In order to prepare the gel phase, 3 g of i-carrageenan (CP
Kelco) was dissolved under stirring into 100 mL of distilled
water at 50°C to obtain 3 wt% t-carrageenan solution. Then
0.242 g of Cu(NO,),-3H,0 (Sigma) was dissolved into 1 mL of
water in several small vials. Those vials were placed in a water
bath at 90°C. Immediately, 10 ml of the prepared 3 wt% -
carrageenan solution was added to each vial with fast stirring
using spatula to avoid local jellification. When a homogeneous
blue solution is obtained in each vial, the solutions were
allowed to cool down to form a firm gel (of ~0.1 M Cu-
(NO,),-3H,0 and 3 wt% -carrageenan). The liquid phases of
0.1 M Na,S (Sigma) were prepared with three different pH 7, 10
and 13 to study the pH effect on the growth. Diluted HCI
solution was used for pH adjustment. To form a gel/liquid
interface system, 10 mL of each prepared Na,S solution was
poured into the vials that contain the prepared hydrogel. A
composite started to grow and became noticeable after 20 min
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(Figure 1). The growth ended after 48 hours and the process is
recorded on a time-laps video (Video 1, Sl). The remaining liquid
was carefully poured out of the vial without losing the grown
black structures. Then those structures were dried in the
vacuum chamber for 3 days for the purpose of characterization.
For further purification of the grown materials, salt elimination
was done by washing the composites with a mixture of 80:20
Vv/V% ethanol: water three times, then with absolute ethanol
one time before placing them into the vacuum chamber. The
purification of the materials was confirmed by XRD. Depending
on the liquid phase pH used in each vial during the growth of
the composites, the obtained materials will be referred here-
after as LPH7, LPH10 and LPH13 for pH 7, 10 and 13 respectively
before or after purification.

A precipitated CuS using 0.1 M Cu(NO,),-3H,0 and 0.1 M
Na,S was prepared, washed and dried to be used as a reference
sample. -carrageenan was also used as a reference.

2.2. Characterization Instruments

X-ray diffraction (XRD) pattern of the grown Cu,S-carrageenan
composite was characterized with a Bruker AXS D8 Discover
instrument by using a scintillator point detector and copper
Kal radiation (L=1.54060 A). The measurements were per-
formed using grazing incidence diffraction between 10° and
80°, using a step size of 0.04° and an incidence angle of 0.3°.
The HighScore Plus (v.3.0.5) software was used for relative
phase abundance estimation by employing Rietveld’s refine-
ment. From the corresponding XRD peaks, the mean crystallite
size was calculated according to Scherrer equation.*”

Scanning Electron Microscopy (SEM) images of CuS-carra-
geenan composites before and after purification, -carrageenan

—)

24 h

Figure 1. The CuS-carrageenan composite is grown from the interface of the Cu-t-carrageenan hydrogel and sulfide solution. The growth was recorded for
48 h. The spatial growth of the composites is directed by red and blue arrows (the red arrows are for upward growth of the composite into the solution and
the blue arrows are for downward growth of the composite into the gel). The temporal growth is shown by black arrows.
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and the precipitated CuS have been captured using a Zeiss Leo
Gemini 1530 instrument equipped with Schottky Field Emitter.

Thermal gravimetric analysis (TGA) was performed under N,
inert atmosphere from room temperature to 600 °C at a heating
rate of 10°C/min by a Netzch STA 449 F1 Jupiter thermogravi-
metric analyser. Differential thermogravimetric (DTG) curves
were also plotted to detect significant weight changes.

Solid-state Fourier transform infrared spectra of the compo-
sites as well as the reference materials were measured with the
Attenuated Total Reflectance Fourier transform infrared spec-
trometer (ATR-FTIR) using the iS50 ATR on a Thermo Scientific
Nicolet iS50.

X-ray photoelectron spectroscopic (XPS) measurements
were performed using the PHI 5000 VersaProbe (ULVAC-PHI)
spectrometer with monochromatic Al K, radiation (hv=
1486.6 eV) from an X-ray source operating at 100 um spot size,
25W and 15 kV. The high-resolution (HR) XPS spectra were
collected with the hemispherical analyzer at the pass energy of
23.5 eV and the energy step size of 0.1 eV. The X-ray beam was
incident at the sample surface at the angle of 45° with respect
to the surface normal, and the analyzer axis was located at 45°
with respect to the surface. The CasaXPS software was used to
evaluate the XPS data using set of the sensitivity factors
supplied by PHI. Deconvolution of all HR XPS spectra were
performed using a Shirley background and a Gaussian peak
shape with 30% Lorentzian character.

2.3. Humidity and Temperature Sensing

For an application of the grown materials as temperature and
relative humidity sensors, 120 mg of each purified dry materials
was transferred into small vials. Then, 1 ml of 95°C distilled
water was added with stirring till getting a homogenous black
viscous liquid. Meanwhile, thin film platinum integrated electro-
des of 5-um gap (Micrux) were washed with ethanol and dried
in oven under 95°C for 5 min. After using an adhesive tape to
control the coating thickness (Figure S1 in the Sl), the substrates
were plasma-treated for 5 min before film coating. The black
viscous liquid was spread on the heated glass surface using a
spatula. The film formed on the glass while cooling down, the
tape was removed and the coated glass was again placed into
the oven at 95°C for 2 min, Figure S1 in the SI shows the final
obtained sensor.

For gas and humidity sensing, the sensors were loaded into
a stainless-steel chamber and exposed to cycles of vacuum and
N, with varying concentration of gases or water while
measuring their resistance. A computer-controlled bubbler was
filled with the corresponding liquid, and then N, was bubbled
through. The resulting gas mixture (N, and organic compounds/
water) was diluted to obtain the desired concentrations. For
temperature measurements, the sensors were loaded into a
stainless-steel chamber with controllable temperature. The
resistance of the sensors was recorded under varying constant
values of temperature, starting from 30°C to 80°C and back to
30°C in steps of 10/—10°C. The normalized resistance was
calculated according to the following equation: Ryomaizes = (R-
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Ro) / Ro, where Ry is the initial resistance value. Temperature
coefficient of resistance (TCR) was calculated from the graph of
Rhomalizea VErsus Temperature, and it is equal to the slope.

3. Results and Discussion
3.1. pH Effect on the Growth

In our system, the high pH of the sulfide solutions ensures that
anions are available as sulfides predominantly, which is a very
high driving force for crystallization to occur. The larger the
difference of pH, the more quickly the composites grow which
ends up with higher yield of the final products (Figure 2).
Particularly, the obtained composite of LPH13 is much more
than those of LPH10 and LPH7 after 48 h in both directions
(upward and downward) of the growth. A recorded video (Sl)
shows in detail the growth process during 48 hours of LPH13
and the mechanism of the growth is proposed as follow. When
the liquid and gel are brought into contact, the Cu®* reacted
with $?” in the solution. The large difference in pH and ionic
speciation leads to a high driving force for crystallization at the
interface and a rapid formation of a dense mineralized layer.
This new interface now forms a ‘barrier’ over which large
osmotic pressure can build up. However, this drive is not strong
enough to break the Cu-complexed carrageenan matrix in order
to form jets (e.g. like what reported by Ibsen etal.”). As a
result, the whole precipitated system is pushed upwards to the
liquid (Figure 2).

Other effects (Figure S2-S4, Sl) on the growth were studied
in order to maximize the growth such as pH of the hydrogel,
copper and carrageenan concentration and sulfide concentra-
tion. The maximum growth was, however, recorded with LPH13.

3.2. Characterization
3.2.1. X-Ray Diffraction (XRD)

Before interpreting XRD patterns of the grown materials, the
XRD patterns of two reference samples, i.e. the precipitated
CuS (without carrageenan) and -carrageenan, were recorded
(Figure 3). The characteristic peaks of the precipitated CuS at
10.8, 27.4, 29.5, 31.8, 32.9, 48.1, 52.8 and 59.2° of 20 correspond
to crystal planes (002), (101), (102), (103), (006), (110), (108) and
(116), respectively, and match the hexagonal phase of CuS
(covellite) identified with card No.06-0464 or No.65-3561,%"%% it
could be also identified by JCPDS card No. 01-1281.2% The
XRD pattern of 1-carrageenan possesses broad diffused peaks,
indicating the presence of amorphous structure.?*?

In order to investigate the CuS-carrageenan composites,
herein LPH13, LPH10, and LPH7, in details, their XRD patterns
are divided into two sets: before (Figure3A) and after
purification (Figure 3B). LPH13 sample before purification in
Figure 3A shows identical peaks as the precipitated CuS,
confirming the presence of the covellite phase along with the
broad diffused peak of the amorphous -carrageenan. However,

© 2021 The Authors. ChemSystemsChem published by Wiley-VCH GmbH


https://doi.org/10.1002/syst.202000063

Chemistry

Articles Europe
ChemSystemsChem doi.org/10.1002/syst.202000063 kiafcition
50 5 s ™ — [ =3
45 0.1M of sulfide
%01 LPH13 . LPH10 R t— solution with
€ 3 pH adjustment
E 30 . : '
£ 5 ingy Talbe I -
& 20 <= ;
15 o =, z 3 wt%
10 . . : ; ' — I-Carrageenan
g & Sy >\\ 0.1M copper Nitrate
o] S S -
\ Y e \\
Composite growth § After 48 hours \
1 \
B ~ - = blue color
45 - pthio LPH7 disappearance

40
35
30
25
20
15
10

Length (mm)

Figure 2. Liquid phase pH effect on the growth of the nanocomposite.
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Figure 3. XRD patterns and phase identification for the grown samples (A) before and (B) after purification.

LPH10 and LPH7 without purification display a very sharp peak
at 32.7° of 20, overlapping the peaks of the CuS phase. This
could be explained by the presence of some impurities.*'?!
Figure 3B shows the XRD patterns of purified CuS-carra-
geenan composites. Indeed, the crystalline peaks of the
impurities were absent from all pattern after purification,
leaving the same covellite phase to appear in more intense
peaks. The purification also confirms the existence of -
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carrageenan in its amorphous form at about 22°®% similarly to
the one before purification (Figure 3A). Washing by a mixture of
ethanol:water (80:20, viv) serves efficiently to purify all
composites without removing the carrageenan® as well as
copper sulfide particles. No peak of sodium chloride, sodium
nitrate or from any other possible phases has been detected in
the composite (Figure 3B). The presence of CuS crystals in the
grown composites could be explained by the diffusion of
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copper ions from the gel phase towards the liquid phase which
contains sulfide ions. The ions assisted the growth of the
composite by allowing the carrageenan to drift from the gel
phase towards the liquid phase. Due to variation of pH, not
only the amount of grown composite changes but also
crystalline sizes of CuS variate. Calculations reveal that LPH13
copper sulfide has an average crystallite size of 10.1 nm. The
average crystallite size of copper sulfide increases slightly for
LPH10 and LPH7 to 12.4 nm and 13.5 nm respectively.

3.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Although FTIR spectrum of the reference CuS does not have
any obvious band (Figure 4), FTIR is a great method to confirm
further the existence of the polymer 1-carrageenan in the grown
materials (Figure 4). Before purification, the grown material
LPH13 exhibit almost all intense vibrational bands at 697, 723,
926, 1025, 1218 and 1630 cm™' which has been observed from
the - carrageenan. These bands can be assigned to C-4 of
galactose (697 cm™),®*! the C—C stretching band (926 cm™),¢
the CH, symmetric stretching (1025 cm ™), ester sulfate vibra-
tional band (1218-1260 cm™),%*** and H-O-H deformation
band (1630 cm™)“? of the i-carrageenan. Finally, the broad
band at 3425cm™' could be assigned to the stretching of
hydroxyl group.'*#" Although the existence of (-carrageenan
in the LPH13 grown composite has been confirmed, the LPH7
and LPH10 before purification do not exhibit any bands neither
for the 1-carrageenan. However, the FTIR spectra of the purified
LPH7 and LPH10 (Figure 4B) exhibit all the bands attributed to
those of i-carrageenan which confirms that signal-masking
impurities were washed successfully from the CuS-carrageenan
composite. The bands of the purified LPH13 (Figure 4B) appear
to be more intense than before washing. The purification was
effectively an important step to produce CuS-carrageenan
composite. The FTIR results are in good agreement with those
of XRD.
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3.2.3. Scanning Electron Microscopy (SEM)

SEM technique was applied to investigate the morphology of
the grown composites. Figure 5 are selected SEM micrographs
for LPH7, LPH10 and LPH13 before and after purification, as well
as for referenced t-carrageenan and precipitated CuS (Figure 5A
and 5B).

The grown materials LPH7, LPH10 and LPH13 before
purification (Figure 5C, 5E, and 5G) share alike morphology. -
carrageenan of the composite is separated into domains which
look differently from t-carrageenan Figure 5B. Before purifica-
tion, the grown LPH7, LPH10 and LPH13 composites seem to
have larger particle size due to the presence of impurities. After
purification, as XRD suggests, impurities are removed to expose
pure CuS covellite particles. These CuS particles have small
particle size of less than 40 nm, according to SEM, which is on a
similar scale to the crystallite size of around 10-14 nm
determined by XRD. which are probably the CuS covellite
according to the XRD results. As XRD reveals that the crystallite
size of CuS is very small, the same result is confirmed by SEM
images. The particles are also similar to precipitated CuS;
however, they appear more homogeneous. The purification
process changes the morphology of the carrageenan as well,
the carrageenan in washed LPH7 sample forms a leaf shape
Figure 5D, while the LPH10 and LPH13 do not exhibit the same
morphology (Figure 5F and 5H).

3.2.4. Thermogravimetric Analysis (TGA)

Figure 6 illustrates the TGA and DTG curves of the three grown
composites LPH7, LPH10 and LPH13 before and after purifica-
tion as well as the reference i-carrageenan and precipitated
CuS. Below 180°C, all the samples exhibit small gradual weight
losses due to the removal of moisture. Thermal degradation of
the carrageenan reference sample starts at about 257 °C with a
noticeable weight loss (sharp decrease) of around 32.34%
(Figure S5A).2%**4% Under N, inert atmosphere thermal decom-

100

©
o

Transmittance (% )
[o:]
o

704 ;
i ——LPH10 s i
] LPH7 ¢ 2 4
3 —— Precipitated CuS T e
60 4 o
j—— -Carrageenan g3 8
T

35I00 30b0 25I00 2600 1560 1000 500
Wavenumber (cm™)

Figure 4. The FTIR-ATR spectra of the three grown composites LPH7, LPH10 and LPH13 (a) before and (b) after purification; \-carrageenan; and precipitated

Cus as reference materials.
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Figure 5. The SEM micrographs of the precipitated CuS (A), \-carrageenan (B), LPH7 (C), LPH10 (E) LPH13 (G) composites before purification, and LPH7 (D),
LPH10 (F), LPH13 (H) after purification. The figure displays the micrographs with two magnification 10kx and 100k x.

position of CuS reference sample occurs in the temperature  (Figure S5B) due to the gradual transformation of CuS into
range of 200-600°C with a total weight loss of around 16.95%  Cu,S.***¥
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Figure 6. Thermogravimetric (A) and their differential scanning calorimetry (B) analyses of carrageenan, precipitated CuS, LPH7, LPH10 and LPH13 mixtures

before purification; (C) and (D) are the mixtures after purification.

Before the purification, among the three composites, LPH13
shows the greatest thermal stability with a total weight loss of
27.21%, followed by LPH10 (30.43%) and LPH7 (31.66%)
(Figure 6A and Figure S5D, S5F, and S5H). DTG curves show that
the thermal degradation of LPH13, LPH10 and LPH7 begins
around 258, 229, 142°C respectively (Figure 6B and Figure S5C,
S5E, and S5G). After purification, LPH10 becomes more
thermally stable (total weight loss of 28.76%) than LPH13
(30.49%) and LPH7 remains as the least stable sample (40.6 %)
(Figure 6C). DTG curves of the purified samples show no
significant changes (Figure 6D). The thermal degradation of
LPH13, LPH10 and LPH7 occurs around 252, 244, 140°C
respectively.

3.2.5. X-ray Photoelectron Spectroscopy (XPS)
High resolution XPS spectra of carbon, oxygen and sulfur of
carrageenan reference sample are presented in Figure S6.

Careful deconvolution of C1s spectra suggests 4 chemical states
of carbon (Figure S6a). Peak occurring at 248.8 eV, 286.4 eV, and
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287.8 eV could be identified as due to C—C/C—H bond, C—O
bond,***? and 0O—C—0 bond,*” respectively, which are in good
agreement with a chemical structure of the carrageenan
molecule. The last carbon peak located at 289.1 eV caused
probably by the presence of carboxyl group, originated from
adventitious carbon compounds. Oxygen XPS spectra of the
carrageenan sample also is in good agreement with theory. O1s
spectra is presented on Figure S6b, 2 chemical states observed.
Origin of the O1s peak observed at 531.8 eV is probably S—-O
bond“8* from carrageenan sulphate groups, second O1s peak
at 532.9eV could be assigned to C—O bond.*® Small peak
located at 536.2 eV is probably a Na KLL peak which suggest
that sodium is present in carrageenan as a leftover from
manufacturing process. Sulfur S2p spectra presented on Fig-
ure S6¢. Due to spin-orbit coupling the S2p state is present as
peak doublet (2p3/2 and 2p1/2) separated by 1.2 eV. The S2p3/
2 position (168.7 eV) is attributed to the presence of S(VI) from
the carrageenan’s sulfate.®%*"

Carbon (Figure S6a), oxygen (Figure Séb), sulfur (Figure S6c)
spectra of the LPH7, LPH10, LPH13 samples show significant
resemblance to reference carrageenan spectrum. Deconvolution

© 2021 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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of carbon spectra also produce 4 peaks at the similar positions
and therefore could be assigned in the same manner as in
carrageenan. Oxygen spectra shows peaks for S—O and C—O
bond and as for the sulfur we can see sulfate S2p doublet at
168 eV. The above findings confirm the presence of the
carrageenan in the treated samples also. In addition, XPS
confirms the presence of copper in the composites by analyzing
the Cu 2p spectra (Figure S6d). These spectra show two peaks
centered at 9524 eV (Cu 2p1/2) and 932.5eV (Cu 2p3/2).
Considering general chemical structure of the samples the
origin of the Cu 2p 3/2 peak located at around 932.5eV is a
copper (Il) sulfide. Even though the presence of Cu(l) oxide
which Cu2p3/2 peak is also expected at the same position,* it
is unlikely since no oxide O1s peak at 529-530 eV is observed."?!
The samples also shows satellite peaks (at ~940 and ~944 eV)
of different intensity on the higher binding energy side of Cu
2p1/2 and Cu 2p3/2, which is consistent with the data reported
in literature.”? These peaks indicate existence of phases
containing copper in the Cu®* state.*” Second smaller Cu2p3/2
peak located at higher binding energies (935 eV) and could be
associated with a copper bounded with the sulphate groups of
carrageenan.®

3.3. Humidity- and Temperature-Responsive CuS-Carrageenan
Composites

This section highlights the potential application of the CuS-
carrageenan nanocomposite for RH and temperature sensing.
Figure S1TA shows the platinum integrated electrode coated
with CuS-carrageenan nanocomposite. The electrical-resistance
responses of the nanocomposite is a function of the variation of
the RH or the temperature.

Figure 7 displays the sensing performance of LPH13-coated
sensor. The test at different level of humidity was recorded
using cycles starting from 0 to 80% then from 80% to 5%
(Figure 7A). At each cycle, the sensor was humidified then
dehumidified. All humidity levels display a rapid absorption of
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Figure 7. Responses of LPH13 coated sensor to (A) RH and (B) temperature.
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water molecules compared to its desorption, which is much
slower. First, the response to 0, 5 and 10% RH was very similar.
Then, the sensor resistance starts to increase drastically from
20% to 80% RH. When decreasing the RH from 80% to 5%, the
resistance does not return to the same baseline due to slow
kinetics of water desorption. Yet, the sensor is still more or less
reversible. Moreover, the optimization of CuS-carrageenan
composite impedance during its synthesis, could control the
sensor response by adjusting the concentration of copper and
sulfide to get a desired resistance as well as better swelling
properties.”™ As determined in the characterization section, the
LPH13 after purification is composed of CuS (covellite) nano-
particles mixed with 1-carrageenan. Hence, the variation of the
sensor resistance is attributed to either the change in electrical
permittivity of the polymer matrix or the swelling of the
hydrophilic carrageenan.®® The precipitated CuS (covellite) was
tested as well. It has a metal like conductivity; however, it does
not exhibit any changes of its resistance during the variation of
the RH as shown in Figure 7A.

The sensitivity of the sensor towards temperature was
recorded in Figure 7B. The sensor was exposed to different
constant temperatures starting from 30 to 80 and back to 30°C.
The responses indicate its capacity to detect rapid changes of
temperature in the examined range. At this range, the sensor
shows a promising linear and reversible response under
ambient conditions. The sensitivity to temperature change was
evaluated by the temperature coefficient of resistance (TCR)
°C™" that was shown to be 2100 ppm °C™" for LPH13. This value
is close to values shown with recently developed temperature
sensors,“*¥ and to that of bulk Ag and Pt (the widely used
material for temperature sensors) that show TCR values of 3800
and 3900 ppm °C", respectively.®”

Responses of LPH13 samples was recorded for acetone,
formic acid, hexanol and toluene (Figure S7). In general, the
resistance variation toward these substances was arbitrary and
needs further future investigations.
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4. Conclusion

This paper highlights a novel method to grow the CuS-
carrageenan nanocomposite from the interface of a sulfide
solution and Cu-t-carrageenan hydrogel. pH and concentration
of sulfide solution effects on the growth and structures of the
nanocomposites were examined in detail. We conclude that the
nanocomposite is homogeneous and chemically stable espe-
cially after purification. Moreover, comparing to carrageenan or
CuS solely, the CuS-carrageenan nanocomposite has properties
of both the polymer and semiconductor which explains its ease
of coating and electrical conductivity in order to be used as the
sensing material. Another advantage of this material is the
possibility of adjusting its conductivity as well as its swelling
properties, by varying the concentrations of copper and sulfide
precursors or adjusting the pH of the liquid phase during
synthesis. As a result, the nanocomposite is exploited in the
form of RH and temperature sensor of which decent responses
to both stimuli were reported. Last but not least, the reported
method is also applicable for synthesizing FeS- and ZnS-
carrageenan nanocomposite (Figure S8 in the SI) which make it
intriguing for further investigation of other composite materials.
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Figure S1. Coating the (A) platinum integrated electrode and (B) microscope glass slide with CuS-

carrageenan. The coating area is encircled using a high temperature-resistant tape.
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Figure S2. Effect of gel-phase pH on the growth of the nanocomposite.
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Figure S3. Effect of copper and sulfide concentrations on the growth of the nanocomposite
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Figure S4. Effect of carrageenan concentration on the growth of the nanocomposite
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Figure S5. Interpretation of the weight loss of (A) 1-carrageenan, (B) precipitated CusS, (C&D)
LPH7, (E&F) LPHI0, and (G&H) LPH13 after and before purification
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Figure S7. Responses of LPH13 coated sensor to (A) acetone, (B) formic acid, (C) hexanol, and
(D) toluene



Figure S8. Collected grown (4) ZnS-carrageenan and (B) FeS-carrageenan composites as freeze-
dried bulks
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ARTICLE INFO ABSTRACT
Keywords: Guar gum (GG) from seeds of cluster bean (Cyamopsis tetragonolobus) contains mainly non-ionic galactomannan
Chemical functionalization polysaccharide. Due to fascinating properties, great natural abundancy, low cost, biocompatibility and biode-
Cross-linking gradability, natural GG polysaccharide has been studied and employed in various research fields and industries.

Graft polymerization
Guar gum
Nucleophilic reaction
Partial oxidation

To explore and extend full potentials of GG, further chemical functionalization of the material is essential. This
review highlights recent progress in the chemical modification of GG and its derivatives based on nucleophilic
reactions, partial oxidation, graft polymerization and cross-linking with diverse chemical reagents and reaction
pathways. Moreover, further insights into structure—property relationships as well as potential applications of the
materials are also provided and discussed.

Abbreviations: AA, acrylic acid; AA*, ascorbic acid radical anions; AAm, acrylamide; AAPBA, 3-acrylamidophenylboronic acid; AcOH, acetic acid; ACN, aceto-
nitrile; Ag NPs, Ag nanoparticles; Ag NPs@MIL-100(Fe), Ag NPs dispersed in porous iron(III) carboxylate of MIL; AGA, 2-acrylamidoglycolic acid; AGG, acryloyl GG;
AGU, anhydroglucose unit; Ala, 1-alanine; Ala-cl-GG-g-PAA, Ala-cross-linked GG-g-PAA; AmB, amphotericin B; AMPS, 2-acrylamido-2-methyl-1-propane sulfonic
acid; AN, acrylonitrile; APGG, 3-aminopropyl GG; APTES, (3-aminopropyl)triethoxysilane; APTMS, (3-aminopropyDtrimethoxysilane; ARX, arabinoxylan; ASA, 5-
aminosalicylic acid; AX, amoxicillin; B. subtilis, Bacillus subtilis; B(OH)3 H3BOs, boric acid; [B(OH)4]’, tetrahydroxyborate; [B405(0OH),4]%, hydrated tetraborate; BA,
benzoic acid; BDO, 1,4-butanediol; BMBA, 4-(bromomethyl)benzoic acid; BNI-PGG, N-(propyl GG)-4-bromonaphthalimide; borax-cl-GG, borax-cross-linked GG;
borax-cl-GG/Cur-Ag NPs, borax-cross-linked GG/Cur-Ag NPs; borax-cl-GG/MnO,, borax-cl-GG/MnO, nanocomposite; borax-cl-GG-N-GO, borax-cross-linked GG-N-
GO; borax-cl-GG-GelG, borax-cross-linked GG-GelG; borax-cl-GG-g-PAAm, borax-cross-linked GG-g-PAAm; borax-cl-GG-SAP, borax-cross-linked GG-SAP; borax,
Fe®*.cl-HPGG-PDA-rGO, borax, Fe®*-cross-linked HPGG-PDA-rGO; boric acid-cl-HPGG, boric acid-cross-linked HPGG; BrB, bromophenol blue; C. albicans, Candida
albicans; CA, citric acid; CA-cl-CMGG, CA-cross-linked CMGG; p-CD, p-cyclodextrin; p-CD/FU, -CD/FU complex; CED, cephradine; [Ce(N03)6]2', hexanitratocerate
(IV); [CeV-0-CelV1%7, oxo-bridged dinuclear cerium(IV) complexes; CGG, cationic GG; CHPTAC, N-(3-chloro-2-hydroxypropyl)-trimethyl ammonium chloride; e-CL,
e-caprolactone; cl-DAGG, cross-linked-DAGG; cl-DAGG-CMCS, cross-linked DAGG-CMCS; cl-DAGG-CMCS/DOX, DOX-encapsulated cl-DAGG-CMCS; cl-DAGG-CS/
PPE, cross-linked DAGG-CS/PPE; cl-DAGG-SF/Cur-zein NPs, cross-linked DAGG-SF/Cur-zein NPs; cl-DAGG-gelatin, cross-linked DAGG-gelatin; cl-DAGG-gelatin/
GTE, GTE-encapsulated cl-DAGG-gelatin; cl-GG-MA-CS-g-PCL, cross-linked GG-MA-CS-g-PCL; cl-GG-MA-CS-g-PCL/rifampicin, rifampicin-encapsulated cl-GG-MA-CS-
g-PCL; cl-OCGG-CS, cross-linked OCGG-CS; CMCS, carboxymethyl CS; CMGG, carboxymethyl GG; CNC, cellulose nanocrystal; CNC/Pd NPs, CNC/Pd NPs nano-
composite; -CO2H, carboxylic acid; CPA, 3-chloropropylamine; CS, chitosan; CS,, carbon disulfide; CS-g-PCL, poly(e-caprolactone) grafted chitosan; CTAB, hexadecyl
trimethyl ammonium bromide; CTAB-cl-CGG-g-P(AA-co-SMA), CTAB-cross-linked AA-co-SMA grafted CGG; Cu(OAc),, copper(Il) acetate; CuS, copper sulfide
covellite; Cur, curcumin; Cur-Ag NPs, Cur-stabilized Ag NPs; Cur-zein NPs, Cur-loaded zein nanoparticles; DA, dopamine; DAGG, dialdehyde GG; DBSA, dode-
cylbenzenesulfonic acid; DBTDL, dibutyltin dilaurate; DCC, N,N’-dicyclohexylcarbodiimide; DCGG, dicarboxylic acid GG; DCM, dichloromethane; DDSA, dodecenyl
succinic anhydride; DFT, density functional theory; DLS, dynamic light scattering; DMAAm, N,N-dimethylacrylamide; DMAP, 4-dimethylaminopyridine; DMBA, 2,2-
dimethylolbutyric acid; DMF, N,N-Dimethylformamide; DMSO, dimethyl sulfoxide; DOX, doxorubicin; DS, degree of substitution; E. coli, Escherichia coli; EA, ethyl
acrylate; EC, ethyl cellulose; ECH, epichlorohydrin; ECH-cl-GG-P-CS/Fe304, ECH-cross-linked GG-P-CS/Fe304; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide; EGG, erucic guar gum; EPTAC, 2,3-epoxypropyltrimethylammonium chloride; ESR, electron spin resonance; Et;N, triethylamine; EtOH, ethanol; Eu, eudragit
L30D; Eu-coated-HDGG/AmB, Eu-coated AmB-encapsulated HDGG; Eu-coated-HDGG/AmB/Pip, Eu-coated AmB and Pip-encapsulated HDGG; FA, Folic acid; FA-GG,
FA-conjugated GG; FA-GG-SA, FA-GG-succinic acid; FDA, food and drug administration; Fe, zero-valent iron; Fe?*-cl-DCGG, Fe**-cross-linked DCGG; Fe304 NPs,
iron oxide nanoparticles; FFR, furfural; FITC, fluorescein isothiocyanate; FITC-SiO»@Au-LCME, fluorescein isothiocyanate-SiO; core-Au shell-L-cysteine methyl ester;
FRGP, free-radical graft polymerization; FU, 5-fluorouracil; GA, glutaraldehyde; GA-cl-GG-RDA-PVA, GA-cross-linked GG-RDA-PVA; GA-cl-GG-RDA-PVA/AX, AX-
encapsulated GA-cl-GG-RDA-PVA; GA-cl-GG-RDA-PVA/GS, GS-encapsulated GA-cl-GG-RDA-PVA.
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T.-A. Le and T.-P. Huynh
1. Introduction

Recently, dramatic climate changes have reached to the critical point
globally and drastic actions are urgently demanded. To overcome these
challenges, holistic effort and strategies have been considered such as
reducing greenhouse gases [1,2], preventing pollution in different forms
[3,4], replacing fossil fuels by renewable fuels [5,6], practicing more
sustainable and productive agriculture [7,8], etc. Since natural
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photosynthesis can utilize solar energy and reduce carbon dioxide
green-house gas in the atmosphere to produce useful polysaccharide
products, promoting the use of polysaccharides as materials, food and
medicine has been one of the most sustainable approaches to cope with
climate changes and to ensure sustainable human activities.

Over the years, great attention has been drawn to novel materials
research of guar gum (GG) in various fields (Fig. 1), due to GG’s natural
abundancy, low cost, biocompatibility, biodegradability, and accessible

: GA-cl-GG-IA-keratin, GA-cross-linked GG-IA-keratin; GA, Fe®*-cl-GG/SAL/DA-STMS/GA, GA, Fe®*-cross-linked GG/SAL/DA-STMS/GA; Gal, galactose; GE,
grafting efficiency; GelG, gellan gum; GG, guar gum; GG-APSi, GG-(3-aminopropyl)silane; GG-APSi-FFR, GG-APSi-furfural; GG-APSi-FFR-Pd, GG-APSi-FFR-Pd2+;
GG-APSi-SAAL, GG-APSi-salicylaldehyde; GG-APSi-SAAL-Cu, GG-APSi-SAAL-Cu2+; GG-BA, GG-benzoic acid; GG-C, GG cinnamate; GG-C-N, GG-C nanoparticles; GG-
g-LPEI, LPEI grafted GG; GG-g-LPEI/pDNA, GG-g-LPEI/pDNA coacervate; GG-GMA, glycidyl methacrylate guar gum; GG-GMA-g-P(AA-co-DMAAm), AA-co-DMAAm
grafted GG-GMA; GG-GMA-g-P(AA-co-DMAAm)/HCS, HCS-encapsulated GG-GMA-g-P(AA-co-DMAAm); GG-g-PAA, acrylic acid grafted guar gum; GG-g-PAAm, AAm
grafted GG; GG-g-PAGA, AGA grafted GG; GG-g-PCL, PCL grafted GG; GG-g-PEA, EA grafted GG; GG-g-PHEMA, HEMA grafted GG; GG-g-PHEMA/ASA, ASA-
encapsulated GG-g-PHEMA; GGH, GG hydrolysate; GGH-DDSA, GGH-dodeceny! succinic acid; GGH-OSA, GGH-n-octenyl succinic acid; GGH-S-L, GGH-sulfonic acid
by Larm method; GGH-S-O, GGH-sulfonic acid by O’Neill method; GG-IA, GG indole acetate; GG-MA, GG-maleic acid; GG-N, aminated GG-NHy; GG-O-Sn(C=CPh)s,
alkoxy-tin(IV) of GG; GG-P, GG-phosphonic acid; GG-PU, GG-based polyurethanes; GG-RDA, GG-ricinoleic dimer acid; GG-SL, guar gum-soya lecithin; GG-S-L, GG-
sulfonic acid by Larm method; GG-S-O, GG-sulfonic acid by O’Neill method; GG-X, GG xanthate; GG-X/CuS, GG-X/CuS nanocomposite; GH, galacylhydrazine;
glyoxal-cl-GG/activated C, glyoxal-cross-linked GG/activated C; GMA, glycidyl methacrylate; GMS, gentamicin sulphate; GO, graphene oxide; GS, gentamicin sulfate;
GTE, green tea extract; GTMAC, glycidyltrimethylammonium chloride; GY, grafting yield; h, hour; H', proton; HoAA, ascorbic acid; HCS, hydrocortisone; HDGG, 6-
0O-(3-hexadecyloxy-2-hydroxypropyl)-GG; HDGG/AmB, AmB-encapsulated HDGG; HDGG/AmB/Pip, AmB and Pip-encapsulated HDGG; HEK-293, human embryonic
kidney 293; HEMA, 2-hydroxyl ethyl methacrylate; '"H NMR, proton nuclear magnetic resonance; HO®, hydroxyl radicals; HOMO, highest occupied molecular orbital;
HOS, human osteosarcoma; HPGG, hydroxypropyl GG; HSO3, S-centered bisulfite free radicals; HSO3, bisulfite; HSO3, bisulfate; HTPB, hydroxyl-terminated poly-
butadiene; hydrazine-cl-DAGG-MBAAm-cl-P(AA-co-MMA), hydrazine-cross-linked DAGG-MBAAm-cl-P(AA-co-MMA); 12959, Irgacure 2959; 10, periodate; IPA,
isopropyl alcohol; IPDI, isophorone diisocyanate; K. p Klebsiella p K2S205 or KPS, potassium persulfate; KSPA, potassium 3-sulfopropyl acrylate;
LCME, 1-cysteine methyl ester; LGG, linoleic guar gum; LiCl, lithium chloride; LPEI, low-molecular-weight polyethylenimine; LUMO, lowest unoccupied molecular
orbital; MA, maleic anhydride; Man, mannose; MB, methylene blue; MBAAm, N,N’-methylenebisacrylamide; MBAAm-cl-AGG-g-P(AA-co-KSPA), MBAAm-cross-linked
AA-co-KSPA grafted AGG; MBAAm-cl-AGG-g-P(AA-co-KSPA)/GMS, GMS-encapsulated MBAAm-cl-AGG-g-P(AA-co-KSPA); MBAAm-cl-CMGG-g-PAA, MBAAm-cross-
linked AA grafted CMGG; MBAAm-cl-CMGG-g-P(AA-co-AAm), MBAAm-cross-linked AA-co-AAm grafted CMGG; MBAAm-cl-CMGG-g-PAAm, MBAAm-cross-linked
AAm grafted CMGG; MBAAm-cl-CMGG-g-PAAm/meta-BPDM, meta-BPDM-embedded MBAAm-cl-CMGG-g-PAAm; MBAAm-cl-GG-g-PAA, MBAAm-cross-linked GG-g-
PAA; MBAAm-cl-GG-g-PAA/Ag NPs, MBAAm-cl-GG-g-PAA/Ag NPs nanocomposite; MBAAm-cl-GG-g-P(AA-co-AAm), MBAAm-cross-linked AA-co-AAm grafted GG;
MBAAm-cl-GG-g-P(AA-co-AN), MBAAm-cross-linked AA-co-AN grafted GG; MBAAm-cl-GG-g-P(AA-co-AN)/TQ, TQ-encapsulated MBAAm-cl-GG-g-P(AA-co-AN);
MBAAm-cl-GG-g-P(AA-co-NIPAAm), MBAAm-cross-linked AA-co-NIPAAm grafted GG; MBAAm-cl-GG-g-P(AA-co-NIPAAm-co-NIPAAmMPA), MBAAm-cross-linked AA-
co-NIPAAm-co-NIPAAmPA grafted GG; MBAAm-cl-GG-g-P(AAm-co-AMPS), MBAAm-cross-linked AAm-co-AMPS grafted GG; MBAAm-cl-GG-g-P(AAm-co-AGA)/Ag
NPs, MBAAm-cross-linked AAm-co-AGA grafted GG/Ag NPs nanocomposite; MBAAm-cl-GG-g-PAMPS, MBAAm-cross-linked AMPS grafted GG; MBAAm-cl-P(AA-co-
MMA), MBAAm cross-linked copolymer of acrylic acid and methyl methacrylate; MBAAm-cl-GG-SL/Fe’, MBAAm-cross-linked GG-SL/Fe’; MBAAm-cl-GG/SLS-g-PAA,
MBAAm-cross-linked AA grafted GG/SLS; MBAAm, Fe>"-cl-CMGG-g-PAA, MBAAm, Fe>*-cross-linked CMGG-g-PAA; MCA, monochloroacetic acid; MDCK, Madin-
Darby canine kidney; MeO, methyl orange; MeOH, methanol; meta-BPDM, meta-benziporphodimethene; MG, malachite green; MGG, methylated GG; MGG/nano-
clays, MGG/nanoclays nanocomposite; MIL, Materials of Institute Lavoisier; MnO,, manganese dioxide; MnOj, permanganate(VII); MnO%, manganate(VI); MS,
degree of molar substitution; MW, microwave; NaBHy4, sodium borohydride; NaBH4-cl-GG-g-PAGA/Ag NPs, NaBHy-cross-linked GG-g-PAGA/Ag NPs; NaBHy-cl-GG/
CNC/Pd NPs, NaBH4-cross-linked GG/CNC/Pd NPs nanocomposite; NaBH4-cl-GG-PVA/Ag NPs, NaBHy-cross-linked GG-PVA/Ag NPs; NaBO,, sodium metaborate;
NayB407, anhydrous sodium tetraborate; NayB407-5H20, sodium tetraborate pentahydrate; Na;B407-10H20 or Nay[B405(OH)4]-8H20, sodium tetraborate deca-
hydrate; NaBr, sodium bromide; NaClO,, sodium chlorite; NalO4, sodium periodate; NaOCl, sodium hypochlorite; NaOH, sodium hydroxide; Na»S,0g or SPS, sodium
persulfate; NBA, 4-bromo-1,8-naphthalic anhydride; -NCO, isocyanate; NHS, N-hydroxysuccinimide; -NH,, amino; NH,-CoHs-NH,, ethylenediamine; (NHg4)z[Ce
(NO3)6] or CAN, ceric(IV) ammonium nitrate; (NH4)2S20g or APS, ammonium persulfate; NIPAAm, N-isopropylacrylamide; NIPAAmPA, 3-(N-isopropylacrylamido)
propanoic acid; NTP, non-thermal plasma; OCGG, oxidized CGG; OGG, oxidized guar gum; -OH, hydroxyl; OH-, hydroxide; OlGG, oleic guar gum; O/N, overnight; O-
O, peroxide bond; OSA, n-octenyl succinic anhydride; PAA, poly(acrylic acid); P(AA-co-AN), poly(AA-co-acrylonitrile); PAAm, polyacrylamide; P. aeruginosa,
Pseudomonas aeruginosa; PBA, phenylboronic acid; PBA-cl-HPGG-g-P(AAm-co-AAPBA), PBA-cross-linked AAm-co-AAPBA grafted HPGG; PBS, phosphate-buffered
saline; PCL, poly(e-caprolactone); PCLD, poly(e-caprolactone) diol; PDA, polydopamine; PDA-rGO, polydopamine-coated reduced graphene oxide; PDA-STMS/GA,
PDA-coated GA-loaded STMS; PDI, polydispersity index; pDNA, EGFP-N1 plasmid DNA; Pd NPs, Pd nanoparticles; PEG, polyethylene glycol; PHGG, partially hy-
drolyzed GG; Pip, piperine; PO, propylene oxide; P,Os, phosphorus pentoxide; POCl3, phosphorus oxychloride; PPE, pomegranate peel extract; PVA, polyvinyl
alcohol; PVP, polyvinylpyrrolidone; py, pyridine; QGG, quaternized GG; RB19, reactive blue 19; RDA, ricinoleic dimer acid; RhB, rhodamine B; ROP, ring-opening
polymerization; rt, room temperature; s, second; SA, succinic acid; SAAL, salicylaldehyde; S. aureus, Staphylococcus aureus; SAP, self-assembly peptide; SAL, sodium
alginate; SBS, sodium bisulfite; SF, silk fibroin; SGP, step-growth polymerization; SH, salicylhydrazine; SIF, simulated intestinal fluid; SiOs, silicon dioxide; SiO,@Au,
Si0, core-Au shell; SL, soya lecithin; SLS, sodium lignosulfonate; SMA, stearyl methacrylate; Sy, nucleophilic substitution; Sy2, bimolecular nucleophilic substitution;
Sn(C=CPh), or SnAK, tetra(phenylethynyl)tin; SO3, sulfur trioxide; SO%, S-centered sulfite radical anions; SO%, sulfate radical anions; S07, sulfate; SOZ, perox-
ymonosulfate radical anions; S,08%, S-centered metabisulfite radical anions; $,0%, metabisulfite; $,0%", peroxydisulfate or persulfate; SSD, silver sulfadiazine; STMP,
sodium trimetaphosphate; STMP-cl-GG/orange oil, STMP-cross-linked orange oil-incorporated GG/orange oil; STMS, stellate mesoporous silica; STPP, sodium tri-
polyphosphate; TBHP, tert-butyl hydroperoxide; TEGDA, tetra(ethyleneglycol)diacrylate; TEGDA-cl-GG-g-PAAm, TEGDA-cross-linked GG-g-PAAm; TEMPO, 2,2,6,6-
tetramethylpiperidine-1-oxyl radical; TEMPO+, 2,2,6,6-tetramethylpiperidine-1-oxoammonium; TEMPOH, 1-Hydroxy-2,2,6,6-tetramethylpiperidine; TEOS, tet-
raethyl orthosilicate; TEOS-cl-CMGG-CS, TEOS-cross-linked CMGG-CS; TEOS-cl-CMGG-CS@, NTP-treated TEOS-cross-linked CMGG-CS; TEOS-cl-CMGG-CS@Ar, Ar
NTP-treated TEOS-cross-linked CMGG-CS; TEOS-cl-CMGG-CS@O3, Oz NTP-treated TEOS-cross-linked CMGG-CS; TEOS-cl-CMGG-CS@O,+Ar, Oz and Ar NTP-treated
TEOS-cross-linked CMGG-CS; TEOS-cl-CMGG-PVA, TEOS-cross-linked CMGG-PVA; TEOS-cl-CMGG-PVA@/chrysin, chrysin-encapsulated NTP-treated TEOS-cl-
CMGG-PVA; TEOS-cl-GG-ARX, TEOS-cross-linked GG-ARX; TEOS-cl-GG-ARX/SSD, SSD-encapsulated TEOS-cl-GG-ARX; TEOS-cl-GG-CS-PEG/CED, TEOS-cross-linked
CED-encapsulated GG-CS-PEG/CED; TEOS-cl-GG-CS-PVA, TEOS-cross-linked GG-CS-PVA; TEOS-cl-GG-CS-PVA/paracetamol, paracetamol-loaded TEOS-cl-GG-CS-
PVA; TEOS-cl-GG-g-PNIPAAm, TEOS-cross-linked NIPAAm grafted GG; TEOS-cl-GG-g-PNIPAAm/B-CD/FU, f-CD/FU-loaded TEOS-cl-GG-g-PNIPAAm; THF, tetra-
hydrofuran; TMEDA or TEMED, N,N,N’,N’-tetramethylethylenediamine; TNBC, triple negative breast cancer; TOC, total organic carbon; TQ, thymoquinone; TsOH,
tosylic acid; uo3t, uranyl ions; v/v, volume by volume; wt%, weight percentage; w/v, weight by volume; w/w, weight by weight; Zr**-cl-HPGG, Zr**-cross-linked
HPGG.
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Fig. 1. Published articles per year based on "guar gum” keyword from Web of
Science search engine on June 5, 2022 and chemical structure of GG
repeating unit.

chemical synthetic techniques [9-21]. GG is obtained naturally from
seeds of cluster bean (Cyamopsis tetragonolobus). Endosperm of guar seed
contains more than 80 % of non-ionic galactomannan polysaccharide, as
well as some amount of water, protein, ash, and fat [22]. GG has been
widely used as stabilizers for soil treatment,[23-25] concrete additives
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[26], corrosion inhibitors in metal protection [27,28], promoters for
tetrahydrofuran (THF) hydrate formation [29], inhibitors for methane
hydrate formation [30,31], precursors in carbon dot synthesis and
single-atom catalysts [32,33], binders for Li-ion batteries [34-36],
electrolytes in zinc-ion batteries [37,38], perovskite-based zinc-air
batteries [39], and dye-sensitized solar cells [40], biomaterials in food
industry [41-471], bio-ink in 3D printing [48], as well as components in
photocatalysts [49-51], wound dressing, healing and drug delivery
[52-60]. Besides numerous fascinating properties of pristine GG, in
order to extend its applicability and overcome remaining limitations,
namely, uncontrollable swelling, susceptibility to bacterial contamina-
tion and rapid biodegradation, etc. further studies on chemical modifi-
cation of GG are highly motivated [10].

Herein, latest approaches in the chemical functionalization and po-
tential applications of GG and its derivatives are discussed and high-
lighted. Even though polymer blending offers great simplicity to modify
properties of materials including GG [61-63], this approach, however, is
not covered in detail here since direct chemical modifications of GG are
rarely performed. In addition, partial hydrolysis of native GG can also be
carried out to depolymerize the polysaccharide chain, hence, decreasing
the molecular weight and viscosity of GG [64,65]. In this review,
chemical modifications on partially hydrolyzed GG (PHGG) or GG hy-
drolysate (GGH) are also covered and treated equivalently to GG due to
their similar repeating units in the polymer structure.

Etherification
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Fig. 2. Etherification of GG by

different alkylating agents.



T.-A. Le and T.-P. Huynh

Table 1
Reaction conditions for graft polymerization of GG and its derivatives.
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Entry  Reaction condition Product Ref.
Polymer ~ Monomer Cross- Initiator At Solvent T[° ! Abbreviation GE GY [%]
linker q]
Acrylic acid (AA) monomer
54 GG AA Ala APS N2 H>0 t 15m Ala-cl-GG-g-PAA N/A N/A [256]
55 GG AA MBAAm APS N/A H,0 30 N/A MBAAm-cl-GG-g-PAA N/A N/A [258]
56 GG AA MBAAm APS Ny H,0 60-70 3h MBAAm-cl-GG-g-PAA N/A N/A [259]
57 GG AA None APS N/A H0 50 N/A GG-g-PAA N/A N/A [260]1
58 GG, SLS AA MBAAm APS N/A Hx0 60-80 1h MBAAm-cl-GG/SLS-g-PAA N/A N/A [261]
59 GG AA, AN MBAAm MW N/A Hy0 N/A 90s MBAAm-cl-GG-g-P(AA-co-AN) N/A 50-86.6 [262]
60 GG AA, AAm MBAAm APS Ny H,0 68-70 3-4h  MBAAm-cl-GG-g-P(AA-co-AAm) N/A N/A [263]
61 GG AA, AAm None MW N/A H0 N/A 120s GG-g-P(AA-co-AAm) N/A N/A [264]
62 GG AA, MBAAm KPS, SBS amb H>0 25 34m MBAAm-cl-GG-g-P(AA-co- N/A 76 [265]
NIPAAm NIPAAm), MBAAm-cl-GG-g-P(AA-
co-NIPAAm-co-NIPAAmPA)
2 CMGG AA and/or MBAAm KPS N/A H0 60-65 25h MBAAm-cl-CMGG-g-PAA, N/A N/A [82]
AAm MBAAm-cl-CMGG-g-PAAm,
MBAAm-cl-CMGG-g-P(AA-co-
AAm)
4 CMGG AA MBAAm, KPS, Ny H,0 50 12h MBAAm, Fe3+rc1—CMGGrg—PAA N/A N/A 841
Fe’! TEMED
15 CGG AA, SMA CTAB APS inert Hy0 60 7h CTAB-cl-CGG-g-P(AA-co-SMA) N/A N/A [121]
20 GG- AA DMAAm SPS N/A H,0 50, rt 30m GG-GMA-g-P(AA-co-DMAAm) N/A N/A [132]
GMA
29 AGG AA, KSPA MBAAm APS N/A H0 60 3h MBAAm-cl-AGG-g-P(AA-co-KSPA) N/A N/A [1501
Acrylamide (AAm) monomer
63 GG AAm TEGDA KPS Ny H,0 65 4h TEGDA-cl-GG-g-PAAm N/A 91 [269]
64 GG AAm Borax CAN, MW N/A H,0 N/A 30s borax-cl-GG-g-PAAm 79.5 795.6 [270]
x 3
65 GG AAm, MBAAm KPS Ny Hy0 70 3h MBAAm-cl-GG-g-P(AAm-co- N/A N/A [271]
AMPS AMPS)
66 GG AAm, AGA MBAAm APS N/A H,0 60 10m MBAAm-cl-GG-g-P(AAm-co-AGA) N/A N/A [272]
3 CMGG AAm MBAAm KPS N/A H20, 60 N/A MBAAm-cl-CMGG-g-PAAm N/A N/A 831
acetone
9 HPGG AAm AAPBA 12959 (UV N/A Hy0 It 3h PBA-cl-HPGG-g-P(AAm-co- N/A N/A 971
at 360 nm) AAPBA)
Other monomers
67 GG NIPAAm TEOS APS, N2 H>0 rt N/A TEOS-cl-GG-g-PNIPAAm N/A N/A [273]
TEMED
68 GG AGA NaBH4 APS Ny H,0 60 2h NaBH4-cl-GG-g-PAGA N/A N/A [274]
69 GG AMPS MBAAm KPS Ny H0 70 3h MBAAm-cl-GG-g-PAMPS N/A N/A [276]
70 GG EA None KPS, H AA N/A H>0 35 1h GG-g-PEA N/A N/A [2771
71 GG HEMA None CAN, MW amb H>0 40s GG-g-PHEMA 114.22 1142 [278]
x 3

[a] Atm: atmosphere, amb: ambient, N/A: not available.
[b] m: minute.

2. Chemical structure and properties of GG

Galactomannan polysaccharide of GG is composed of mannose
(Man) backbones and galactose (Gal) side chains with an average Man:
Gal ratio varying between 1.8:1 and 2:1. Natural GG exhibits a signifi-
cantly high molecular weight, which can be found up to millions of Da
[66]. While Man moieties are linked via f-1,4-glycosidc bonds to
establish the polymer backbone, Gal side chains are connected to the
Man backbones by «-1,6-glycosidic bonds (insert of Fig. 1). Due to the
unique structure of galactomannan chain and numerous remaining hy-
droxyl (-OH) functional groups, hydrophilic GG has high solubility even
in cold water even though it is least hygroscopic among different types
of gums [67-69]. Moreover, because of the rich chemistry of these -OH
functional groups, further chemical functionalization and derivatization
of original GG can be easily performed [70-72]. On an average, each GG
monomer contains three anhydroglucose units (AGU), while each AGU
contains approximately three -OH groups, and therefore, the degree of
derivatization or substitution (DS) for each AGU might be up to three.
Additionally, the nucleophilicity of these -OH groups vary, i.e., less
bulky primary -OH groups are more nucleophilic than secondary -OH
groups [73].

3. Chemical functionalization and potential applications of GG
and its derivatives

3.1. Nucleophilic reactions

3.1.1. Etherification (GG-O-)

Etherification is one of the most common synthetic routes to chem-
ically modify GG due to its synthetic simplicity. Typically, GG is acti-
vated in Np-purged alkaline solutions, followed by an addition of
electrophilic alkylating agents to carry out nucleophilic substitution (Sy)
reactions. A summary of reported etherification reactions on GG can be
found in Fig. 2 and Table 2.

3.1.1.1. Carboxymethyl GG (CMGG) and its derivatives. Carbox-
ymethylation of GG has been reported via Sy of GG with monochloro-
acetic acid (MCA) or sodium chloroacetate in aqueous solutions [70,74],
lithium chloride/dimethylsulfoxide (LiCl/DMSO) solvent system [75],
or using dry method.[76] Carboxymethyl GG (CMGG) products can be
found as valuable starting materials to develop novel hydrogels and
coacervates for drug delivery [77-80].

In the recent past, Dalei et al. reported a similar procedure for the
carboxymethylation of GG using MCA in a solvent mixture of isopropyl
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Table 2

Reaction conditions for chemical modifications of GG and its derivatives.

European Polymer Journal 184 (2023) 111852

Entry  Reaction Reaction condition Product Ref.
Reactant Catalyst Atm Solvent T t Abbreviation DS Yield [%]
ra
Nucleophilic reactions
Etherfication
Carboxymethyl GG (CMGG) and its derivatives
1 Carboxymethylation (1) GG, NaOH None N/A IPA, H,0 It 2h CMGG N/A N/A [81]
(2) MCA None N/A IPA, H,0 60 8h N/A N/A
Cross-linking CMGG, CS, TEOS None N/A H,0 rt brief TEOS-cl-CMGG- - N/A
cs
NTP treatment CMGG-TEOS-cl- None 0.5 None N/A 30s TEOS-cl-CMGG- - N/A
CS, O, and/or Ar mbar CS@0,, TEOS-
cl-CMGG-
CS@Ar, TEOS-
cl-CMGG-
CS@O; + Ar
Drug encapsulation CMGG-TEOS-cl-CS  None N/A EtOH N/A 48h - - N/A
or CMGG-TEOS-cl- (dark)
CS@, diclofenac
sodium
2 Carboxymethylation (1) GG, NaOH None inert H,0 t 15m CMGG N/A N/A [82]
(2) MCA None inert H,O 50 4h N/A N/A
FRGP and cross- (1) CMGG, NaOH, None N/A H,0 60 30m MBAAm-cl- - N/A
linking AA and/or AAm, CMGG-g-PAA,
KPS MBAAm-cl-
CMGG-g-PAAm,
MBAAm-cl-
CMGG-g-P(AA-
co-AAm)
(2) MBAAm None N/A HxO 65 2h - N/A
3 FRGP and cross- CMGG, AAm, None N/A H,0, 60 N/A MBAAm-cl- - N/A [83]
linking MBAAm, meta- acetone CMGG-g-
BPDM, KPS PAAm/meta-
BPDM
4 FRGP and cross- CMGG, AA, None Ny H,0 50 12h MBAAm, Fe?*. - N/A [84]
linking MBAAm, cl-CMGG-g-PAA
FeCl-6H,0, KPS,
TEMED
5 Cross-linking CMGG, CA None N/A None 140 5m CA-cl-CMGG - N/A [85]
6 Cross-linking CMGG, PVA, TEOS None N/A H;0 N/A brief TEOS-cl-CMGG- - N/A [86]
PVA
NTP treatment TEOS-cl-CMGG- None 0.5 None N/A 30s TEOS-cl-CMGG- - N/A
PVA, N; or Nj + mbar PVA@N,, TEOS-
NHj3 cl-CMGG-
PVA@N, + NHs
Drug encapsulation TEOS-cl-CMGG- None N/A EtOH 37 24h TEOS-cl-CMGG- - N/A
PVA@, chrysin PVA@/chrysin
Hydroxypropyl GG (HPGG) and its derivatives
7 Hydroxypropylation (1) GG, NaOH None Ny H0 t 0.5h HPGG N/A [95]
(2) PO None Ny H0 It 0-30h 0-1.2<)
Cross-linking (1) HPGG, None N/A H,0 25 N/A boric acid-cl- - N/A
NayS,03, NayCO3 HPGG, Zr**-cl-
HPGG
(2) H3BO3 or None N/A HxO 25 N/A
sodium zirconium
lactate
8 Hydroxypropylation (1) GG, NaOH None N/A H;0 25 15m HDGG N/A N/A [96]
) 3- None N/A H>0, 50 24h N/A N/A
(hexadecyloxy)-1- THF
chloropropan-2-ol
(THF)
Drug encapsulation HDGG, AmB None N/A H,0, 25 16h HDGG/AmB - 92
(DMSO) (dark) DMSO
Drug encapsulation HDGG, AmB, Pip None N/A H,0, 25 16 h HDGG/AmB/ - 54
(DMSO) (dark) DMSO Pip
Drug encapsulation HDGG, AmB None N/A H20, 25 16h Eu-coated- - 87
and coating (DMSO), Eu (dark) DMSO HDGG/AmB
Drug encapsulation HDGG, AmB, Pip None N/A H,0, 25 16 h Eu-coated- - 80
and coating (DMSO0), Eu (dark) DMSO HDGG/AmB/
Pip
9 FRGP and cross- HPGG, AAm, 12959 N/A HxO It 3h PBA-cl-HPGG-g- - N/A [97]
linking AAPBA (UV at P(AAm-co-
360 nm) AAPBA)

(continued on next page)
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Table 2 (continued)

Entry  Reaction Reaction condition Product Ref.
Reactant Catalyst Atm Solvent T t Abbreviation DS Yield [%]
ra
10 Cross-linking (1) HPGG, PDA- None N/A H,0, Tt N/A borax, Fe’*ocl- - N/A [98]
rGO, FeCl3-6H,0 glycerol HPGG-PDA-rGO
(2) borax None N/A H,0 45 N/A - N/A
Methylated GG (MGG) and its derivatives
11 Methylation GG, NaOH, CH3l None Ny H,0 25 25 MGG 0.4 94 [100]
12 Methylation GG, NaOH, CH3l None Ny H0 25 25 MGG 0.4 94 [101]
Nanocomposite MGG, nanoclays, None N/A H,0 N/A O/N MGG/nanoclays - N/A
glycerol
Cationic GG (CGG) and its derivatives
13 Quaternization (1) GG, NaOH None N/A H,0, N/A N/A CGG 0.158 N/A [118]
EtOH
(2) EPTAC None N/A H,0, 55 3h
EtOH
14 Quaternization (1) GG, NaOH None N/A H,0, Tt 15m CGG 0.49 N/A [119]
MeOH
(2)CHPTAC None N/A H>0, 30 2h
MeOH
15 FRGP and cross- CGG, AA, SMA, None inert H,0 60 7h CTAB-cl-CGG-g- - N/A [121]
linking CTAB, APS P(AA-co-SMA)
16 Partial oxidation and CGG, CS, NalO4 None N/A H,0 It 24h cl-OCGG-CS - N/A [122]
cross-linking (dark)
17 Quaternization GG, CHPTAC, None N/A H,0 50 3h CGG 0.21 N/A [123]
NaOH
Partial oxidation CGG, NalO4 None N/A H0 It 24h 0CGG 4.8 N/A
(dark)
Cross-linking 0OCGG, CMCS None N/A H,0 Tt N/A cl-OCGG-CMCS N/A
Other GG derivatives
18 Nucleophilic (1) GG, NaOH None N/A H,0, IPA 50 1h APGG N/A N/A [130]
substitution
(2) CPA(IPA) None N/A H30, IPA 50 45h
Condensation APGG, NBA None No DMSO 80 3h BNI-PGG N/A N/A
Nucleophilic BNI-PGG, LPEI None Ny HxO 80 3h GG-g-LPEI 42.9-56.6 % N/A
substitution tel
Complex coacervation ~ GG-g-LPEI None N/A H0 55 10m GG-g-LPEl/ N/A
(acetate buffer), pDNA

PDNA (sodium
sulfate solution)
19 Nucleophilic (1) GG, NaOH None Ny H;0 t 30m GG-BA 0.164 83.1 [131]
substitution

(2) 4- None Ny Hx0 It O/N
(bromomethyl)
benzoic acid
20 Nucleophilic GG, NaOH, GMA None N/A H0 60 24h GG-GMA N/A N/A [132]
substitution
FRGP and cross- GG-GMA, sodium None N/A H,0 50, rt 30m GG-GMA-g-P N/A N/A
linking acrylate, DMAAm, (AA-co-
SPS DMAAm)
Drug loading GG-GMA-g-P(AA- None N/A HxO It 20h GG-GMA-g-P - N/A
co-DMAAm), HCS (AA-co-
DMAAm)/HCS
Esterification
21 Esterification GG, DA, NaOH, TsOH N/A None N/A N/A GG-RDA N/A N/A [136,137]
(microwave) DBSA (Solvent
free)
Cross-linking and GG-RDA, PVA, GA, HCl N/A H,0 60 5h GA-cl-GG-RDA- - N/A
drug loading glycerol, GS or AX PVA/GS or AX
22 Steglich esterification GG, FA, DCC DMAP N/A DMSO It 48h FA-GG N/A N/A [138]
(dark)
Esterification FA-GG, succinic DMAP N/A H0 It 24h FA-GG-SA N/A N/A
anhydride
Condensation (1) FITC- None N/A DMSO It 12h FA-GG-SA-FITC- N/A N/A
Si0,@Au, LCME Si0,@Au-DOX
(2) FA-GG-SA, NHS N/A DMSO Tt 12h
EDC
(3) hydrazine None N/A DMSO It 3h
(4) DOX None N/A DMSO Tt 24h
23 Esterification GGH, DDSA NaHCO3 N/A H,0, 45 2h GGH-DDSA 0.029 N/A [140]
EtOH
Esterification GGH, OSA NaHCO3 N/A H>0, 85 2h GGH-OSA 0.07 N/A
EtOH
24 Esterification GG, MA EtzN N/A DCM 40 3-4h GG-MA N/A N/A [141]
25 Esterification GG, MA DMAP N/A ACN 25 12h GG-MA N/A N/A [142]

(continued on next page)
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Table 2 (continued)

Entry  Reaction Reaction condition Product Ref.
Reactant Catalyst Atm Solvent T t Abbreviation DS Yield [%]
ra
aza-Michael addition GG-MA, CS-g-PCL None N/A H,0 60 24h cl-GG-MA-CS-g- N/A N/A
PCL
Drug encapsulation (1) GG-MA/CS-g- None N/A H,0, It 30m cl-GG-MA-CS-g- - N/A
PCL, rifampicin DMSO PCL/ rifampicin
(2) ultrasonication None N/A H,0, ~0 5m
DMSO
26 Esterification GG, oleic/ None N/A acetone 50 12h OGG, LGG, EGG 0.01-0.08 90.2-94.4 [143]

linoleic/ erucic
acyl chlorides,

NaOH
27 Esterification GG, cinnamoyl DMAP Na LiCl/ 30 4h GG-C 0.79-1.40 N/A [144]
chloride DMSO
Ouzo GG-C (DMSO) None N/A H,0, t 30h GG-C-N - N/A
nanoprecipitation DMSO
(nanonization)
28 Esterification GG, 2-(1H-indol-3- DMAP Ny LiCl/ 30 3h GG-IA 0.61 N/A [149]
yDacetyl chloride DMSO
Cross-linking and GG-IA, keratin, None inert H,0 42 18h GA-cl-GG-IA- - N/A
solvent-casting GA, glycerol keratin
29 Esterification (1) GG, NaOH None N/A H,O N/A N/A AGG N/A N/A [150]
(2)acryloyl None N/A N/A ice N/A
chloride
FRGP and cross- AGG, AA, KSPA, None N/A Hx0 60 3h MBAAm-cl- - N/A
linking MBAAm, APS AGG-g-P(AA-co-
KSPA)
Drug loading MBAAm-cl-AGG- None N/A H0 37 8h MBAAm-cl- - N/A
g-P(AA-co-KSPA), AGG-g-P(AA-co-
GMS KSPA)/GMS
Xanthation
30 Xanthation (1) GG, NaOH None Ny H;0 It 30m GG-X 0.132 87.23 [161]
(2)CS2 None N2 Hx0 t 25h
Surfactant-assisted GG-X, CuCly, Na,S None No H,0 85 2h GG-X/CuS - N/A
precipitation
Silanization/ Silylation
31 Silylation GG, APTES None N/A toluene 100 48h GG-APS N/A N/A [169]
Schiff-base GG-APS, FFR None N/A MeOH reflux  72h GG-APS-FFR N/A N/A
condensation
Metal complexation GG-APS-FFR, None N/A H,0 It 5h GG-APS-FFR-Pd - N/A
NapPdCly
32 Silylation GG, APTMS None Ny Hx0 100 24h GG-APS N/A N/A [170]
Schiff-base GG-APS, SA None Ny EtOH 80 24h GG-APS-SA N/A N/A
condensation
Metal complexation GG-APS-SA, Cu None N/A EtOH 80 24h GG-APS-SA-Cu - N/A
(OAc),
Phosphorylation
33 Phosphorylation, GG, SL, DCC, Fe None N/A CHCl3 60 3h MBAAm-cl-GG- N/A 78 [178]
metal dispersion and (0), MBAAm SL/Fe®
cross-linking
34 Phosphorylation (1) GG, urea None N/A DMF 110 1h GG-P N/A 95 [180]
(2) H3PO4 None N/A DMF 150 3h
Cross-linking (1) GG-P, CS, None N/A H,0 50 1h ECH-cl-GG-P- - N/A
Fe304 CS/Fe304
(2) ECH(dioxane) None N/A H,0, 1,4- 60 3h
dioxane
Sulfation
35 Sulfation (O’Neill GG or GGH, py, None N/A HCHO 0 1h GG-S-0, GGH-S- 1.26, 1.21 N/A [184]
method) chlorosulfonic 40 6h [e]
acid
Sulfation (Larm GG or GGH, None N/A DMF 25 6h GG-S-L, GGH-S- 0.38,1.91 N/A
method) SO3-py L
36 Sulfation GG, chlorosulfonic None N/A 1,4- 60 29h GG-S 0.91 N/A [185]
acid dioxane
37 Sulfation GG, urea, sulfamic None N/A 1,4- 80 3h GG-S 0.78 N/A [186]
acid dioxane
Amination
38 Amination 1) GG, None N/A H,0 t O/N GG-N N/A N/A [190]
ethylenediamine
(2) HC1 None N/A H,0 It 30m
Cross-linking GG-N, GO, borax None N/A H,0 It 3h borax-cl-GG-N- - N/A
GO

Partial oxidation
TEMPO-mediated oxidation

(continued on next page)
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Entry  Reaction Reaction condition Product Ref.
Reactant Catalyst Atm Solvent T t Abbreviation DS Yield [%]
ra
39 TEMPO oxidation GG, NaOCl NaBr, Ny H,0 3 N/A 0GG 1.214 71 11991
TEMPO
40 Enzymatic TEMPO GG, Oy Laccase, N/A H,O 35 3h 0GG N/A N/A [200]
oxidation and self- TEMPO It 24h

cross-linking
Periodate-mediated oxidation

41 Periodate oxidation GG, NalO4 None N/A H,0 N/A N/A cl-DAGG N/A N/A [208]
and self-cross-linking
42 Periodate oxidation, GG, Ag NPs@MIL-  None N/A H,0 It N/A cl-DAGG/Ag N/A N/A [209]
self-cross-linking and 100(Fe), NalO4 NPs@MIL-100
nanocomposite (Fe)
43 Periodate oxidation GG, NalOy4 None N/A H,0 It 6h DAGG 78 % N/A [210]
(dark)
Cross-linking and DAGG, gelatin, None N/A H;0 40 45m cl-DAGG- - N/A
incorporation GTE, ethylene It 24h gelatin/GTE
glycol
44 Periodate oxidation GG, NalO4 None N/A H,0 Tt 6h DAGG 72% N/A [211]
(dark)
Cross-linking and DAGG, CS, PPE None N/A H,0 rt 24h cl-DAGG-CS/ - N/A
incorporation PPE
45 Periodate oxidation GG, NalOy4 None N/A H,0 25 24h DAGG 56.3 % N/A [212]
(dark)
Cross-linking DAGG, CMCS None N/A Hx0 37 30m cl-DAGG-CMCS - N/A
Drug loading cl-DAGG-CMCS, None N/A H,O0 N/A 48 h cl-DAGG- - N/A
DOX CMCS/DOX
46 Periodate oxidation GG, NalO4 None N/A H,0 N/A 2h DAGG N/A N/A [213]
(dark)
Cross-linking and DAGG, Cur-zein None N/A H,0 N/A N/A cl-DAGG-SF/ - N/A
drug loading NPs, SF Cur-zein NPs
47 Periodate oxidation GG, NalO4 None N/A H;0 40 4h DAGG N/A N/A [218]
Schiff-base DAGG, GH None N/A EtOH 45 72h DAGG-GH N/A N/A
condensation
48 Schiff-base DAGG, SH TsOH N/A EtOH 45 72h DAGG-SH N/A N/A [219]
condensation
49 Periodate oxidation GG, NalO4 None N/A H,0 40 8h DAGG 67.6 % N/A [220]
(dark)
Nucleophilic acyl MBAAm-cl-P(AA- None N/A H,0 80 3h MBAAm-cl-P N/A N/A
substitution co-MMA), (AA-co-
hydrazine-H,0 MMASH)
Cross-linking DAGG, MBAAm- AcOH N/A EtOH 85 4h hydrazine-cl- - N/A
cl-P(AA-co- DAGG MBAAm-
MMASH) cl-P(AA-co-
MMA)
50 Periodate oxidation GG, NalO,4 None N/A H0 40 24h DAGG 0.59-1.79'¢ 77.5 [221]
(dark) (30.12-60.63
%)
Ghlorite oxidation DAGG, NaClO, AcOH N/A H,0 30 48h DCGG 0.49-1.62!9 82
Cross-linking DCGG, FeSOy, None Na H,0 30 24h Fe?*-cl-DCGG None 64
Graft polymerization
51 SGP GG, HTPB, IPDI, DBTDL Ny None 90 N/A GG-PU - N/A [225]
BDO
52 SGP (1) PCLD, DMBA, None Ny None 80 2h GG-PU - N/A [226]
IPDI
(2) GG, TEA None Na None 80 1h
(3) BD None Ny None 80 1h
53 ROP GG, e-cL. SnAK amb None t 2h GG-g-PCL - 92-94 % [232,233]
120 15-20
m
54 FRGP GG, AA, Ala, APS None Ny H,0 It 15m Ala-cl-GG-g- - N/A [256]
PAA
Drug loading GG-g-PAA, None N/A H,O N/A 2h Ala-cl-GG-g- - 65-75 %
levofloxacin (PBS) PAA/
levofloxacin
55 FRGP GG, AA, MBAAm, None N/A HxO 30 N/A MBAAm-cl-GG- - N/A [258]
APS g-PAA
Drug loading MBAAm-cl-GG-g- None N/A H0 37 48h MBAAm-cl-GG- - 94 %
PAA, vitamin B6 g-PAA/vitamin
B6
57 FRGP GG, AA, APS None N/A HxO 50 N/A GG-g-PAA - N/A [260]
Nanocomposite GG-g-PAA, None N/A H,0 N/A 10m MBAAm-cl-GG- - N/A
AgNOs3, NaBH,, g-PAA/Ag NPs
MBAAm

(continued on next page)



T.-A. Le and T.-P. Huynh European Polymer Journal 184 (2023) 111852

Table 2 (continued)

Entry  Reaction Reaction condition Product Ref.
Reactant Catalyst Atm Solvent T t Abbreviation DS Yield [%]
ra
59 FRGP GG, AA, AN, None N/A H0 N/A 90 s MBAAm-cl-GG- - 50-86.6 [262]
MBAAm, MW g-P(AA-co-AN) %
Drug encapsulation MBAAm-cl-GG-g-P None N/A H,O 25 60 m MBAAm-cl-GG- - N/A
(AA-co-AN), TQ g-P(AA-co-AN)/
Q
66 FRGP GG, AAm, AGA, None N/A H0 60 10m MBAAm-cl-GG- - N/A [272]
MBAAm, APS g-P(AAm-co-
AGA)
Incorporation (1) MBAAm-cl- None N/A H,0 25 24h MBAAm-cl-GG- - N/A
GG-g-P(AAm-co- g-P(AAm-co-
AGA), AgNO; AGA)/Ag NPs
(2) rhubarb None N/A H,0 25 12h
extract (dark)
67 Hot-guess (1) p-CD, FU (1:1) None N/A H,0 N/A 24h p-CD/FU - N/A [273]
complexation
(2) freeze-drying None N/A N/A —55 48 h
FRGP, cross-linking (1) GG, NIPAAm, None Ny H,0 It N/A TEOS-cl-GG-g- - N/A
and drug loading APS, TEMED PNIPAAm-FU or
TEOS-cl-GG-g-
PNIPAAm-
$-CD/FU
(2) TEOS None Na H,0 Tt 24h
(3) FU or B-CD/FU  None No H0 t brief
68 FRGP GG, AGA, APS None Ny HxO 60 2h GG-g-PAGA - N/A [274]
Nanocomposite and GG-g-PAGA, None N/A H0 N/A N/A NaBH;-cl-GG-g- - N/A
cross-linking AgNO3, NaBH,4 PAGA/Ag NPs
71 FRGP GG, HEMA, CAN None N/A HxO N/A 40's x GG-g-PHEMA - N/A [278]
(Mw) 3
Drug loading (1) GG-g-PHEMA, None N/A EtOH 50 N/A GG-g-PHEMA/ - N/A
PVP, ASA ASA
(2) magnesium None N/A None N/A N/A
stearate, SiO,
Cross-linking
B-O-
72 Cross-linking GG, peptide, borax ~ None N/A H,0 It 15m borax-cl-GG- - N/A [288]
SAP
73 Cross-linking GG, GelG, borax None N/A H,0 80 1h borax-cl-GG- - N/A [289]
GelG
74 Cross-linking GG, borax None N/A Hx0 It 45h borax-cl-GG - N/A [290]
Nanocomposite KMnOy4, NaOH, None N/A H,0 It O/N borax-cl-GG/ - N/A
borax-cl-GG MnO,
75 Nanocomposite CNC, PdCl,, None N/A H;0 It 2h CNC/Pd NPs - N/A [291]
NaBH4
Cross-linking GG, CNC/Pd, None N/A H0 N/A N/A NaBHy-cl-GG/ - N/A
NaBH,4 CNC/Pd NPs
76 Nanocomposite Cur (DMSO), None N/A H,0 100 1h Cur-Ag NPs - N/A [292]
K,CO3, AgNO3
Cross-linking GG, Cur-Ag NPs, None N/A H,0 N/A N/A borax-cl-GG/ - N/A
NaOH, borax Cur-Ag NPs
77 Cross-linking GG, PVA, AgNO3, None N/A H,0 It 48 h NaBH,4-cl-GG- - N/A [293]
NaBH4 PVA/Ag NPs
C-0-
78 Coprecipitation (1) FeCls, FeCl,, None Na H,0 70 15m Fe304 NPs - N/A [295]
NH;
(2) CA None N, H,0 70 1h
Cross-linking GG, Fe304 NPs, None Na IPA 60 3h GA-cl-GG/Fe304 - N/A
GA, NaOH NPs
79 Encapsulation (1) STMS, GA None N/A EtOH It 48 h PDA-STMS/GA - N/A [296]
(2) DA-HCI, None N/A EtOH It 36h
Tris-HCI
Cross-linking and PDA-STMS/GA, None N/A H,0 It 2h GA, Fe**-cl-GG/ - N/A
nanocomposite Fe**, GG, SAL SAL/DA-STMS/
GA
80 Cross-linking and GG, activated C, None N/A Hx0 60 24h glyoxal-cl-GG/ - N/A [297]1
nanocomposite glyoxal activated C
Si-O-
81 Drug loading and GG, CS, PEG, CED,  None N/A H0 60 2h TEOS-cl-GG-CS- - N/A [298]
cross-linking TEOS PEG/CED
82 Drug loading and GG, ARX, SSD None N/A H,0 60 3h TEOS-cl-GG- - N/A [299]
cross-linking (MeOH), TEOS ARX/SSD
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Reactant Catalyst Atm Solvent T t Abbreviation DS Yield [%]
[°cl
83 Drug loading and GG, CS, PVA, None N/A H,0 55 3h TEOS-cl-GG-CS- - N/A [300]
cross-linking paracetamol, PVA/

TEOS paracetamol

P-O-

84 Cross-linking GG, SL, glycerol, None N/A H;0 N/A 2h STMP-cl-GG/ - N/A [301]
orange oil, NaOH, orange oil

STMP

[c] degree of molar substitution (MS).
[d] mmol g~
[e] degree of amination.

alcohol (IPA) and water [81]. The obtained CMGG product was then
cross-linked with chitosan (CS) using tetraethyl orthosilicate (TEOS) to
give TEOS-cl-CMGG-CS hydrogels. Due to the presence of carboxylic
acid (-CO2H) and amino (-NHjy) functional groups from CMGG and CS
respectively, TEOS-cl-CMGG-CS hydrogels are responsive to a wide
range of pH values, which plays an important role in swelling and drug
delivery properties of hydrogels. Further surface modification of the
hydrogels was then performed in a direct current glow discharge plasma
reactor, using Ar, Oy or a mixture of Ar and O, gases. The non-thermal
plasma (NTP)-treated TEOS-cl-CMGG-CS (TEOS-cl-CMGG-CS@) hydro-
gels show a significant decrease in contact angles with water, hence, a
significant increase in wettability of the hydrogel surface. The TEOS-cl-
CMGG-CS@ hydrogels are promising candidates for the delivery of
diclofenac sodium non-steroidal anti-inflammatory medication to
human colon. They also possess good biocompatibility to human blood
cells, as well as excellent biodegradability.

In order to study surface topography, roughness and swelling prop-
erties of CMGG by atomic force microscopy, Hasan and coworkers also
used MCA in an aqueous alkaline solution to modify GG (see Table 1)
[82]. Free-radical graft polymerization (FRGP) was then employed on
CMGG with pH-responsive acrylic acid (AA) and/or thermo-responsive
acrylamide (AAm) monomers, potassium persulfate (KPS) free-radical
initiator, N,N’-methylenebis(acrylamide) (MBAAm) cross-linker to pre-
pare MBAAm-cross-linked AA grafted CMGG (MBAAm-cl-CMGG-g-
PAA), MBAAm-cross-linked AAm grafted CMGG (MBAAm-cl-CMGG-g-
PAAm) and MBAAm-cross-linked AA-co-AAm grafted CMGG [MBAAm-
cl-CMGG-g-P(AA-co-AAm)] hydrogels.

In addition, FRGP of CMGG with AAm monomer and MBAAm cross-
linker was reported by Chauhan et al. to fabricate a hydrophilic poly-
meric platform with embedded hydrophobic meta-benziporphodime-
thene (meta-BPDM), namely, MBAAm-cl-CMGG-g-PAAm/meta-BPDM
[83]. The newly fabricated hydrogel can be employed in colorimetric
sensing of aqueous d'*-metal ions such as Zn?*, Cd** and Hg?*. Upon
the exposure to these ions, metal complexation with embedded meta-
BPDM in the hydrogel allows a color change from red to blue-green,
while no color change is observed with other interfering alkali, alka-
line and transition metal ions such as Na*, K*, Ca®*, Mg?*, cr®*, Fe3*,
Fe?*, Mn?*, Co?*, Ni%*, Cu®* and Pb?".

Moreover, CMGG-based hydrogels can be prepared by combining
FRGP of AA monomers and Fe®* cross-linking process in an aqueous
solution of CMGG as reported by Chen and coworkers [84]. N,N,N",N’-
tetramethylethylenediamine (TMEDA or TEMED) was chosen to initiate
KPS for the grafting reaction. The obtained MBAAm, Fe®*-cross-linked
CMGG-g-PAA (MBAAm, Fe*-cl-CMGG-g-PAA) hydrogels possess dy-
namic, reversible hydrogen bonding and coordinate covalent bonding
between -CO.H groups from CMGG and PAA, resulting in strong,
stretchable and self-healing ionic conductive hydrogels. These hydrogels
can also be fabricated into strain sensors to monitor human body
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motions e.g. joint bending, swallowing and speaking, with great sensi-
tivity and repeatability.

Citric acid (CA) was chosen by Orsu and Matta to cross-link CMGG at
high temperature through several continuous steps of forming cyclic
carboxylic acid anhydride, followed by esterification reactions with
remaining -OH groups on CMGG [85]. The prepared CA-cross-linked
CMGG (CA-cl-CMGG) scaffold films show good hemocompatibility to
human blood and great potential for wound healing and drug release of
ciprofloxacin up to 60 % over 60 min under physiological pH and
temperature.

Dalei et al. incorporated pH-responsive CMGG and polyvinyl alcohol
(PVA) due to its good capacity in forming films, stability towards pH and
temperature [86]. The two polymers were cross-linked by TEOS to
obtain TEOS-cross-linked CMGG-PVA (TEOS-cl-CMGG-PVA) hydrogels
with good mechanical integrity and pH-responsivity. Surface properties
of the TEOS-cI-CMGG-PVA hydrogels such as wettability, energy,
topography were of great interest to enhance their biocompatibility.
NTP modification was also carried out using N or a mixture of N and
NHj3 to improve surface wettability and to induce topographical changes
of hydrogels. NTP-treated TEOS-cl-CMGG-PVA (TEOS-cl-CMGG-PVA@)
hydrogels show good antibacterial activity against Escherichia coli
(E. coli), hemocompatibility, biodegradability, as well as great potential
for the delivery of chrysin (5,7-dihydroxyflavone) as a natural anti-
cancer bioflavonoid to colon.

3.1.1.2. Hydroxypropyl GG (HPGG) and its derivatives. Over the years,
hydroxypropyl GG (HPGG) has been well-known as a more hydrophobic
derivative of native GG [87]. HPGG and its similar compounds can be
found in fracturing fluids [88-90], fragile surface cleaning [91], stabi-
lization of fly ash suspensions [92], as a binder in lithium-ion batteries
[93], detection of NH3 [94], etc.

In order to modify the hydrophilicity, water dissolution and tem-
perature resistance of native GG, Gao and Grady recently studied in
detail the kinetics of hydroxypropylation of GG in aqueous solution
[95]. After the activation of GG by sodium hydroxide (NaOH), propylene
oxide (PO) was used to carry out nucleophilic reaction in a polymeri-
zation reaction manner to obtain oligomeric PO chains linked to GG.
Under the chosen reaction conditions, the reaction was found to be first
and zeroth order with respect to the concentration of GG and PO
respectively. Proton nuclear magnetic resonance (H NMR) was
employed to quantify the amount of PO repeating units on GG. However,
because different oligomeric chains of PO units might be attached onto
each AGU of GG, the degree of molar substitution (MS) based on the
average number of moles was reported instead. The reported MS values
of HPGG vary from 0 to 1.2, depending on the reaction time. In addition,
boric acid (H3BO3) and Zr** ions were used to create boric acid-cross-
linked HPGG and Zr**-cross-linked HPGG (boric acid-cl-HPGG and
Zr**-cl-HPGG respectively) to get viscoelastic gels. Rheological studies
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suggest that Zr*" ions can provide much better cross-linking than bo-
rates in the same concentration range between 20 and 200 ppm at pH
above 9.5.

To further explore the drug delivery behavior of HPGG, Ray et al.
employed the hydroxypropylation of GG using 3-(hexadecyloxy)-1-
chloropropan-2-ol electrophiles to prepare a new derivative of GG,
namely 6-O-(3-hexadecyloxy-2-hydroxypropyl)-GG (HDGG) [96].
HDGG was used to encapsulate polyene antibiotic amphotericin B
(AmB) and piperine (Pip) due to their potential antileishmanial activity
and ability to enhance the bioavailability of various drugs respectively.
In addition, the encapsulated HDGG nanoparticles were also coated with
eudragit L30D (Eu) for oral medication administration. In vitro and in
vivo studies of the final nanoparticle products were performed to show
good controlled drug release at the designated organs, great drug
bioavailability, antileishmanial activity and non-nephrotoxic nature.

From HPGG starting material, Lu et al. recently reported a novel
FRGP of GG using AAm, 3-acrylamidophenylboronic acid (AAPBA)
monomers and Irgacure 2959 (12959) photo-initiator [97]. The AAPBA
monomers offer both double bonds for copolymerization and boric acid
moieties for cross-linking with remaining hydroxyl groups on HPGG via
phenylboronic acid (PBA)-diol ester bonds. These ester bonds are
responsive to pH changes and therefore, acid-base chemistry can be
employed to tune mechanical properties of the self-healing PBA-cross-
linked AAm-co-AAPBA grafted HPGG [PBA-cl-HPGG-g-P(AAm-co-
AAPBA)] hydrogel products. Rheological results indicate a significant
improvement in mechanical behaviors of the hydrogels when pH varies
from acidic to neutral and alkaline conditions (4.00, 7.00, 8.15 and
9.00).

Besides taking advantage of hydrogen bonding and boron-based
cross-linkers, Sun and coworkers also explored the mussel-inspired
chemistry of catechol and Fe®* to form hydrogels between HPGG and
polydopamine-coated reduced graphene oxide (PDA-rGO) [98]. The
obtained borax, Fe®*-cross-linked HPGG-PDA-rGO (borax, Fe®*-cl-
HPGG-PDA-rGO) hydrogels possess numerous dynamic, reversible and
pH-sensitive cross-linkers between hydroxyl groups on HPGG and
catechol groups from PDA-rGO through boron and Fe", resulting in
good self-healing and mechanical properties. While PDA-rGO offers
more flexibility and electrical conductivity to the hydrogel, glycerol also
enhances the freeze resistance and moisture retention of the material.
Borax, Fe>*-cl-HPGG-PDA-rGO hydrogels might be employed to fabri-
cate flexible sensors, which can detect different types of human motion
over a wide temperature range (-20 to 30 °C) with good stability and
repeatability.

3.1.1.3. Methylated GG (MGG) and its derivatives. Methylation of GG
can be carried out to decrease the hydrophilicity of GG, hence,
enhancing barrier and mechanical properties, as well as sealability
against humidity of GG-based biodegradable films [99].

Recently, Tripathi et al. carried out the methylation of GG using
methyl iodide in an aqueous solution of NaOH to yield methylated GG
(MGG) [100]. The obtained product shows improvements in crystal-
linity, hydrophobicity, thermal stability, mechanical and barrier prop-
erties to water vapor transmission, hence, the MGG product can be used
as biodegradable food packaging films. In addition, the mechanical and
barrier properties against humidity transmission can be further
enhanced by incorporating nanoclays, e.g. inorganic bentonite nanofil
116 and organically modified bentonite cloisite 204, into MGG to create
nanocomposite films [101]. Beneficial effects of these nanoclays were
observed as the concentration of nanoclays increased up to 20 % w/w,
while no significant change in the opacity of the nanocomposite films
was reported.

3.1.1.4. Quaternized/ cationic GG (QGG/CGG) and its derivatives. The
introduction of quaternary ammonium groups (quaternization) to GG is
one of the most common approaches to obtain cationic GG (CGG) [102].
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In the past, nucleophilic reactions between GG and etherifying reagents
such as N-(3-chloro-2-hydroxypropyl)-trimethyl ammonium chloride
(CHPTAC) in aqueous medium [103,104], aqueous IPA solution [105],
2,3-epoxypropyltrimethylammonium chloride (EPTAC, glycidyltrimeth
ylammonium chloride, GTMAC) in aqueous EtOH medium [106], etc.
were reported. Since CGG shows no harmful effect on natural environ-
ment or human health, it has been found in cosmetic products
[107,108], protein drug release [109], and liposome encapsulation
[110]. Moreover, CGG can also be employed in developing complex
membranes and films for oil/water separation [111], antibacterial
packaging [112-114], as depressants in flotation separation,[115] and
stabilizers for zirconia suspensions as well as plasma emulsion
[116,117].

In the recent time, Nakamura and coworkers used EPTAC (GTMAC)
cationizing reagent in an aqueous EtOH solution to introduce positive
charge to non-ionic GG [118]. The CGG product was used as a flocculant
for negatively charged bentonite aqueous suspensions. In order to
optimize the reaction conditions for the quaternization of GG, Tyagi
et al. recently employed the well-known Taguchi’s statistical method-
ology in designing and optimizing experimental conditions [119,120].
Due to the instability, toxicity, and high cost of EPTAC, CHPTAC was
used to quaternize GG instead. Under alkaline condition, CHPTAC might
easily be converted into EPTAC in situ, followed by nucleophilic reac-
tion with activated GG. Several reaction factors were tested, namely,
concentration of alkali and cationizing reagent, reaction time and tem-
perature, using Taguchi Ly orthogonal array (4°). The optimized
experimental condition was reported that GG was dispersed in aqueous
MeOH (80 % v/v) with a GG:solvent ratio of 1:20, together with 3.24
mol of NaOH and 2.04 mol of CHPTAC per each mole of GG AGU for 2 h
at 30 °C. Among different experimental factors, the reaction time and
amount of NaOH play a crucial role in the quaternization of GG.

FRGP was employed by Jing et al. to develop ultra-stretchable, self-
healing hydrogels based on hexadecyl trimethyl ammonium bromide
(CTAB)-cross-linked AA-co-stearyl methacrylate (SMA) grafted CGG
[CTAB-cl-CGG-g-P(AA-co-SMA)] [121]. The quaternary amine groups in
CGG offer hydrogen bonding and ionic interaction with carboxylate
moieties in AA, hence, enhancing the mechanical strength of the
hydrogel product. In addition, CTAB cross-linker was chosen to reinforce
physical intermolecular interaction of the hydrogel by ionic attraction
between positively charged ammonium groups and carboxylate groups
from AA, as well as hydrophobic dispersion force between aliphatic
hexadecyl chains and stearyl chains from SMA. Due to the presence of
various dynamic intermolecular interaction in CTAB-cl-CGG-g-P(AA-co-
SMA), the hydrogel shows self-healing capacity, ionic conductivity and
can be used to develop strain electronic sensors.

Besides the quaternization of GG, partial oxidation of CGG has also
been considered to broaden the applicability of CGG. Dai et al. reported
a simple procedure to cross-link oxidized CGG (OCGG) and CS without
employing extraneous cross-linking agents [122]. Several hydroxyl
groups on CGG and CS were partially oxidized by sodium periodate
(NalOy) first to yield aldehyde functional groups. These aldehyde groups
subsequently reacted with remaining -OH groups on OCGG, -OH and/or
-NH; groups from CS to form a cross-linked hydrogel via acetal and
imine chemical bonds. The received cross-linked OCGG-CS (cl-OCGG-
CS) hydrogel responds to pH changes due to the chemistry of acetal and
imine bonds. In addition, cl-OCGG-CS possesses thermal responsiveness
within the temperature range between 25 and 80 °C, and adhesiveness
towards various surfaces e.g. metal, glass, plastic, wood and human skin.
The gel is also an efficient adsorbent for the removal of phosphate in
wastewater treatment and the obtained phosphate-adsorbed hydrogel
can be utilized to fabricate N,P-doped carbon aerogel electrodes in
supercapacitors.

Moreover, Yu et al. proposed an idea of cross-linking OCGG and
carboxymethyl CS (CMCS) to create hydrogels for wound dressing
[123]. Criteria for hydrogel properties in wound dressing can be found
from some of these excellent reviews [124-128]. While CGG can offer
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Fig. 3. Esterification of GG by carboxylic acids, acid anhydrides and acyl halides.

antibacterial activity due to the presence of quaternary ammonium
groups [129], remaining -OH groups of CGG can also be partially
oxidized to yield aldehyde groups for further cross-linking with CMCS.
The cross-linked OCGG-CMCS (cl-OCGG-CMCS) hydrogel product has
excellent antibacterial activity against E. coli and Staphylococcus aureus
(S. aureus), hemostatic, cytocompatible, self-healing, injectable proper-
ties and great potential in wound dressing and healing.

3.1.1.5. Other derivatives of GG. Etherification remains as one of the
most convenient approaches to modify GG. To create a novel non-viral,
receptor-targeted gene delivery vector system for gene therapy against
triple negative breast cancer (TNBC), Jana et al. performed several
consecutive chemical transformations on GG [130]. GG was conjugated
with low-molecular-weight polyethylenimine (LPEI), which has been
reported as a non-viral carrier due to its high transfection efficiency, by
using 4-bromo-1,8-naphthalic anhydride coupling agent. In the first
step, Sy reaction was carried out between GG and 3-chloropropylamine
(CPA) to form 3-aminopropyl GG (APGG). LPEI was then grafted to
APGG via naphthalimide moieties to yield the final cationic LPEI grafted
GG (GG-g-LPED) product. Finally, complex coacervation between

cationic GG-g-LPEI and anionic EGFP-N1 plasmid DNA (pDNA) was
performed to form GG-g-LPEI/pDNA final coacervate product. The
synthesized GG-g-LPEI has excellent blood and cyto-compatibility to-
wards cervical HeLa and triple negative breast MDA-MB-231 cancer
cells. GG-g-LPEI with 10 % the concentration of LPEI shows the highest
in vitro transfection efficiency in TNBC, comparing to other concentra-
tions of LPEIL Higher transfection efficiency in MDA-MB 231 cell line
comparing to HeLa cell line has been reported and suggested due to the
overexpression of mannose receptors in MDA-MB-231 cells.

Recently, Le and coworkers introduced benzoic acid (BA) moieties
onto GG to yield GG-benzoic acid (GG-BA) [131]. After activating GG by
NaOH in aqueous solution, 4-(bromomethyl)benzoic acid (BMBA) was
used to provide BA moieties to the Sy reaction on GG. BA can offer rich
coordination chemistry due to the presence of carboxylic acid functional
groups, as well as hydrophobicity and = stacking intermolecular inter-
action from aromatic rings. Density functional theory (DFT) was
employed to study electronic properties and visualize molecular orbitals
of GG-BA. GG-BA with the concentration up to 4000 pg mL ! shows
good biocompatibility to mouse embryonic fibroblasts, human mam-
mary epithelial cells and can potentially be used to develop novel
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biomaterials such as bioadhesives, hydrogels, and coacervates.

In addition, Reis and coworkers also chemically introduced vinyl
moieties onto GG via etherification reaction with epoxide groups from
glycidyl methacrylate (GMA) [132]. The obtained glycidyl methacrylate
guar gum (GG-GMA) was grafted with AA (in the sodium acrylate salt
form) and N,N-dimethylacrylamide (DMAAm) spacer to yield AA-co-
DMAAm grafted GG-GMA [GG-GMA-g-P(AA-co-DMAAm)] hydrogels as
colon-targeting drug carriers. The obtained GG-GMA-g-P(AA-co-
DMAAm) hydrogels show pH-responsiveness and swelling at intestinal
PH 6.8 comparing to gastric pH 1.2, due to the presence of carboxylic
acid functional groups. The hydrogel possesses low cytotoxicity to 3T3
cells line murine with hydrogel concentration up to 1000 ug mL~" and
can be used for the controlled release of hydrocortisone (HCS) model
drug.

3.1.2. Esterification (GG-O-CO-)

Esterification of -OH groups on GG can be carried out using car-
boxylic acids and their reactive derivatives such as carboxylic acid an-
hydrides and acyl halides (Fig. 3, Table 2) [133-135].

To increase the hydrophobicity of GG, Bajpai and Raj used ricinoleic
dimer acid (RDA) to esterify GG in the presence of dodecylbenzene-
sulfonic acid (DBSA) and catalytic amount of tosylic acid (TsOH), under
microwave (MW) irradiation condition [136,137]. GG-ricinoleic dimer
acid (GG-RDA) ester product is less susceptible to microbial growth than
original GG and can be cross-linked with PVA by glutaraldehyde (GA) to
form GA-cross-linked GG-RDA-PVA (GA-cl-GG-RDA-PVA) biofilms. Hy-
drophilic antibiotic gentamicin sulfate (GS) and hydrophobic amoxi-
cillin (AX) medications were successfully loaded into GA-cl-GG-RDA-
PVA films for wound dressing and drug delivery applications. These
films show good biodegradability, resistance toward microbial growth
of E. coli, S. aureus and Candida albicans (C. albicans), moisture-retention,
wound exudate absorption capacity and wound healing properties.

Recently, Rajkumar and Prabaharan have reported complex chemi-
cal transformations of GG to prepare muti-functional nanoparticles for
simultaneous cancer imaging and therapy [138]. Folic acid (FA) was
first conjugated to GG as a tumor-targeting ligand to assist the drug
delivery process to tumor sites, i.e. better cellular uptake and cytotox-
icity for cancer cells via folate receptor-mediated endocytosis [139].
Steglich esterification with N,N’-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP) catalyst was chosen to provide a mild
reaction condition for FA and GG at room temperature in DMSO. FA-
conjugated GG (FA-GG) product was further esterified with succinic
anhydride to introduce succinic acid (SA) moieties onto FA-GG to yield
FA-GG-succinic acid (FA-GG-SA). Meanwhile, fluorescein isothiocya-
nate-SiOz core-Au shell-L-cysteine methyl ester (FITC-SiO2@Au-LCME)
nanoparticles were synthesized for fluorescence-computed tomography
of cancer cells. SiO; core-Au shell (SiO,@Au) nanoparticles offer good
mesoporous structure, large surface area, biocompatibility and photo-
stability. While conjugated fluorescein isothiocyanate (FITC) can exhibit
emission spectrum peak wavelengths of around 490 nm corresponding
to green fluorescence, L-cysteine methyl ester (LCME) linkers can con-
nect FITC-SiO,@Au via Au-S bonds, FA-GG-SA via amide bonds based
on remaining SA moieties, and doxorubicin (DOX) chemotherapy
medication via acid-cleavable hydrazone bonds. The acid-sensitive
hydrazone bonds allow the controlled release of DOX at pH 5.6 inside
Hela cancer cells, while remain stable at physiological pH 7.4. EDC/NHS
coupling chemistry based on 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC) and N-hydroxysuccinimide (NHS) was employed to
form amide bonds between FA-GG-SA and FITC-SiOo@Au-LCME,
resulting in FA-GG-SA-FITC-SiO,@Au-DOX final product.

In addition, Soni et al. carried out esterification of GGH by hydro-
phobic carboxylic acid anhydrides to enhance emulsifying and micro-
encapsulation properties of GGH [140]. GGH and NaHCOj3; were
dispersed in aqueous EtOH (95 % v/v) solutions of dodecenyl succinic
anhydride (DDSA) or n-octenyl succinic anhydride (OSA). 45 °Cand 2 h
were reported as the optimized reaction temperature and time to obtain
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DS of 0.029 for GGH-dodecenyl succinic acid (GGH-DDSA) product.
Meanwhile, GGH-n-octenyl succinic acid (GGH-OSA) product was ob-
tained with DS of 0.07. GGH-DDSA was reported as a promising alter-
native to gum arabic for the emulsification and microencapsulation of
soybean oil in food engineering.

Besides, Zhang and coworkers employed maleic anhydride (MA) to
prepare anionic GG [141]. GG was dispersed in a dichloromethane
(DCM) solution of maleic anhydride and triethylamine (Et3N) catalyst to
yield GG-maleic acid (GG-MA). The obtained GG-MA product has better
water solubility, elasticity and great potential as a fracturing fluid with
good temperature resistance between 120 and 150 °C, as indicated by
rheology. Moreover, Yuan et al. has used maleic anhydride to cross-link
GG and poly(e-caprolactone) (PCL) grafted chitosan (CS-g-PCL) to form
hydrogels for drug delivery [142]. Acetonitrile (ACN) solvent was cho-
sen to disperse GG in the presence of DMAP catalyst for esterification
reaction between GG and MA to yield GG-MA. Then, aza-Michael
addition was allowed between double bonds on maleic acid moieties
of GG-MA and free amine groups from CS-g-PCL to yield cross-linked cl-
GG-MA-CS-g-PCL hydrogels. Noncytotoxic cl-GG-MA-CS-g-PCL shows
anti-microbial activity against S. aureus (ATCC 27661), Klebsiella pnu-
moniae (K. pnumoniae) (ATCC 13883) and can be used to develop mi-
celles for the delivery of rifampicin medication, which has low water
solubility, in tuberculosis treatment.

A wide range of acyl halides has also been employed for esterification
of GG. Zhang et al. has prepared acyl chlorides from oleic, linoleic,
erucic acids and phosphorous trichloride [143]. These hydrophobic
unsaturated acyl chlorides were then added to dispersions of GG and
NaOH in acetone to yield new derivatives of GG, namely oleic guar gum
(OIGQG), linoleic guar gum (LGG) and erucic guar gum (EGG). Rheo-
logical studies indicate that aqueous solutions of these GG derivatives
are non-Newtonian shear-thinning fluids and possess hydrophobic
interaction.

Recently, Das and coworkers reported an esterification of GG using
cinnamoyl chloride to modify the hydrophobicity and antibacterial ac-
tivity of GG [144]. LiCl/DMSO solvent system was used as a medium for
this reaction with catalytic amount of DMAP to yield GG cinnamate (GG-
C). Beneficial effects of LiCl in polar aprotic solvents such as DMSO have
been well-known for the dissolution of polysaccharides due to its ability
to disrupt and prevent the reformation of hydrogen bonds [145-147].
Nanoprecipitation based on ouzo effects of GG-C hydrophobic solute,
DMSO polar organic solvent and water non-solvent, was employed to
yield GG-C nanoparticles (GG-C-N) [148]. The obtained GG-C-N have
hydrodynamic size of around 289 nm and polydispersity index (PDI) of
0.43 from dynamic light scattering (DLS) measurements. Antibacterial
activity of GG-C and GG-C-N was studied on E. coli (MTCC 44) and S.
aureus (MTCC 160) strains to show that GG-C has better activity
comparing to ciprofloxacin antibiotic control. Moreover, GG-C-N exhibit
nearly-two times higher the antibacterial activity of GG-C and this was
attributed to strong hydrophobic, aromatic interaction and high surface
area of GG-C-N, resulting in better cell membrane perforations and cell
death.

Similarly, Das and coworkers carried out esterification of GG with 2-
(1H-indol-3-yl)acetyl chloride also in the LiCl/DMSO solvent system to
form GG indole acetate (GG-IA) [149]. GA was then chosen to cross-link
GG-IA and hydrolyzed fibrous keratin protein, which was extracted from
chicken feather wastes, and subsequently solvent-casted into GA-cross-
linked GG-IA-keratin (GA-cl-GG-IA-keratin) film scaffolds. These scaf-
folds are noncytotoxic and biocompatible to human dermal fibroblast
cells. Both GG-IA and GA-cl-GG-IA-keratin films possess antimicrobial
activity against gram-positive (S. aureus MTCC160), gram-negative
(E. coli MTCC44) bacteria and show great potentials in skin tissue
engineering.

Additionally, Bhattacharyya and Chowdhury introduced vinyl moi-
eties to GG via esterification of NaOH-activated GG and acryloyl chlo-
ride, resulting in acryloyl GG (AGG) [150]. AGG was then grafted with
AA and potassium 3-sulfopropyl acrylate (KSPA) to develop a novel pH-
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responsive MBAAm-cross-linked AA-co-KSPA grafted AGG [MBAAm-cl-
AGG-g-P(AA-co-KSPA)] drug delivery system. Gentamicin sulphate
(GMS) medication, which is used for the treatment of colorectal and anal
fistula surgical site infections, can be adsorbed or desorbed from
MBAAm-cl-AGG-g-P(AA-co-KSPA) hydrogels via reversible hydrogen
bonding. Under physiological pH, deprotonation of carboxylic acid
groups in the hydrogels increases the electrostatic repulsion between the
polymer chains, hence, enhancing the release of GMS.

3.1.3. Xanthation (GG-O-CS3)

According hard-soft acid-base (HSAB) theory, hydroxyl functional
groups of native GG are considered as hard bases and possess strong
affinity towards hard acids [151]. The coordination chemistry of -OH
groups on GG, therefore, remains limited mainly to hard metal ions.
Meanwhile, a wide range of transition and heavy metal ions is soft acids
and tend to interact more strongly with soft bases such as S-containing
thiol, sulfide, xanthate and dithiocarbamate functional groups
[152-154]. While dithiocarbamate can be easily introduced onto poly-
saccharides that contain amino groups such as chitosan [155-158],
xanthate functional groups are of great interest to polysaccharides
possessing hydroxyl groups [159,160].

To broaden coordination chemistry of GG to a wider range of metal
ions, especially heavy metal ions, Le and coworkers have reported a
facile aqueous xanthation protocol (Fig. 4) [161]. Nucleophilic hydroxyl
groups on GG were first activated by NaOH, followed by an addition of
electrophilic carbon disulfide (CSy) to yield GG xanthate (GG-X) prod-
uct. Ny purging to remove dissolved O, was found crucial to avoid
further oxidation of xanthate groups. Under alkaline condition, while
hard -OH groups of GG have good coordinating capacity towards hard
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metal ions, e.g. A", GG-X with soft xanthate moieties can easily form
gels with various borderline and soft metal ions, e.g. Co?", Fe?*, Cu®,
Ni2*, Pb?*, Pt?* and Cd?*. GG-X, therefore, exhibits great potentials for
heavy metal ion extraction, removal, and hydrogel formation. In addi-
tion, GG-X was employed to fabricate nanocomposites with CuS covel-
lite (GG-X/CuS). GG-X not only can act as a capping agent for the
aqueous dispersion of CuS nanoparticles, but also provides beneficial
effects on the crystallite size of CuS. The application of GG-X/CuS
nanocomposite in humidity sensing was also explored, in which hy-
drophilic GG-X matrix allows the interaction with humidity while CuS
semiconductor contributes the electrical sensitivity to the nano-
composite. As a result, reversible linear responses of GG-X/CuS to
relative humidity changes between 10 and 80 % were recorded.

3.1.4. Silylation/ Silanization (GG-O-Si-)

Over the years, silylation has been a popular process to covalently
modify hydroxyl functional groups of chemical molecules or on different
surfaces for various applications [162-167]. Si has high affinity towards
O and Si-O bonds are particularly stable, hence the silylation of -OH
groups can be carried out readily [168].

To construct Pd-based catalytic sites onto GG, Baran and coworkers
have carried out several chemical modification steps on GG (Fig. 4)
[169]. (3-aminopropyl)triethoxysilane (APTES) was first used to silylate
hydroxyl groups and introduce free -NH, groups on GG. Schiff-base
condensation between amino groups of GG-(3-aminopropyl)silane
(GG-APSi) product and aldehyde groups from furfural (FFR) was then
performed with refluxing MeOH to yield GG-APSi-furfural (GG-APSi-
FFR). Finally, metal complexation between FFR, aldimine moieties on
GG-APSi-FFR and Pd?* metal cations were carried out to complete GG-
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APSi-FFR-Pd catalytic sites for Suzuki solvent-free cross-coupling re-
actions between phenylboronic acid and different aryl halides under
green reaction conditions (microwave radiation in 5 min and ambient
atmosphere). The newly developed GG-APSi-FFR-Pd heterogeneous
catalyst shows good catalytic activity and recyclability.

Moreover,  (3-aminopropyl)trimethoxysilane =~ (APTMS)  was
employed by Kumari et al. to also silylate and introduce amino groups
on GG for developing a new Cu-based heterogeneous catalyst [170].
Silylated GG-APSi product was then refluxed with salicylaldehyde
(SAAL) in EtOH to receive GG-APSi-salicylaldehyde (GG-APSi-SAAL) via
Schiff-base condensation reaction. Final GG-APSi-SAAL-Cu heteroge-
neous catalyst was then obtained by metal complexation of GG-APSi-
SAAL and copper(Il) acetate [Cu(OAc),]. Catalytic activity of GG-
APSi-SAAL-Cu was demonstrated based on selective oxidation re-
actions of diarylmethanes, resulting in different benzophenone de-
rivatives. ACN solvent and tert-butyl hydroperoxide (TBHP) oxidant at
70 °C were found as the best condition for this catalytic reaction to give a
reaction yield up to 90 % with good turnover number and frequency.

3.1.5. Phosphorylation (GG-O-P-)

Mimicking nature in developing new materials has been one of the
most sustainable approaches in modern materials science. While dis-
cussions on the reasons why nature chooses phosphate and similar de-
rivatives have long been of great interest to the science community
[171-173], much effort has also been devoted to introducing phosphate
moieties onto various materials to explore their properties and potential
applications [174-176]. Over the years, phosphorylation of poly-
saccharides using phosphorylating agents such as phosphorus oxy-
chloride  (POCl3), phosphorus pentoxide (P20s), sodium
trimetaphosphate (STMP), sodium tripolyphosphate (STPP), phosphoric
acid and its anhydride, has been reported as a convenient chemical
modification pathway to alter biological activities of natural poly-
saccharides [177].

In order to enhance hydrophobicity, emulsifying properties and ho-
mogenization of GG, Sharma and coworkers linked GG and soya lecithin
(SL) via C-O-P bonds [178]. DCC was used to couple phosphate ester
groups of SL and hydroxyl groups from GG, resulting in guar gum-soya
lecithin (GG-SL). Then, MBAAm-cross-linked GG-SL/Fe’ (MBAAm-cl-
GG-SL/Fe®) nanocomposites were prepared from GG-SL and zero-valent
iron (Fe®) in the presence of MBAAm cross-linker for the photocatalytic
degradation of methyl violet dye. The Fe® photocatalyst can absorb solar
energy to yield photogenerated electrons and holes, followed by the
formation of reactive oxygen species and the degradation, mineraliza-
tion of organic dyes. Detailed studies on the degradation of methyl vi-
olet, total organic carbon (TOC) removal efficiency and reusability of
MBAAm-cl-GG-SL/Fe’, have also been performed to show that MBAAm-
cl-GG-SL/Fe’ is an efficient photocatalytic system.

Phosphate and its derivatives are ones of the most commonly used
coordinating functional groups in U(VI) removal due to their high af-
finity towards uranyl (UO%*) ions [179]. In an effort of developing new
materials for the removal of U(VI) in wastewater treatment, Hamza et al.
have performed phosphorylation of GG to introduce phosphonic acid (or
phosphonate groups) onto GG (Fig. 4) [180]. The phosphorylation of GG
was carried out by using urea and H3PO4 reactants in 1,4-dioxane sol-
vent at high temperature. New insights into the phosphorylation reac-
tion mechanism by urea and H3PO4 have been presented recently [181].
Urea was suggested as a chemical source for the in-situ generation of
NH3 real catalyst, while phosphoramidate was proposed as the reaction
intermediate. The obtained GG-phosphonic acid (GG-P) was then cross-
linked with CS via epichlorohydrin (ECH), while magnetic Fe304 could
also be added to the mixture to introduce magnetic properties for better
separation and recovery of ECH-cross-linked GG-P-CS/Fe304 (ECH-cl-
GG-P-CS/Fe304) nanocomposite product. The ECH-cl-GG-P-CS/Fe304
nanocomposite is pH-responsive due to the presence of both amino and
phosphonate groups, resulting in the pH-dependence of metal cation
sorption and desorption. This nanocomposite also possesses good
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selectivity towards UO3* and Nd*' comparing to other tested alkali-
earth metals ions (e.g. Ca%* and Mg?*). In addition, ECH-cl-GG-P-CS/
Fe304 can also offer antibacterial activity towards gram-positive [Ba-
cillus subtilis (B. subtilis), S. aureus] and -negative [E. coli, Pseudomonas
aeruginosa (P. aeruginosa)] bacteria.

3.1.6. Sulfation (GG-O-S-)

Recently, the introduction of sulfate functional groups to poly-
saccharides has drawn much attention as a convenient and efficient
approach to alter the physicochemical properties of polysaccharides,
especially their antioxidant, anticoagulant and antitumor activity
[182,183].

To explore anticoagulant and antithrombotic effects of GG de-
rivatives, de Oliveira Barddal and coworkers have carried out sulfation
reactions on GG and GGH (Fig. 4) [184]. Chlorosulfonic acid-pyridine
(py) (O’'Neill method) and sulfur trioxide (SOs)-pyridine (Larm
method) sulfating reagents were employed to yield GG-sulfonic acid
(GG-S-0, GG-S-L) and GGH-sulfonic acid (GGH-S-O, GGH-S-L respec-
tively) with good DS. Further hydrolysis of GG products was also noticed
and suggested due to the acidic reaction media. Degradation of GG-S-O
and GGH-S-O was observed over the time while GG-S-L and GGH-S-L
remained more stable. In vitro anticoagulant activity studies were per-
formed to correlate the anticoagulant activity to the presence of sulfate
groups and also indicate that GGH-S-L is a promising alternative to
heparin, which is a glycosaminoglycan anticoagulant and antith-
rombotic medication. In addition, GGH-S-L has good antithrombotic
activity from in vivo studies on male Wistar rats and good bioavailability
when administered subcutaneously.

Kazachenko et al. combined chlorosulfonic acid and 1,4-dioxane at
20 °C to prepare SO3-1,4-dioxane sulfating complex for the sulfation of
GG [185]. GG-S product with DS of 0.91 was obtained after dispersing
GG with SO3-1,4-dioxane complex in 1,4-dioxane solvent at 60 °C for
2.9 h. Gel permeation chromatography has indicated a decrease in the
molecular weight from 600 to 176 kDa after the sulfation. Moreover,
computational chemistry was also carried out by DFT using Gaussian
09W software with B3PW91/6-31 + G(d, p) basis set to provide insights
into electronic properties of GG-S.

Besides traditional sulfating agents, e.g. chlorosulfonic acid-
pyridine, sulfur trioxide-pyridine and concentrated sulfuric acid-n-
butanol, Kazachenko and coworkers have explored a novel milder sul-
fation pathway on GG using sulfamic acid and urea-based activators in
1,4-dioxane solvent [186]. It was suggested that urea and its similar
compounds could activate sulfamic acid by creating Lewis acid-base
complexes with S atom, hence, weakening S-N bonds in sulfamic acid
to yield SOs. Urea appears to be the best activator comparing to thio-
urea, methyl urea, ethyl urea, hydroxyethylurea and biuret. Among the
tested polar aprotic solvents, namely, diglyme, 1,4-dioxane, DMF,
piperidine, py and morpholine, 1,4-dioxane was also reported as the best
solvent in terms of sulfur content for this bimolecular nucleophilic
substitution (Sy2) sulfation reaction. While the experimental optimal
reaction condition was obtained at 80 °C in 3 h using 25 mmol sulfamic
acid per 1 g GG, the calculated optimal condition was suggested at 85 °C
in 2.6 h with 34 mmol sulfamic acid for every 1 g of GG. In addition,
depolymerization of GG chain was also observed, resulting in a molec-
ular weight reduction by a factor of 2.7.

3.1.7. Amination (GG-NH3)

Amino groups can be introduced to pristine polysaccharides via
several pathways, resulting in chemical and biological property changes
of polysaccharides [187]. For instance, polyamines have been conju-
gated to polysaccharide chains via condensation reaction with carbox-
ylic acids [188], naphthalic anhydride coupling chemistry [130], and
aza-Michael addition with oxidized polysaccharides [189].

In addition, direct replacement of hydroxyl groups on poly-
saccharides by amino groups is also another alternative and was recently
performed on GG by Gopi et al. to prepare cross-linked hydrogels with
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graphene oxide (GO) (Fig. 4) [190]. Nucleophilic substitution by eth-
ylenediamine (NH2-CoH4-NHy) was first carried out to replace hydroxyl
groups on GG (GG-OH to GG-NH-CyH4-NHy), followed by reduction of
GG-NH-CyH4-NH;, by HCI to yield aminated GG-NH3 (GG-N). GG-N was
then cross-linked with GO by borax to yield borax-cross-linked GG-N-GO
(borax-cl-GG-N-GO) hydrogels. The borax-cl-GG-N-GO hydrogel prod-
uct possesses high surface area and abundant remaining -OH and -CO2H
functional groups. These contribute to the adsorption capability of pH-
responsive borax-cl-GG-N-GO hydrogel towards inorganic and organic
pollutants (e.g. cu?*, malachite green (MG), methylene blue (MB) and
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rhodamine B (RhB) cationic dyes).

3.2. Partial oxidation (GG-CHO, GG-CO2H)

Over the years, partial oxidation of alcohol functional groups on
polysaccharides to aldehydes has been regarded as convenient chemical
synthesis approaches to diversify chemical properties of native poly-
saccharides [191,192]. While hydroxyl groups in general behave as
nucleophiles, the presence of aldehyde and/or carboxylic acid groups on
polysaccharide structures can offer electrophilic reactive sites as well as
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condensation and cross-linking reaction pathways.

3.2.1. TEMPO-mediated oxidation

Oxidation of alcohol groups can be performed regioselectively on
primary C6-OH groups of GG via 2,2,6,6-tetramethylpiperidine-1-oxyl
radical (TEMPO)-mediated oxidation route [193,194]. In the past,
TEMPO and sodium bromide (NaBr) were employed as catalysts for the
oxidation of primary alcohol groups on GG derivatives to carboxylic acid
groups using sodium hypochlorite (NaOCl) oxidant (NaOCl-NaBr-
TEMPO system) in water [195]. C6-OH groups on Man backbone were
suggested to be more accessible to TEMPO-catalyzed oxidation than C6-
OH groups on Gal side chains of GG, due to possible intramolecular
hydrogen bonding between C6-OH from Gal and C3-OH from adjacent
Man [196,197]. In addition, enzymatic oxidation of primary alcohol
groups using fungal laccase enzymes and TEMPO mediator was also
reported (Fig. 5) [198].

Recently, de Seixas-Junior and coworkers prepared oxidized guar
gum (OGG) by TEMPO-mediated oxidation as a reference to highlight
the importance of primary alcohol groups of GG in the interaction with
sodium lauryl ether sulfate anionic surfactant for the development of
pharmaceutical or cosmetic products [199]. Primary alcohol groups of
GG were selectively oxidized by NaOCIl-NaBr-TEMPO system into car-
boxylic acids (1.2 mmol -CO,H groups per g of GG). Moreover, Ponzini
et al. have tested the enzymatic TEMPO-oxidation of several gal-
actomannan polysaccharides, including GG [200]. Laccase enzyme was
coupled to the catalytic oxidation of alcohol groups using O oxidant and
TEMPO mediator (Op-Laccase-TEMPO system) in water [201,202]. Mass
spectrometry analysis on the oxidation of primary alcohol groups based
on this oxidation system indicated that both aldehyde and carboxylic
acid groups are possible products from the oxidation reaction. OGG
product was obtained as a hydrogel due to self-cross-linking via hemi-
acetal, ester bonds and could be further lyophilized to form aerogels.
Interestingly, among three tested galactomannans, obtained aerogels
from fenugreek gum exhibit the greatest mechanical stability comparing
to aerogels from sesbania and guar gums, even though fenugreek gum
has the lowest relative amount of Man comparing to Gal (Man:Gal ratios
of 1:1, 1.3:1, and 1.5:1 in fenugreek, sesbania and guar gums
respectively).

3.2.2. Periodate-mediated oxidation

Periodate (I03) has been well-known as an oxidizing agent for
oxidative cleavage of vicinal 1,2-diols [203]. Over the years, much effort
to employ periodate-mediated oxidation of vicinal alcohol groups
located on equatorial-equatorial and equatorial-axial positions in poly-
saccharides has also been devoted [204-206]. Oxidation of gal-
actomannan polysaccharide by periodate can be carried out on C2-OH
and C3-OH of mannose backbone, as well as C2-OH, C3-OH and C4-OH
of galactose side groups to yield dialdehyde products (Fig. 5) [207].

Recently, several research groups have performed periodate-
mediated oxidation of GG to obtain dialdehyde GG (DAGG). Typically
GG and periodate are dissolved in water solvent at room temperature
and the oxidation is allowed in the dark for several hours and quenched
by adding ethylene glycol. For instance, Dai and coworkers utilized this
reaction pathway to prepare DAGG, followed by self-cross-linking be-
tween remaining alcohol groups and newly formed aldehyde groups via
acetal bonds in DAGG, without the assistance of any external cross-
linkers [208]. The obtained cross-linked-DAGG (cl-DAGG) hydrogels
have great potential for oil-water separation in harsh alkaline (pH 11),
salty environments (NaCl 5 wt%), with good separation efficiency (up to
99.47 %) and recyclability.

Duan et al. also carried out the oxidation and self-cross-linking of GG
by periodate in the presence of Ag nanoparticles (Ag NPs) dispersed in
porous iron(Ill) carboxylate of MIL (Materials of Institute Lavoisier, a
type of metal-organic framework materials) [Ag NPs@MIL-100(Fe)] to
enhance photocatalytic and antibacterial activity [209]. Photocatalytic
degradation of MB dye by cl-DAGG/Ag NPs@MIL-100(Fe) hydrogel
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product was demonstrated with good performance (up to 100 % MB can
be degraded within 100 min) and recyclability. The hydrogel also pos-
sesses injectability, self-healing, antibacterial properties against E. coli
and can be employed in water-oil separation with a separation effi-
ciency up to 99.1 %.

In addition, a wide range of materials has been cross-linked with
DAGG to synergize properties of these materials. For instance, Maroufi
et al. reported periodate-mediated oxidation of GG to yield DAGG, fol-
lowed by cross-linking with amino groups in fish gelatin to form cross-
linked DAGG-gelatin (cl-DAGG-gelatin) food packaging films [210].
The cl-DAGG-gelatin film products possess lower water solubility,
moisture content, water vapor permeability, better tensile strength and
thermal stability than GG/gelatin reference films. Green tea extract
(GTE) was also incorporated into the films (cl-DAGG-gelatin/GTE) to
provide antioxidant and antibacterial activities on gram-positive
S. aureus bacteria. Moreover, DAGG was also cross-linked with amino
groups from CS in the presence of pomegranate peel extract (PPE) as a
chemically active component to yield antioxidant and antibacterial
cross-linked DAGG-CS/PPE (cl-DAGG-CS/PPE) hydrogels for food
packaging applications [211].

Pandit and coworkers recently performed Schiff-base condensation
between aldehyde groups in DAGG, which were obtained from
periodate-mediated oxidation of GG, and remaining amino groups on
CMCS to produce cross-linked DAGG-CMCS (c]-DAGG-CMCS) hydrogels
[212]. These hydrogels show good self-healing properties, injectability,
biocompatibility to human embryonic kidney 293 (HEK-293) cells up to
a 100 pg mL™! concentration of cl-DAGG-CMCS, blood compatibility
and biodegradability. These cI-DAGG-CMCS hydrogels can also be used
for drug loading and delivery from their study on DOX as a model
anticancer medication.

Moreover, Mokhtari et al. carried out the cross-linking between
newly synthesized DAGG and amino groups in silk fibroin (SF), followed
by an incorporation of curcumin (Cur)-loaded zein nanoparticles (Cur-
zein NPs) to obtain a novel cross-linked DAGG-SF/Cur-zein NPs (cl-
DAGG-SF/Cur-zein NPs) hydrogel scaffold [213]. Applications of SF in
materials science, flexible electronics, wound dressings, drug carriers,
etc. have attracted great attention recently [214-217]. Cur was added to
the hydrogel scaffold to enhance anti-inflammatory, antioxidant, anti-
microbial properties of the system. Due to the hydrophobic polyphenolic
nature, Cur has low water-solubility, bioavailability and can be encap-
sulated by protein carriers to enhance the drug delivery capacity. The
synthesized hydrogel scaffold can promote viability, proliferation of
mouse embryonic fibroblast (NIH-3T3) cells, and possesses antimicro-
bial activity against gram-positive (Bacillus) as well as gram-negative
(E. coli) bacteria. DAGG/SF-Cur-zein-NPs, therefore, is a promising
candidate for wound dressings and healing.

In the recent time, hydrazine was used as a linker to introduce new
organic functional moieties to DAGG. Schiff-base condensation between
DAGG and galacylhydrazine (GH) or salicylhydrazine (SH) was carried
out by Duan and Ma et al. respectively to extend applicability of GG in
wastewater treatment [218,219]. While phenolic moieties in DAGG-GH
can enhance the reversible adsorption of cationic dyes [bromophenol
blue (BrB), methyl orange (MeO), MB, RhB] via ionic and = stacking
interaction, SH moieties in DAGG-SH are efficient adsorptive sites for
metal cations such as Ni?*, Co®" and Cr®". In addition, Wen et al. also
used hydrazine to conjugate DAGG and MBAAm cross-linked copolymer
of acrylic acid and methyl methacrylate [MBAAm-cl-P(AA-co-MMA)] to
prepare a novel adsorbent [220]. Oxidation of GG was first carried out
by periodate to yield DAGG with the degree of oxidation of 67.62 %.
MBAAm-cl-P(AA-co-MMA) was prepared using KPS initiator and
MBAAm cross-linker to take advantage of carboxylic acid groups from
AA for interaction with cations, and ester groups of MMA for further
conjugation with DAGG. Then, MBAAm-cl-P(AA-co-MMA) and DAGG
were linked together by using hydrazine, nucleophilic acyl substitution
in water and Schiff-base condensation reaction in refluxing EtOH.
Hydrazine-cross-linked DAGG-MBAAm-cl-P(AA-co-MMA) [hydrazine-
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Fig. 6. Reported step-growth (top) and ring-opening (middle) polymerization of GG. Initiation mechanism of FRGP on GG and its derivatives (bottom). a) Formation
of O-centered free-radicals. b) Formation of C-centered free-radicals. c¢) Formation of free-radicals via hydrogen abstraction and oxidative cleavage. d) Reported
vinyl-containing monomers (red) and cross-linkers (green) for FRGP of GG and its derivatives. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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cl-DAGG-MBAAm-cl-P(AA-co-MMA)] product shows great capacity for
removal of cationic organic dyes (MB, MG), Cu?>* metal ions from
wastewater and also for water—oil separation with good efficiency and
reusability.

In addition, aldehyde groups in DAGG can also be transformed into
carboxylic acid groups. For instance, Ganie and coworkers used sodium
chlorite (NaClO5) under acidic condition [acetic acid (AcOH)] to further
oxidize aldehyde groups in DAGG to dicarboxylic acid GG (DCGG)
[221]. Coordination reactions between Fe?* and -CO.H groups from
DCGG were employed to yield Fe?"-cross-linked DCGG (Fe**-cl-DCGG),
which was eventually formulated with other polymeric materials (ethyl
cellulose (EC), polyvinylpyrrolidone (PVP) and PVA) to form tablets for
the controlled release of Fe?". In vitro studies indicate a faster release of
iron in simulated intestinal fluid (pH 4.5) than in simulated gastric fluid
(pH 1.5). Antianemic activity of Fe"-cl-DCGG tablets was also tested on
male albino rats to show an overall health improvement.

3.3. Graft polymerization

3.3.1. Step-growth polymerization (SGP)

Step-growth polymerization (SGP) is one of the most common syn-
thetic approaches in polymer science. Typically, chemical reactions
between bi- or multi-functional monomers are performed to fabricate
step-growth polymers [222-224].

To synthesize GG-based polyurethanes (GG-PU) as potential natural
polysaccharide-based stabilizer, thickener, emulsifier or binding agent,
Anjum and coworkers performed SGP between -OH groups of GG,
hydroxyl-terminated polybutadiene (HTPB), and isocyanate (-NCO)
functional groups of isophorone diisocyanate (IPDI) (Fig. 6) [225].
Firstly, GG was mixed with HTPB as soft segments into a homogenous
mixture, followed by reactions with IPDI to form GG-PU pre-polymers.
Remaining -NCO groups of pre-polymers were finally allowed to react
with 1,4-butanediol (BDO) as chain extender. Dibutyltin dilaurate
(DBTDL) catalyst was also employed in this SGP of GG. Comparing to
GG, GG-PU has better thermal stability, which was suggested due to an
increase in intermolecular hydrogen bonding.

In addition, Ma et al. used -OH groups from GG and BD as chain
extenders to further modify PU with -NCO terminating functional groups
[226]. The synthesized PU was first fabricated from IPDI, poly(e-cap-
rolactone) diol (PCLD), and 2,2-dimethylolbutyric (DMBA) acid as hard,
soft segments and anionic internal emulsifier respectively. Then, cross-
linking of the obtained PU was carried out by GG and BD to yield GG-
PU final product. The employment of GG up to 0.3 wt% results in an
increase in the tensile strength, thermal stability and water resistance of
GG-PU, which can be used as finishing and coating layers.

3.3.2. Ring-opening polymerization (ROP)

Over the years, ring-opening polymerization (ROP) has been of great
interest to prepare and graft polymers from cyclic monomer starting
materials [227-231]. Recently, El Assimi and coworkers employed ROP
to prepare PCL grafted GG (GG-g-PCL) (Fig. 6) [232]. Tetra(phenyl-
ethynyl)tin [Sn(C=CPh)4 or SnAK] was used to initiate -OH groups on
GG into alkoxy-tin(IV) (GG-O-Sn(C=CPh)3) moieties at room tempera-
ture in ambient atmosphere, followed by ROP of e-caprolactone (e-CL)
onto GG. GG-g-PCL products with 1, 3 and 5 % w/w has lower hydro-
philicity than native GG, which was confirmed by contact angle mea-
surements, and can be well-dispersed in DCM solvent over a long period
of time. The dispersity and reaction yield of grafted PCL was approxi-
mated of 1.75-1.86 and 92-94 % respectively. GG-g-PCL was success-
fully employed as a coating agent to formulate slow-release fertilizer of
diammonium phosphate [233].

3.3.3. Free-radical graft polymerization (FRGP)

Free-radical polymerization is ubiquitous in polymer synthesis and
modification [234,235]. The reaction is normally initiated by chemicals
and/or radiation to yield free-radicals, followed by polymerization with
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different vinyl monomers and multifunctional cross-linkers [222].

In the recent past, a wide range of chemical initiators has been
employed in free-radical graft polymerization. For instance, ceric(IV)
ammonium nitrate [(NH4)2[Ce(NO3)g] or CAN] is a common oxidizing
agent and radical initiator in chemical synthesis. In water, CAN disso-
ciates to hexanitratocerate(IV) [[Ce(NOg)s]Z'], while further dissocia-
tion and hydrolysis of Ce*" ions might occur depending on pH
conditions. Besides acting as a one-electron oxidant, oxo-bridged dinu-
clear cerium(IV) complexes [[CeV-0-Ce'V1°*] can also behave as two-
electron oxidizing agents [236]. Moreover, peroxydisulfate or persul-
fate (szog') can also be used as a free-radical initiator due to the pres-
ence of peroxide O-O bond [237]. Commercially available forms of
peroxydisulfate can be found with different counter-cations such as NH
[ammonium persulfate, (NH4)2S20g or APS], Na™ (sodium persulfate,
NayS,0g or SPS) and K™ (potassium persulfate, KoS20g or KPS). Physical
(thermal) activation of peroxydisulfate is normally carried out to yield
sulfate radical anions (SO%) and/or hydroxyl radicals (HO®) in aqueous
media [Eq. (1) to (3)] [238]. In addition, chemical reactions between
peroxydisulfate and reducing agents such as bisulfite (HSO3) and met-
abisulfite [S,0%, a precursor of HSO3, Eq. (6)] also allow the formation
of SOF, S-centered bisulfite free radicals (HSO3) and S-centered meta-
bisulfite radical anions (S205) [Eq. (4), (5)] [239]. Further reactions
between SO3 and excess HSO3 might proceed to yield HSO3, which
dissociates into proton (H") and S-centered sulfite radical anions (SO%)
[Eq. (7)] [240,241]. Moreover, SO3 can react with dissolved O, to form
peroxymonosulfate radical anions (SO%) [Eq. (8)], which might result in
more complex free-radical reactions [242]. Organic amines, such as
TMEDA or TEMED, can also be used to initiate the formation of free-
radicals via chemical reactions between nucleophilic N and O from
peroxide O-O bonds of persulfates [243-245]. In addition, ascorbic acid
(H2AA) might also initiate the transformation of persulfate into SO%
free-radicals with ascorbic acid radical anion (AA*") by products for graft
polymerization [Eq. (9)] [246-248].

$20% (ag) = 2 SOF (g @
SOY (ag) + H20q) — HSOj (ag) + HOfg) 2
SO (aq) + OHgug) = SOF (ag) + HOGog) 3
8208 (ag) + HSO3 (ag) = SOF (ag) + SO (ag) + HSO3ag) “
S,0% (ag) + S,0% (ag) = 504(25q) + SOF ag) + S205 aq) ®)
203 ag) + H200) = 2 HSO3 (g ©®
SOY (agq) + HSO3 ag) = SOF (ag) + Hisg) + SOF (ag) %)
SO5 (ag) + O2(g) = SOF (ag) ®
208 ag) + H2AAGg) — 2H{ig + SOF g + SOT g + AAlg) ©)

In the presence of radical initiators, different carbon-centered and/or
oxygen-centered free-radicals of polysaccharides can be formed (Fig. 6a,
6b). Electron spin resonance (ESR) studies suggest that Ce** can chelate
to two adjacent -OH groups, possibly at C2 and C3 positions on AGUs of
polysaccharides. Then, an electron transfer from the AGU to Ce** oc-
curs, resulting in the reduction of Ce** to Ce®*, pyranose ring opening
due to C2-C3 bond cleavage and formation of a carbon-centered radical
species [249,250]. Moreover, szoé' can be activated to yield SO3 and
HO?®. These free radicals can approach -OH groups on polysaccharides
and subsequently convert them into oxygen-centered radical sites for
grafting polymerization [251]. In addition, other free-radical initiation
pathways of polysaccharides have been proposed such as hydrogen
abstraction on C6, oxidative cleavage of O-C1 bond in terminal AGU of
polysaccharide chain, etc. (Fig. 6¢) [252]. Once free-radicals are formed,
propagation of FRGP can occur with various vinyl-containing monomers
and cross-linkers (Fig. 6d).
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3.3.3.1. Acrylic acid (AA) monomer. Among various polymers, poly
(acrylic acid) (PAA) has been commonly used in the fabrication of
numerous biocompatible and biodegradable gel systems to enhance the
pH-responsiveness of materials due to numerous carboxylic acid groups
on the polymer backbone [253-255].

Recently, several research groups have tried to graft AA onto GG to
fabricate acrylic acid grafted guar gum (GG-g-PAA) polymers by varying
the composition of GG, PAA, free-radical initiators and different cross-
linkers. For instance, 1-alanine (Ala) cross-linker was used by Sharma
and coworkers to prepared Ala-cross-linked GG-g-PAA (Ala-cl-GG-g-
PAA) in order to enhance the hydrogen bonding network, self-healing
properties and to study the controlled release of levofloxacin hydro-
philic medication under physiological pH and temperature [256].
Concentration of Ala was varied from 0.4 to 1 % w/v to show that Ala-cl-
GG-g-PAA with 1 % w/v Ala possesses good thermal stability from 30 to
90 °C, the best mechanical and swelling properties (3350 % at pH 9).
The obtained GG-g-PAA gels also show drug-loading efficiency of
around 65 and 75 %, while the drug release can reach up to 98 % with
varying release time up to 130 h, due to changes in the concentration of
Ala.

Bifunctional MBAAm has been widely employed as a vinyl-
containing cross-linker for GG and other polymeric systems [257].
Recently, Shamanta et al. studied the swelling and mechanical strength
of MBAAm-cross-linked GG-g-PAA (MBAAm-cl-GG-g-PAA) hydrogels,
which was prepared from an optimized system of 1 wt% APS, 1 wt%
MBAAm, 25 wt% AA and 4 wt% GG [258]. Pyridoxine hydrochloride
(vitamin B6) was chosen as model medication to examine the gradual
drug release of the synthesized MBAAm-cl-GG-g-PAA hydrogel. Under
physiological pH, carboxylic acid groups of MBAAm-cl-GG-g-PAA
hydrogels get deprotonated into negatively charged carboxylates,
leading to electrostatic repulsion between functional groups with the
same charge, hence, swelling of the gels. This allows the physical
desorption and release of vitamin B6 from the MBAAm-cl-GG-g-PAA
hydrogels up to 95 % over 30 h. Moreover, MBAAm was also chosen
by HagqAsif et al. to develop drug delivery systems for curcumin with the
cumulative release up to 100 % over 12 h [259].

Besides using MBAAm to cross-link GG-g-PAA polymers, Singh and
Dhaliwal also incorporated Ag NPs into MBAAm-cl-GG-g-PAA polymer
matrix to fabricate a new MBAAm-cl-GG-g-PAA/Ag NPs adsorbent for
removal of MB dye [260]. The Ag NPs with an average size of 100 nm,
offer large specific surface area and surface energy to the matrix,
resulting in an improvement in MB adsorption capacity of the polymer
matrix. Meanwhile, Li and coworkers incorporated GG and sodium
lignosulfonate (SLS) together to develop novel MBAAm-cross-linked AA
grafted GG/SLS (MBAAm-cl-GG/SLS-g-PAA) hydrogel adsorbents [261].
Due to the presence of various coordinating functional groups such as
alcohols, phenols, sulfonic acid and carboxylic acid, the MBAAm-cl-GG/
SLS-g-PAA hydrogels show good chelating and adsorption capacity to-
wards Cu?* and Co?* metal ions (709 mg g~* and 601 mg g~! respec-
tively). Under neutral pH, deprotonation of acidic functional groups
allows stronger adsorption of metal ions, while acidic pH can also be
exploited for desorption and recovery of metal ions, resulting in good
reversibility and reusability of the hydrogel adsorbents.

In the recent time, copolymers between AA and other vinyl-
containing monomers have also been explored. Pal et al. reported the
grafting of GG with poly(AA-co-acrylonitrile) [P(AA-co-AN)] copolymer
to yield MBAAm-cross-linked AA-co-AN grafted GG [MBAAm-cl-GG-g-P
(AA-co-AN)] [262]. While AA enhances pH-responsiveness of GG, AN is
expected to improve physiochemical properties of the polysaccharide.
Microwave was employed to initiate grafting polymerization in the
absence of free-radical initiators. Different reaction parameters were
optimized to achieve the best reaction conditions in terms of grafting
yield (GY) (0.03 mol/L AA, 1.0 mol/L AN, 2000W microwave power
under 100 s to receive 82.84 % grafting yield). Encapsulation of anti-
oxidant and anti-inflammatory thymoquinone (TQ) by MBAAm-cl-GG-g-
P(AA-co-AN) was carried out to demonstrate potential applications of
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the novel grafted GG, and to increase the low bioavailability of TQ in
aqueous media. Under physiological pH condition, swelling of MBAAm-
cl-GG-g-P(AA-co-AN) can be observed due to the formation of carbox-
ylate groups from deprotonation of AA or hydrolysis of AN, resulting in
the maximum release of TQ up to 78 % over 6 h. Moreover, this drug
delivery system also shows hemocompatibility and no cytotoxicity
against the tested monkey normal kidney Vero cell line.

In addition, grafting of AA and AAm onto GG was chosen to fabricate
MBAAm-cross-linked AA-co-AAm grafted GG [MBAAm-cl-GG-g-P(AA-
co-AAm)] by Karnakar and Gite for the gradual release of ZnSO4 as a
micronutrient for plant growth [263]. The release kinetics of ZnSO4
from MBAAm-cl-GG-g-P(AA-co-AAm) into water fits Korsmeyer-Peppas
and Peppas-Sahlin mathematical models. MBAAm-cl-GG-g-P(AA-co-
AAm) was found degradable under hydrolytic and soil burial conditions
(pH 7.4-7.5, 37 °C). Moreover, Gihar et al. also prepared GG-g-P(AA-co-
AAm) via microwave-assisted graft polymerization for the removal of
Hg?" ions from aqueous solutions [264]. Hg?" adsorption by the ob-
tained GG-g-P(AA-co-AAm) shows best performance at pH 6, while
acidic pH less than 3 reduces the adsorption capacity of GG-g-P(AA-co-
AAm). This might be attributed to the deprotonation and protonation of
carboxylic acid functional groups.

Mitra and coworkers recently prepared MBAAm-cross-linked AA-co-
N-isopropylacrylamide  grafted GG  [MBAAm-cl-GG-g-P(AA-co-
NIPAAm)] using AA and N-isopropylacrylamide (NIPAAm) [265]. The
employed FRGP was initiated by chemical reaction between KPS and
sodium bisulfite (SBS) at mild temperature (25 °C). Under the reported
synthetic condition, in-situ reactions between grafted NIPAAm and free
AA yield 3-(N-isopropylacrylamido)propanoic acid (NIPAAmPA) moi-
eties also occurred, resulting in MBAAm-cross-linked AA-co-NIPAAm-co-
NIPAAmPA  grafted GG [MBAAm-cl-GG-g-P(AA-co-NIPAAm-co-
NIPAAmPA)] as non-aromatic clusteroluminogenic polymers. MBAAm-
cl-GG-g-P(AA-co-NIPAAm-co-NIPAAmPA) absorbs mainly in the UV ra-
diation range between 200 and 350 nm depending on solvents of choice,
while fluorescent emission maxima of the polymer between 400 and
450 nm were recorded. Computational studies by DFT reveal effects of
NIPAAmPA moieties on electronic transitions between highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). MBAAm-cl-GG-g-P(AA-co-NIPAAm-co-NIPAAmPA)  shows
biocompatibility to normal mammalian Madin-Darby canine kidney
(MDCK) cells and a certain degree of cytotoxicity against human oste-
osarcoma (HOS) cancer cells. The obtained polymer can also be
exploited for fluorescent sensing of Pb?*, based on reversible fluores-
cence quenching of the polymer due to the disruption of hydrogen
bonding network and breakdown of polymer aggregates in the presence
of Pb%* metal ions.

3.3.3.2. Acrylamide (AAm) monomer. Nonionic biocompatible poly-
acrylamide (PAAm) and its derivatives have been widely found in
various industries, clinical and environmental systems [266-268].

Recently, AAm mononers have also been employed to fabricate new
AAm grafted GG (GG-g-PAAm) materials. For instance, Sand and Vyas
reported the grafting reaction in the presence of tetra(ethyleneglycol)
diacrylate (TEGDA) cross-linker to yield TEGDA-cross-linked GG-g-
PAAm (TEGDA-cl-GG-g-PAAm) absorbent [269]. 0.8 wt% of KPS initi-
ator was found as an optimum concentration in terms of reaction yield
and water absorbing capacity of the obtained material. Varying con-
centrations of TEGDA cross-linkers from 0.4 to 1.2 wt% shows no sig-
nificant effect on the reaction yield but decreases the water absorbing
capacity. The optimized TEGDA-cl-GG-g-PAAm has swelling capacities
of 80 g g ! for deionizied water and 22 g g~* for 0.8 wt% sodium
chloride solution.

In addition, Mahto and Mishra prepared borax-cross-linked GG-g-
PAAm (borax-cl-GG-g-PAAm) with grafting yield and efficiency up to
795.6 %, 79.5 % respectively, and tested the material as an adsorbent for
removal of reactive blue 19 (RB19) textile dye [270]. The optimized
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Fig. 7. Cross-linking of GG and its derivatives via B-O-, C-O-, Si-O-, P-O-, Zr-O-linkages (left) and reported cross-linkers (right).

borax-cl-GG-g-PAAm can adsorb up to 1073.84 mg g~ ' with removal
percentage of 80 %. Mildly acidic pH around 6.0 allows the best elec-
trostatic interaction between sulfonate groups of RB19 and amide
functional groups from borax-cl-GG-g-PAAm.

Meanwhile, Elsaeed and coworkers fabricated MBAAm-cross-linked
AAm-co-2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) graf-
ted GG [MBAAm-cl-GG-g-P(AAm-co-AMPS)] hydrogel and further
modified this into a composite with biochar carbonic material [MBAAm-
cl-GG-g-P(AAm-co-AMPS)/biochar] for enhanced oil recovery via
polymer flooding under highly saline reservoir conditions [271]. AMPS
contains both nonionic and ionic moieties, which can enhance salt
tolerance, swelling capacity of the polymer and oil displacement from
the sandstone surface during the secondary oil recovery process up to
around 12 %, with the optimum polymer concentration of 5 g L.
Incorporating hydrophobic biochar into the polymer matrix offers high
surface area and an enhancement in secondary oil recovery process of
around 6 % with lower optimum polymer concentration of 2 g L.

Recently, Palem et al. developed multifunctional nanocomposite
hydrogels, which consist of MBAAm-cross-linked AAm-co-2-acryl-
amidoglycolic acid (AGA) grafted GG and Ag nanoparticles (Ag NPs)
[MBAAm-cl-GG-g-P(AAm-co-AGA)/Ag NPs], for various applications
[272]. Ag NPs were incorporated into the polymer matrix via diffusion
of free Ag" ions, followed by reduction of Ag™ by active components
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such as quinones, emodin and rhein in rhubarb-stem extract (Rheum
rhabarbarum) bio-reductants. MBAAm-cl-GG-g-P(AAm-co-AGA) shows
pH-responsiveness due to the presence of carboxylic acids, and better
biodegradability than its nanocomposite with Ag NPs, which can be
attributed to the antimicrobial activity of Ag NPs. Further confirmation
on antimicrobial activity of the nanocomposites against B. subtilis (ATCC
6633) and E. coli (ATCC 25922) has also been reported. Moreover, the
introduction of Ag NPs into the polymer matrix increases the matrix
porosity, resulting in better drug encapsulation of 5-fluorouracil (FU),
which was chosen as an anticancer model medication to study the drug
release behavior of MBAAm-cl-GG-g-P(AAm-co-AGA)/Ag NPs. Under
physiological pH, FU can be released due to the deprotonation of car-
boxylic acid groups and swelling of the polymer. Furthermore, the
developed composite also shows catalytic potential for the reduction of
p-nitrophenol to p-aminophenol using sodium borohydride (NaBHj)
reducing agent in aqueous solution.

3.3.3.3. Other monomers. Das and Subuddhi grafted NIPAAm, which is
a thermo-responsive derivative of AAm, onto GG using APS and TEMED
activator [273]. While NIPAAm has a low critical solution temperature
of around 33 °C, its low mechanical stability, biocompatibility and
sustained drug-releasing ability can be improved by combining with GG.
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The obtained graft polymer was further cross-linked by TEOS to yield
TEOS-cross-linked NIPAAm grafted GG (TEOS-cl-GG-g-PNIPAAm)
hydrogel to show good biocompatibility towards L-929 rat fibroblasts.
FU was also chosen to study drug release behavior of the hydrogel. By
increasing weight percentage of GG comparing to NIPAAm, longer drug
release time and slower drug release rate of the hydrogel can be ob-
tained. In addition, host-guess complexation between p-cyclodextrin
(B-CD) and FU was also carried out to form -CD/FU complex, therefore,
enhancing the aqueous stability, solubility and bioavailability of the
medication.

Besides, AGA was grafted to GG by Palem and coworkers to obtain
AGA grafted GG (GG-g-PAGA) polymer [274]. AgJr jions were then
dispersed in the polymer system and reduced to Ag NPs of around 5.4 nm
by NaBH4, which also allowed the cross-linking of GG-g-PAGA to form
NaBHjy-cross-linked GG-g-PAGA/Ag NPs (NaBH4-cl-GG-g-PAGA/Ag
NPs) nanocomposite. The prepared nanocomposite possesses self-
healing property, stretchability, antibacterial activity against E. coli,
S. aureus, P. aeruginosa, cytocompatibility to human skin fibroblast
(CCD-986sk) cell lines and therefore, a promising candidate for wound
dressing and drug release [275].

Singh et al. recently prepared MBAAm-cross-linked AMPS grafted GG
(MBAAm-cl-GG-g-PAMPS) as a corrosion inhibitor for copper in NaCl
media [276]. The corrosion inhibition efficiency of GG-g-PAMPS was
evaluated by electrochemistry and reported up to 95 % at 600 mg L
concentration. In addition, they also fabricated ethyl acrylate (EA)
grafted GG (GG-g-PEA) using KPS and HAA activator at mild temper-
ature (35 °C) [277]. The obtained GG-g-PEA graft polymer was tested as
a corrosion inhibitor to reduce P110 steel corrosion in acidic environ-
ment. The spontaneous adsorption of GG-EEA onto P110 steel surface
was found both physical and chemical. Molecular dynamic simulations
were performed and indicated an improvement in adsorption capacity of
GG-g-PEA onto the steel surface, comparing to pristine GG. The corro-
sion inhibition efficiency of GG and GG-g-PEA for P110 steel was re-
ported as 77.5 and 92.3 % respectively at 500 mg L concentration.

Moreover, CAN and microwave irradiation was used by Mahto and
Mishra to graft 2-hydroxyl ethyl methacrylate (HEMA) to GG (GG-g-
PHEMA) via three cycles of MW irradiation and cooling in ice bath
[278]. Molar ratio of GG, HEMA and CAN was optimized to obtain the
grafting percentage of 1142 % and grafting efficiency (GE) of 114.22. To
demonstrate the drug delivery capacity of GG-g-PHEMA, the graft
polymer together with PVP binder, 5-aminosalicylic acid (ASA) medi-
cation, silicon dioxide (SiO3) and magnesium stearate were physically
mixed and formulated into GG-g-PHEMA/ASA tablets. Swelling of GG-g-
PHEMA was observed under all tested pH of 1.2, 6.8, 7.4, allowing the
gradual release of ASA from the tablets under these pH conditions.

3.4. Cross-linking

3.4.1. B-O-linkage

Borate esters have been widely employed as cross-linkers for polyol
compounds and various polymers [279-281]. Commercially available
borax [anhydrous sodium tetraborate (NazB407), sodium tetraborate
pentahydrate (NagB407-5H30), sodium tetraborate decahydrate
[NayB407-10H20 or Nap[B4Os5(OH)4]-8H20]] is normally used as a
source of boron for cross-linking. In aqueous media, borax dissociates to
hydrated tetraborate [[B4O5(OH)4](25q), Eq. (10), (11)], followed by
further hydrolysis to yield a mixture of boric acid [B(OH)3(aq), PKa =
9.14] and tetrahydroxyborate conjugate base, [[B(OH)4](aq), Eq. (12)].
The molar ratio between boric acid and tetrahydroxyborate varies
accordingly to pH of the media [Eq. (13)], and they can also react with
alcohol groups to form borate ester linkages [Eq. (14), (15)]. Moreover,
sodium borohydride (NaBHy4) is also exploited as a common source of
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boron. In aqueous media, NaBHy4 hydrolyzes to form hydrated sodium
metaborate [NaBO2, Eq. (16)], especially in the presence of catalysts
[282,283]. Further hydrolysis of NaBO, yields [B(OH)4]™ [Eq. (17)],
which allows the cross-linking with vicinal diol groups via the formation
of borate ester bonds (Fig. 7).[284].

NayB4O(5) + 2 HoOq1) = 2Nagsg) + [B4Os(OH)al%sg) (10)
Nay[B405(OH)4]-8H20(5) — 2Nagsq) + [B4Os(OH)altag) an
[B4Os(OH)4J%q) + 5 H2Oqy = 2B(OH)3aq) + 2 [B(OH)al(ag) 12)
B(OH)3(ag) + 2 HyO) = [B(OH)4liagq) + H30(q) 13)
B(OH)3(aq) + 3 ROH (s — B(OR)3q) + 3 H20q) 14
[BOH)4] (ag) + 4 ROH(yq) = [B(OR)]" (u) + 4 H2Oq) 15)
NaBHy,) + (2 + x) HyOg) — NaBO»xHyO(uq) + 4 Hag) (16)
NaBOxs) + 2 HyOqy — Nagsg) + [B(OH)aliag) 17)

Boron-based cross-linkers can be introduced to the GG polymeric
structures by simple dissolution and mixing of borax, boric acid or so-
dium borohydride with GG in aqueous media [285-287]. Recently,
Pugliese and Gelain prepared and cross-linked a self-assembly peptide
(SAP) NH,-FAQRVPPGGGLDLKLDLKLDLK-CONH; and GG using borax
at pH 8.5 to form self-healing borax-cross-linked GG-SAP (borax-cl-GG-
SAP) composite hydrogel [288]. GG was combined with SAP to enhance
elasticity, mechanical strength and thermo-responsiveness of SAP.
Meanwhile, Cao and coworkers used borax to cross-link GG in the
presence of gellan gum (GelG) to form borax-cross-linked GG-GelG
(borax-cl-GG-GelG) composite hydrogel [289]. At room temperature,
GelG adopts hard and brittle double helix conformation with good
compatibility to GG. The borax-cl-GG-GelG hydrogel exhibits electrical
conductivity due to the presence of borate ions, as well as self-healing
properties because of dynamic borate and hydrogen bonds. Mechani-
cal deformation of the hydrogel can produce electrical signals, allowing
the fabrication of flexible hydrogel-based strain sensors for detecting
and monitoring human motions with good repeatability and reliability.

Additionally, a wide range of inorganic particles has been incorpo-
rated into GG-based polymeric matrices to form composites. For
example, Dassanayake et al. recently cross-linked GG by borax to yield
borax-cross-linked GG (borax-cl-GG) [290]. Then, permanganate(VII)
(MnOj) precursor ions were allowed to diffuse into the borax-cl-GG
polymeric structure and oxidize -OH groups of GG. Meanwhile, MnO}
was reduced into manganate(VI) (MnO%’) ions, and eventually to man-
ganese dioxide (MnO2) nanoparticles under alkaline pH, resulting in the
formation of borax-cl-GG/MnO2 brownish nanocomposite. Potential
applications of B-cI-GG/MnO; were demonstrated based on oxidative
decolorization of MB dye. Comparing to MnO, nanoparticle reference,
the borax-cl-GG/MnO2 photocatalyst has a much better oxidative
decolorization capacity under the tested pH of 4, 7 and 10.

Moreover, Wang and coworkers employed NaBH4 to cross-link GG
with a composite of Pd heterogeneous catalyst nanoparticles (Pd NPs)
and cellulose nanocrystal (CNC) system (CNC/Pd NPs) [291]. A homo-
geneous mixture of PdCl; and CNC was firstly prepared, followed by the
reduction of Pd?* to Pd NPs by NaBH, reducing agent to form CNC/Pd
NPs nanocomposite. Then, the obtained CNC/Pd NPs nanocomposite
was mixed with GG and NaBHj4 to yield NaBH4-cross-linked GG/CNC/Pd
NPs (NaBHy4-cl-GG/CNC/Pd NPs) nanocomposite. The boron-based
cross-linkers are temperature-sensitive, which allows the sol-gel tran-
sition by changing the temperature of NaBHy4-cl-GG/CNC/Pd NPs,
hence, the catalytic reactions and recycling of Pd NPs. The catalytic
activity of NaBH4-cl-GG/CNC/Pd NPs was tested on Suzuki cross
coupling reactions between various aryl halides and aryl boronic acids
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and showed promising efficiency and recyclability.

Recently, Talodthaisong and coworkers cross-linked Cur-stabilized
Ag NPs (Cur-Ag NPs) and GG to develop borax-cross-linked GG/Cur-Ag
NPs (borax-cl-GG/Cur-Ag NPs) nanocomposite [292]. Borax was used to
cross-link GG in the presence of Cur-stabilized Ag NPs, which were ob-
tained from thermal decomposition of AgNOs3, resulting in injectable
self-healing borax-cl-GG/Cur-Ag NPs hydrogel. The hydrogel is also pH-
and temperature-responsive due to the responsiveness of borate ester
cross-linkers present in the hydrogel structure. In addition, borax-cl-GG/
Cur-Ag NPs also possesses antibacterial activity, with greater inhibition
capacity against gram-positive bacteria (E. coli, P. aeruginosa) compared
to gram-negative bacteria (S. Aureus).

Meanwhile, Deka et al. employed NaBH; as a reducing agent for the
preparation of Ag NPs from AgNOs, and a cross-linker for GG and PVA
polymeric matrix [293]. The fabricated NaBHy-cross-linked GG/PVA/
Ag NPs (NaBHy4-cl-GG-PVA/Ag NPs) nanocomposite also shows pH-
responsiveness, injectability, improved mechanical strength and anti-
bacterial activity against E. coli. Moreover, NaBH4-cl-GG-PVA/Ag NPs is
a promising catalyst for reduction of nitrobenzene to aniline using
NaBH4 reductant.

3.4.2. C-O-linkage

Various C-based functional groups have been employed in the cross-
linking of GG and its derivatives (Fig. 7). For example, epoxide and
chloro groups on ECH can easily form ether groups for cross-linking
[180]. Moreover, carboxylic acid anhydrides can be used for cross-
linking via the formation of ester, amide bonds, and/or aza-Michael
addition reaction [85,142]. Aldehyde functional groups, which might
be found directly on oxidized GG and its derivatives, or from external
cross-linkers such as GA, have also shown efficient cross-linking with
other polysaccharides via the formation of hemiacetal, acetal and/or
imine linkages [122,123,136,137,149,200,208-213,294].

Additionally, Bag and coworkers employed GA to cross-link GG into
a polymeric structure in the presence of iron oxide nanoparticles (Fe3O4
NPs) for the fabrication of GA-cross-linked GG/Fe304 NPs (GA-cl-GG/
Fe304 NPs) nanocomposite [295]. Firstly, Fe304 NPs were synthesized
by coprecipitation method with an assistance of citric acid surfactant.
Then, GG was cross-linked in the presence of the Fe3O4 NPs to obtain the
nanocomposite final product, which shows no genotoxic effects on
Drosophila melanogaster fruit flies.

To enhance mechanical strength and self-healing properties of nat-
ural polysaccharide-based hydrogels, Rao et al. combined two self-

23

healing mechanisms, namely, covalent cross-linking between GG, so-
dium alginate (SAL) by GA, and coordination bonds between SAL,
dopamine (DA) and Fe3t [296]. Stellate mesoporous silica (STMS)
nanoparticles with high specific surface area and large pore volume,
were chosen to store GA cross-linking agent for its gradual release, and
to offer a surface for the preparation of polydopamine. The obtained
PDA-coated GA-loaded STMS (PDA-STMS/GA) nanoparticles were
dispersed in a mixture of Fe3+, GG and SAL to fabricate GA, Fe3*-cross-
linked GG/SAL/DA-STMS/GA (GA, Fe3*-cl-GG/SAL/DA-STMS/GA)
nanocomposite. The nanocomposite product possesses excellent self-
healing properties, tensile strength (up to 7.0 MPa) and can also be
used to develop strain electronic sensors.

Besides GA, glyoxal can also be employed as a cross-linker and was
used by Gupta et al. to develop glyoxal-cross-linked GG/activated C
(glyoxal-cl-GG/activated C) nanocomposite [297]. The obtained nano-
composite has been found as a promising dye adsorbent for wastewater
treatment, with adsorption capacity of 831.82 mg g~* at 30 °C and good
recyclability.

3.4.3. Si-O-linkage

TEOS is a typical Si-containing precursor for cross-linking GG and its
derivatives [81,86,273]. Recently, Butt el al. blended a mixture of GG,
CS, polyethylene glycol (PEG), cephradine (CED) antibiotic medication
in water and chemically cross-linked these polymers by TEOS to develop
a novel pH-sensitive TEOS-cross-linked GG-CS-PEG/CED (TEOS-cl-GG-
CS-PEG/CED) hydrogel for controlled drug release of CED [298]. Better
swelling behavior of the prepared hydrogels was recorded under acidic
environment (pH around 4), comparing to neutral and alkaline pH. This
might be attributed to the protonation of -NH; functional groups in CS,
resulting in electrostatic repulsion and swelling of the polymeric matrix.
The loaded CED can be released from the hydrogels in a controlled
manner, up to 85 % in PBS and 82.4 % in simulated intestinal fluid (SIF)
over 130 min.

Meanwhile, Khan and coworkers also used TEOS in cross-linking GG
and arabinoxylan (ARX) to fabricate TEOS-cross-linked GG-ARX (TEOS-
cl-GG-ARX) hydrogels, as well as GG, CS and PVA to prepare TEOS-
cross-linked GG-CS-PVA (TEOS-cl-GG-CS-PVA) hydrogels for wound
dressing [299,300]. Maximum swelling of TEOS-cl-GG-ARX and TEOS-
cl-GG-CS-PVA hydrogels were reported at pH 7 and 4 respectively. Sil-
ver sulfadiazine (SSD) antibiotic was incorporated into TEOS-cl-GG-ARX
(TEOS-cl-GG-ARX/SSD) hydrogel. This drug release hydrogel shows
antimicrobial activity against skin disease-causing bacteria such as
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gram-negative P. aeruginosa, gram-positive S. aureus, and noncytotoxic
responses towards mouse MC3T3-E1 cell line. Besides, paracetamol was
loaded into TEOS-cl-GG-CS-PVA (TEOS-cl-GG-CS-PVA/paracetamol)
and could be released up to 98 % in PBS medium at pH 7.4. The TEOS-cl-
GG-CS-PVA/paracetamol hydrogels also possess antibacterial activity
against gram-negative (E. coli, P. aeruginosa) and gram-positive
(B. cereus, S. aureus) bacteria.

3.4.4. P-O-linkage

Aydogdu and coworkers recently demonstrated the cross-linking of
GG in the presence of SL emulsion stabilizer, glycerol plasticizer, orange
oil, using non-toxic, FDA-approved STMP cross-linker under alkaline
condition (pH 12) [301]. The fabricated STMP-cross-linked GG/orange
oil (STMP-cl-GG/orange oil) films were tested for food packaging.
Incorporation of orange oil into the films and crosslinking of GG
decrease the water dissolvability and surface water wettability of these
films, hence, enhancing their hydrophobicity. In addition, the films also
show antimicrobial activity against gram-negative (E. coli) and gram-
positive (B. subtilis) bacteria.

4. Conclusions

In the recent past, various chemical modification approaches of
natural GG polysaccharide and its derivatives have been explored to
alter their properties and extend their applicability in numerous fields
(Fig. 8). Among the reported functionalization methods, etherification,
esterification, FRGP, periodate-mediated oxidation and cross-linking
have been ones of the most commonly used chemical reactions, while
other reaction pathways such as amination, phosphorylation, ROP, SGP,
silylation, sulfation, TEMPO-mediated oxidation and xanthation are also
promising for future research. Moreover, further cross-linking of
chemically modified GG has also been of profound interest and can be
done by employing different chemical cross-linking methods. Chemical
derivatives of natural GG are versatile polysaccharides that can be used
in numerous fields, from biomedicine, wound dressing, drug delivery, to
catalysis, sensing, food packaging, surfactant, slow-release fertilizer,
metal corrosion inhibition, waste treatment, oil separation and recovery.
With a fascinating increase in the amount of published work on GG, this
review can be used as a library of choice for readers who are searching
for chemical modification approaches of GG and its derivatives to
develop and explore novel properties and applications of GG-based
advanced materials (Table 2).
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A novel conjugation of guar gum with xanthate groups via facile aqueous xanthation reaction has been reported.
Density of grafted xanthate on guar gum product (GG-X) is as high as 4.4%, thus GG-X is conceivably charac-
terized and confirmed by various spectrometric, electrochemical, thermogravimetric, and microscopic methods.
Complexation of GG-X with numerous borderline and soft metal ions (e.g. Fe?*, Co?*, Ni?*, cu®*, Pb?*, Pt>* and
Cd?") yields hydrophilic gel-like materials and shows good agreement with hard and soft acid and base (HSAB)
theory. This indicates tremendous potential of GG-X in metal ion extraction, removal and hydrogel cross-linking.
GG-X is also employed to formulate an aqueous colloidal dispersion of copper sulfide covellite (GG-X/CuS)
nanocomposites. GG-X therefore behaves as a surfactant, allowing formation of electronically conductive
nanocomposites. XRD indicates apparent beneficial effects of GG-X in the synthesis of CuS with a crystallite size
of 15.6 nm. This novel nanocomposite is a promising material for humidity sensing, showing reversible linear
responses to relative humidity changes within 10 to 80% range. The interaction between GG-X and water might
cause changes in electrical permittivity of GG-X/CuS nanocomposite and/or electrical hopping conductivity
between CuS nanoparticles.

1. Introduction

Guar gum (GG) is a natural non-ionic galactomannan polysaccharide
with a large molecular weight up to 2:10° Da, depending on the natural
sources [1,2]. GG is composed of a mannose (M) backbone and galactose
(G) side chains with a M/G ratio of around 1.8:1 (Fig. 1a). In GG, f-1,4-
glycosidic bonds are found between M monomers, while G monomers
are linked to the M backbone via a-1,6-glycosidic bonds. Due to the
existence of numerous hydroxyl (-OH) groups on polysaccharide back-
bone, GG is highly hydrophilic and viscous solutions of GG can be

obtained easily even in cold water [3]. Moreover, these -OH groups also
act as reactive sites for diverse chemical functionalization and deriva-
tization approaches of the original GG towards novel advanced mate-
rials [4-10]. Possessing the nontoxicity, biocompatibility,
biodegradability, abundant availability and low cost, GG has attracted
great attention as a promising material in various research fields, e.g.
hydraulic fracturing, water purification, food and petroleum industry,
cosmetics and drug delivery [11-15]. Despite numerous advantages that
GG can offer, challenges in the usage of GG in the development of new
materials remain due to its susceptibility to microbial contamination

Abbreviations: AGU, anhydroglucose unit; CuS, copper sulfide covellite; CV, cyclic voltammetry; DAQ, data acquisition hardware; DS, degree of substitution; Et-X,
ethyl xanthogenate; FTIR-ATR, Fourier-transform infrared radiation - attenuated total reflectance; G, galactose; GD, grafting density; GG, guar gum; GG/CuS, guar
gum-copper sulfide covellite nanocomposite; GG-X, guar gum xanthate; GG-X/CuS, guar gum xanthate-copper sulfide covellite nanocomposite; HSAB, hard and soft
acid and base; IDE, platinum-interdigitated electrode; Inorg-X, inorganic xanthate; M, mannose; M/G, mannose-to-galactose; MADIX, macromolecular design via the
interchange of xanthates; OH, hydroxyl; RAFT, reversible addition-fragmentation chain transfer; RH, relative humidity; SEM-EDS, scanning electron microscopy -
energy dispersive X-ray spectroscopy; TGA-DSC, thermogravimetric analysis - differential scanning calorimetry; UV-Vis, ultraviolet-visible; X, xanthate; XPS, X-ray
photoelectron spectroscopy; XRD, powder X-ray diffraction.
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and fast biodegradation. It is, therefore, important to chemically modify
GG in order to enhance its stability, functionality and extend its appli-
cability [11].

Over the years, xanthate (X) functional group has been well-known
for its various applications in chemistry and materials science. While
O- and N-based functional groups such as alkoxide, ether, carboxylic
acid, sulfonic acid and amine, are typically regarded as hard bases, S-
based xanthate functional group can be considered as a soft base from
the hard and soft acid and base (HSAB) theory [16]. Xanthate, therefore,
has been a popular functional group to chelate soft acids due to its strong
binding capacity to a wide range of metal ions especially heavy metal
ions, and therefore, an ideal functional group for metal ion removal and
extraction [17-22], surface capping and synthesis of nanoparticles
[23-25]. The selective tumor-killing capacity of platinum or non-plati-
num xanthate complexes was also reported, showing promising bioac-
tivity of xanthate towards tumor cells [26-29]. In addition, xanthate
moieties also act as important intermediates in organic transformations
such as the synthesis of organofluorine derivatives [30], amines, ani-
lines, and other nitrogen compounds [31], or in reversible addition—
fragmentation chain transfer (RAFT) and macromolecular design via the
interchange of xanthates (MADIX) polymerization [32-34].

In this study, GG polymer backbone is xanthated for the first time to
give guar gum xanthate (GG-X), which would enhance the chelating
ability of original GG towards different metal ions. Characterization of
GG-X has been carried out using various techniques. In addition, po-
tential applications of GG-X are explored and demonstrated through the
complexation of metal ions (Section 3.3) and the formation of copper
sulfide nanocomposites for humidity sensing (Section 3.4) with GG-X.
Traditionally, the complexation of molecular xanthate derivatives and
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metal jons in aqueous solutions yields nonpolar metal xanthate complex
products [35]. Due to polymeric structure and remaining -OH groups of
GG-X, however, the complexation of metal ions via GG-X can result in
hydrophilic gel-like materials. This allows a convenient and environ-
mentally friendly approach for metal ion extraction and removal, since
organic solvents are not required and resultant gel-like materials can be
easily separated or recovered. Moreover, hydrophilic GG-X can be used
to formulate nanocomposites with semiconductors such as copper sul-
fide for humidity sensing. Among different types of copper sulfide phase
structures, copper sulfide covellite (CuS) stands out because of its simple
synthesis at ambient conditions, metallic-like conductivity, numerous
potential applications in photocatalysis, solar cells and electronics
[36-38]. The chelating effect of xanthate functional groups in GG-X can
assist the formation and stabilization of CuS nanoparticles dispersed in
GG-X matrix, which cannot be obtained without the presence of
xanthate groups by using GG solely. Once GG-X/CuS nanocomposites
are formed and employed as humidity sensors, hydrophilicity of GG-X
might allow humidity interaction while CuS can act as a filler in the
GG-X matrix to form electronically conductive composites, which are
potential materials for chemical and biological sensing. The interaction
between GG-X and water might cause changes in electrical permittivity
of GG-X/CuS nanocomposite and/or electrical hopping conductivity
between Cu$ nanoparticles, resulting in humidity sensing capacity of the
nanocomposite [39,40].
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Fig. 1. Xanthation of GG in aqueous solution (a), metal ion complexation of GG-X and GG-X/CuS preparation (b).
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2. Experimental
2.1. Chemicals and reagents

Guar gum (MW = 220 kDa), carbon disulfide (CS5), AlCl3, CdCly,
CoCly.6H20, CuCly, FeCly.4H20, FeCl3.6H20, Ni(NO3)2.6H20, NasS,
PbCly, PtCly, SnCly, ZnCly, potassium ethyl xanthogenate CoH50CS;K
(Et-X), NaHCO3, NapCOs, acetone, ethanol (EtOH), hexanol, methanol
(MeOH), toluene are purchased from Sigma-Aldrich. All chemicals are
reagent-grade and used as received without further purification.

2.1.1. Carbonate-bicarbonate buffer solution
Carbonate-bicarbonate buffer (pH 10.5) was prepared by dissolving
1.05 g of NaHCO3 and 9.28 g of NayCOs3 in 1.00 L of distilled water.

2.2. Material synthesis and device fabrication

2.2.1. GG-X

12.22 g NaOH was added to 200 mL Ny-purged H50. Then, 2.00 g GG
was added gradually to NaOH solution and the solution was stirred in 30
min. 4.455 mL CS; was then added to the solution and the reaction was
carried out for 2.5 h at room temperature. MeOH was added to quench
the reaction and precipitate GG-X products. The products were washed
intensively by MeOH to remove inorganic xanthates byproducts until
highly pure GG-X products were confirmed by UV-Vis spectroscopy. GG-
X final product was dried in vacuum to give a reaction yield of 87.23%.

2.2.2. GG-X/CuS nanocomposite

600 mg of GG-X (0.452 mmol X) powder was dissolved in 32.0 mL
distilled water at 40 °C to obtain a homogenous yellow solution.
Meanwhile, 608 mg of CuCl; (4.386 mmol) powder was dissolved in 8.0
mL water. The two solutions were mixed together under vigorous stir-
ring to get a viscous mixture of GG-X and Cu®". Finally, 61.5 mL of NayS
0.1 M (6.15 mmol) was added dropwise to the GG-X and Cu?t mixture
under vigorous stirring for 15 min to allow the formation of copper
sulfide and the liquefaction of the gel. This solution was then sonicated
for 15 min and concentrated by a hotplate at 85 °C for 2 h to get 48.0 mL
of a homogeneous solution. The resultant product was purified by sol-
vent precipitation (H20 and EtOH antisolvent) and then redissolved in
water.

2.2.3. Reference materials

(1) inorganic xanthate (Inorg-X) control solution: 30.0 pL CS; was
added to 2.0 mL of NaOH 1 M under Nj atmosphere. The solution was
stirred within 2.5 h to give a reference Inorg-X solution composed of
different forms of inorganic xanthates for UV-vis spectrophotometry.
(2) CuS references: CuS (S?”) reference was obtained by the typical
synthetic route of CuS, in which Cu?t was added into an alkaline solu-
tion of S~ (pH 10.5). Meanwhile, CuS (OH ") reference was prepared by
adding S?~ to a slightly alkaline Cu®* solution at pH 10.5, to mimic the
preparation of GG-X/CuS but without GG-X, hence, examining the effect
of alkaline pH on the formation of CuS. (3) GG/CuS reference: GG/CuS
reference was also prepared by using 600 mg of GG, instead of GG-X at
the same alkaline pH 10.5, to study the effect of GG-X in the formation of
CuS.

2.2.4. Metal complexation for demonstration

Different metal ion solutions of the same molar concentrations 37.68
mM (AP, cr®t, Fe®h), and 56.52 mM (zn?*, Sn?*, Fe?t, Co%*, Ni%*,
cu®*, Pb?*, Cd?*, Pt?*) were prepared in acidified H,0. 15.0 mg GG-X
was dissolved completely in 1000 pL neutral H»O in different vials. Then
100 pL of different metal ion solutions was added to those GG-X vials to
give complexation reactions. pH of final gel-like products was measured
to be in the range of 9.5-10.5.
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2.2.5. Sensor fabrication

5-pm gap platinum-interdigitated electrodes (IDEs) (Micrux, Spain)
were washed with water and ethanol. Then tape was applied onto the
electrodes to control the coating area. The electrodes were then placed
in plasma cleaner for 3 min. 20.0 pL of following solutions: GG, GG-X,
GG/CuS, GG-X/CuS was drop-coated on the clean electrodes using mi-
cropipettes and the electrodes were then dried in vacuum for 4 h before
testing.

2.3. Characterization

2.3.1. UV-Visible (UV-Vis) spectrophotometry

UV-Vis spectra of all compounds in carbonate-bicarbonate buffer
solutions (pH 10.5) were recorded on Shimadzu UV 2501PC spectro-
photometer (Shimadzu Inc., Kyoto, Japan) in the range of 260-700 nm
with a resolution of 0.5 nm, in quartz cells (1 x 1 cm) at room
temperature.

2.3.2. Cyclic voltammetry (CV)

Measurements were performed using a portable electrochemical
interface and impedance analyzer (CompactStat, Ivium Technologies,
The Netherlands). The experiments were carried out with a three-
electrode setup including 1-mm diameter Pt disk working electrode, Pt
wire counter electrode, and Ag/AgCl reference electrode. Cyclic vol-
tammograms were recorded under potentiodynamic conditions over the
potential range of —0.5 to 0.8 V (vs. Ag/AgCl) at the potential scan rate
of 50 mV/s.

2.3.3. Fourier-transform infrared spectroscopy - Attenuated total
reflectance (FTIR-ATR) spectroscopy

IR spectra were measured by Nicolet™ iS50 FTIR spectrometer
(Thermo Scientific Inc., Waltham, MA, USA). The spectra were recorded
from 400 to 4000 cm ™! with a resolution of 4.0 cm ! and averaged from
64 scans. The instrument was equipped with a diamond crystal and a
pressure gauge.

2.3.4. Powder X-ray diffraction (XRD)

Bruker D8 Discover diffractometer (Bruker Inc., Billerica, MA, USA)
was employed to measure XRD spectra of samples in a diffraction angle
range between 10 to 80° with resolution of 0.04° at room temperature.
X-ray K780 (Cu Ko anode, A = 1.5418 1?\) generator was used at 40 kV
voltage and 40 mA current.

2.3.5. Scanning electron microscopy - energy dispersive X-ray spectroscopy
(SEM-EDS)

Morphology of materials was studied by LEO Gemini 1530 scanning
electron microscopy (Leo Electron Microscopy Inc., Thornwood, NY,
USA) while elemental mapping was done by energy dispersive X-ray
spectroscopy (thermo scientific ultradry silicon drift detector). Resultant
SEM images of GG-X/CuS were analyzed and CuS particle size was
examined using Image J software. The particle size distribution curve of
CuS was plotted based on 200 particles of CuS in GG-X/CuS.

2.3.6. X-ray photoelectron spectroscopy (XPS)

PHI 5000 VersaProbe (ULVAC-PHI Inc., Hagisono, Chigasaki,
Kanagawa, Japan) spectrometer was used to conduct XPS measurements
under following conditions: monochromatic Al Ko radiation (hv
1486.6 eV), an X-ray source operating at 25 W, 15 kV, 100 pm spot, pass
energy of 23.5 eV, energy step of 0.1 eV. Obtained XPS spectra were
analyzed in CasaXPS software using the set of the sensitivity factors
native for the hardware. Shirley background and Gaussian-Lorentzian
peak shape were used for deconvolution of all spectra.

2.3.7. Thermogravimetric analysis - differential scanning calorimetry
(TGA-DSC)
TGA-DSC measurements were carried out by a Netzch STA 449 F1
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Jupiter thermogravimetric analyzer (Netzsch Instruments Inc., Feath-
erstone, Wolverhampton, UK) under Nj inert atmosphere from 30 to
600 °C with a heating rate of 10 °C min~. Dry samples of 2-10 mg were
placed in aluminium DSC pans, while N, flow rate was maintained at 20
mL min~?,

2.3.8. Humidity and electrical resistance studies

Two procedures, one is without and another is with vacuum applied
for desorption step, have been adopted for gas and humidity sensing.
The experimental setup for the former procedure has been reported by
Zouheir et al. [41] In short, a wireless and portable data acquisition
hardware (DAQ) device was built from the Arduino and 16-bit analog-
to-digital converter to acquire data from resistive sensors. LabVIEW VI
was programmed to plot and save voltage outputs acquired by the
prototype through Bluetooth communication. The reference and coated
sensors were set inside a chamber to monitor relative humidity (RH) by
adjusting the humid air or the dry air via an inlet. Room-temperature
(25 °C) air with varying humidity levels was generated using an ultra-
sonic humidifier (Wilfa), without affecting the temperature inside the
humidity chamber. In the latter procedure, the sensors were loaded into
a stainless-steel chamber and exposed to cycles of vacuum and N with
varying concentrations of gases or water vapor, while measuring their
resistance. A computer-controlled bubbler was filled with the corre-
sponding liquid, and then N was bubbled through. The resulting gas
mixture (N2 and organic compounds/water) was diluted to obtain the
desired concentrations. The normalized resistance was calculated ac-
cording to the following equation: Ryormalized = (R-Ro) / Ro, where Ry is
the initial resistance value.

3. Results and discussion

3.1. Synthesis, metal ion complexation of GG-X and preparation of GG-
X/CuS nanocomposites

Hydroxyl groups of GG were first activated by using an excess
amount of sodium hydroxide. Carbon disulfide was then added to the
solution to yield xanthated guar gum GG-X (Fig. 1a). N2 purging was
crucial to avoid further oxidation of xanthates. Since the xanthation was
carried out in aqueous media, complex equilibria between the main
reaction to produce GG-X and side reactions to create Inorg-X byprod-
ucts, were quickly established (e.g. Egs. (1) and (2)) [42]. Meanwhile, a
control solution for Inorg-X byproducts was also prepared under similar
conditions without addition of GG for comparison purposes. In addition,
complexation between various metal ions and GG-X was carried out
effortlessly in aqueous solutions by controlling the molar ratio between
metal ions and xanthate groups as 1:2 or 1:3 (Fig. 1b). To prepare GG-X/
CuS nanocomposites, Cu’>" was first dispersed in GG-X aqueous solution,
followed by a precipitation reaction between Cu?* and S~ to give a
homogenous dispersion of CuS nanoparticles in GG-X aqueous matrix
(Fig. 1b). Other samples such as CuS (Sz’), CuS (OH ), GG/CuS were
also studied to highlight beneficial effects of GG-X on the formation of
CusS.

GG — OH + NaOH + CS,—~GG — OCS,Na (GG — X) + H,0 [€))
2CS, + 6NaOH—Na,CO; + Na,CS; + Na,$ + 3H,0 @)
GG — X~ —2¢—~GG — X — X — GG 3)

3.2. Characterization

3.2.1. UV-vis spectrophotometry

GG-X was characterized by UV-Vis spectrophotometry with ethyl
xanthogenate (Et-X) as a reference compound to confirm the xanthation
of GG. Similar absorption bands of around 302.5 and 300.5 nm from GG-
X and Et-X reference are observed, while different Inorg-X impurities in

108

International Journal of Biological Macromolecules 206 (2022) 105-114

the control solution possess a collective absorption band of around
334.5 nm (Fig. 2a). Based on different absorption bands at 302.5 and
334.5 nm, the purity of GG-X product can be monitored and confirmed
(Fig. S1). The degree of substitution (DS) and grafting density (GD) of
xanthate on guar gum are approximated as 0.132 (number of xanthate
moieties per each anhydroglucose unit (AGU)) and 4.4% (percentage of
-OH groups which have been xanthated out of three -OH groups in one
AGU) respectively, based on the molar absorption coefficient of Et-X
(supplementary data, SD). While CuS is insoluble in water, a green,
transparent and homogeneous aqueous colloidal dispersion of GG-X/
CuS was easily studied by UV-Vis spectrophotometry (Fig. 2a) because
of the stabilization effect of GG-X as a surfactant. GG-X/CuS shows a
typical absorption spectrum of CuS that ranges from UV to visible light
and near IR radiation [43].

3.2.2. Cyclic voltammetry (CV)

The presence of xanthate on GG is also confirmed by CV with Et-X
reference compound, since xanthate can be oxidized electrochemically
[44]. CV of the blank buffer (Fig. S7) shows a cathodic peak, corre-
sponding to the reduction of buffer solution. In the presence of Et-X and
GG-X, anodic peaks of xanthate oxidation at 0.7 and 0.5 V (vs. Ag/AgCl)
respectively are recorded and therefore, suggesting a possible electro-
chemical cross-linking approach of GG-X via covalent disulfide bonds
(Eq. (3)). In addition, the cathodic peak of the buffer solution is not
observed, and this might be due to the adsorption of Et-X or GG-X on the
electrode surface, hence, inhibiting the charge transfer process to the
buffer.

3.2.3. FTIR spectroscopy

IR spectra of GG, CuS (Sz’), GG-X, GG-X/CuS were recorded and
shown in Fig. 2b, c. Typical IR absorption bands of galactomannan
backbone appear in all three spectra of GG, GG-X and GG-X/CuS. The
O—H stretching vibration from hydroxyl groups and C—H stretching of
CH,, groups can be found in the wavenumber range of 3000-3600 and
2800-3000 cm ™! respectively. Meanwhile, absorption bands of around
1640 cm ™! due to ring stretching, strong absorption peaks at 1143, 1064
and 1014 cm~! from C-OH bond, CH,0H stretching and CHp twisting
vibrations respectively, and typical peaks at 874 cm ™! for galactose and
mannose are also observed [45-47].

IR spectrum of GG-X was compared to that of GG to emphasize new
absorption bands at 1149 em ! (S-C-S stretching) and 1057 em ! [(=]
stretching), ( [18]; Y [22].) indicating the successful xanthation of GG.
The employment of inert gases in the synthesis of GG-X is also crucial for
xanthation process since in the presence of Oy, oxidation of xanthate
functional groups might occur. Fig. S8 compares IR spectra of GG-X
samples prepared in aerobic and anaerobic conditions. GG-X synthe-
sized under aerobic atmosphere also possesses similar absorption bands
around 1149 and 1057 cm ™. Nevertheless, a new intensive absorption
band around 1437 cm™! due to the stretching of S=0 bonds can be
easily detected [48], suggesting the further oxidation of xanthate groups
under aerobic synthesis. In addition, IR spectrum of CuS ($2) reference
shows no significant signals, while similar absorption bands of GG-X
(especially at 1057 em™! due to C=S stretching) can also be found in
GG-X/CusS, confirming the presence of GG-X.

3.2.4. Powder X-ray diffraction (XRD)

X-ray diffractograms of newly synthesized materials and their ref-
erences are shown in Fig. 2d to confirm their phase structures and pu-
rity. Both GG and GG-X possess broad peaks at similar 20 values of
around 18°, indicating the amorphous phase structure of GG and GG-X.
XRD peaks of GG-X/CuS are identified at 20 = 10.72, 27.20, 27.72,
29.32, 31.84, 32.84, 38.88, 43.20, 44.40, 48.00, 52.76, 57.28, 59.40,
and correspond to lattice plane indices (002), (100), (101), (102), (103),
(006), (105), (106), (008), (110), (108), (202), (116), respectively, of
covellite CuS (JCPDS file no. 79-2321) [49,50], hence CuS in GG-X/CuS
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Fig. 2. UV-Vis spectra (a) of Et-X, Inorg-X, GG-X and GG-X/CuS (greenish homogeneous solution in the vial) in carbonate-bicarbonate buffer solution at pH 10.5. IR
spectra (b, ¢) of GG, CuS (8%7) references, GG-X synthesized under anaerobic atmosphere, and GG-X/CuS. XRD patterns (d) of GG, GG-X, stick pattern of Cu$ covellite

(JCPDS file no. 79-2321), CuS ($27), CuS (OH "), GG/CuS and GG-X/CuS.

exists in covellite phase. A broad signal at 20 of 20.56° is attributed to
amorphous GG-X in GG-X/CuS. The XRD spectrum of GG-X/CuS shows
strong and sharp diffraction peaks, suggesting its high crystallinity and
purity.

In addition, several reference samples prepared in the same reaction
condition as that of GG-X/CuS were characterized by XRD to determine
whether beneficial effects of GG-X on the formation of Cu$ covellite are
due to the alkaline pH, the presence of guar gum and/or xanthate
functional groups of GG-X. The crystallite size D of these samples was
calculated from the (110) peak width through the well-known Scherrer
eq. (SD) and is used to correlate the effects of GG-X on the formation of
crystalline Cu$ covellite, X-ray diffractograms of CuS (S27) shows a
more distinct XRD pattern of CuS than those of CuS (OH™). CuS (Sz’)
also has a larger crystallite size of 11.7 nm than 9.1 nm of CuS (OH ),
hence, excluding beneficial effect of OH™ on the formation of CuS in this
particular synthetic pathway. Additionally, GG/CuS prepared in alka-
line pH possesses broad peaks of CuS and much smaller crystallite size of
5.1 nm, therefore, also disproving any beneficial effects of GG and OH
on the formation of crystalline CuS. Among these X-ray diffractograms,
GG-X/CuS has the most distinctly sharp XRD peaks of CuS and largest
crystallite size of 15.6 nm, correlating the advantageous presence of GG-
X in the formation of highly crystalline CuS, hence highly electrical
conductivity of CuS [51].

3.2.5. Scanning electron microscopy - energy dispersive X-ray spectroscopy
(SEM-EDS)

SEM analysis on GG, GG-X and GG-X/CuS (Fig. 3a, b and g respec-
tively) shows irregular morphology of the three samples with particle
size of around 30-90 pm. Meanwhile, aggregation of large-sized

particles is observed in electron micrographs of GG-X and GG-X/CuS.
This could be explained due to the presence of electrically charged
xanthate functional groups in GG-X, hence, enhancing electrostatic
interaction between particles. In addition, elemental mapping based on
EDS was also employed to confirm the success of xanthation process, as
well as the formation and distribution of CuS in GG-X/CuS nano-
composite. Fig. 3¢, d, e, f show a uniform distribution of C, O and S el-
ements in GG-X, while Fig. 3h, i, j, k and 1 also show well-distributed C,
0, S and Cu elements in GG-X/Cu$S nanocomposite. CuS particles in GG-
X/CuS possess rod-like morphology and are distributed uniformly
throughout GG-X structure (Fig. S9). The particle size distribution of CuS
particles was plotted and fitted by Gaussian function to give an average
length of 230 + 31 nm (Fig. S10).

3.2.6. X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out on GG, Et-X, CuS (SZ’), GG/CusS,
GG-X/CusS, to confirm the presence of xanthate functional groups in GG-
X and to study the interaction between GG-X and CuS in GG-X/CuS. The
high-resolution XPS spectrum of sulfur S 2p for Et-X reference is shown
in Fig. 4a. Two types of S 2p states are observed on the spectrum and due
to spin-orbit coupling, these S 2p signals are present as doublets (S 2p 3/
2and S 2p 1/2, separated by 1.2 eV). The high-intensity doublet at lower
energy (S 2p 3/2 at 161.9 eV, S 2p 1/2 at 163.1 eV) is most likely from
xanthate functional groups, while the low-intensity doublet at higher
energy (S 2p 3/2 at 167.8 eV, S 2p 1/2 at 169.0 eV) could be attributed
to sulfur in higher oxidation states, whose presence could have been
caused by the oxidation of xanthate groups [52].

XPS spectra of GG-X sample were compared to those of GG reference
sample to show that the main differences can be correlated to the
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Fig. 3. Electron micrographs of GG (a), GG-X and its elemental mapping (b-f), GG-X/CuS and its elemental mapping (g-1).

presence of sulfur in GG-X. The S 2p spectrum of GG-X possesses two
similar groups of peaks to those of Et-X (Fig. 4b). The first doublet at
lower energy (S 2p 3/2 at 162.2 eV, S 2p 1/2 at 163.4 eV) confirms the
presence of xanthate functional groups in GG-X. The atomic concen-
tration of sulfur from xanthate groups is also determined to be around
0.2% (Table S6). Meanwhile, the second doublet of higher energy (S 2p
3/2 at 167.7 eV, S 2p 1/2 at 168.9 eV) has a greater intensity than the
lower energy doublet, suggesting the further oxidation of xanthate
groups on the sample surface.

XPS spectra of GG/CuS also indicate the presence of copper(Il)
(Cu?") and sulfide (S27) covellite in the sample (Fig. 4c for S-XPS,
Table S7). The binding energy of Cu 2p 3/2 peak (932.7 eV), the general
shape of the Cu 2p spectra, as well as the S 2p spectra (S 2p 3/2 at 162.1
eV) agree with literature data on the presence of CuS copper(Il) sulfide
covellite [53-55]. XPS analysis of GG-X/Cu$S sample also confirms the
presence of copper(Il) sulfide (Cuz’ and Sz’) covellite (Fig. 4d for S-XPS,
Table S8). S 2p and Cu 2p spectra of GG/CuS and GG-X/CuS show peaks
in the similar range. More interestingly, while the atomic concentrations
of Cu?* and $?~ in GG/Cu$ are measured as 0.67 and 0.81% respec-
tively, the atomic concentrations of Cu?** and $2~ in GG-X/Cus are found
approximately five times greater, of 3.45 and 4.54% respectively. As CuS
in GG/CuS and in GG-X/CuS was synthesized in the same reaction
conditions, this implies a much stronger interaction between CuS and
GG-X than between CuS and GG due to the presence of xanthate groups.

3.2.7. Thermogravimetric analysis - differential scanning calorimetry
(TGA-DSC)

Thermal properties of GG-X, GG-X/CusS, as well as GG and CuS (SZ’)
references were studied by TGA-DSC. TGA and derivative of weight loss
(DTG) thermograms of these materials are shown in Fig. 4e and f. Both
GG and GG-X possess an initial endothermic weight loss of 8.61% and
8.41% due to water desorption at around 78 and 72 °C respectively.
Thermal degradation of galactomannan chains in GG is detected in the
temperature range of 225-425 °C, with the largest weight loss at 314 °C
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based on DTG and three endothermic events at around 246 °C, 315 °C,
396 °C on the DSC thermogram (Fig. S11a). This decomposition tem-
perature range is commonly found in galactomannan polysaccharides
under Ny inert atmosphere [45]. Meanwhile, a similar endothermic
degradation of galactomannan chains is also observed in GG-X within a
lower temperature range between 150 and 375 °C, with the largest
weight loss at 251 °C from DTG and two major endothermic events at
around 244 °C, 366 °C from DSC (Fig. S11c). These temperature ranges
are also in good agreement with typical decomposition temperature
ranges of compounds which contain xanthate functional groups, hence,
confirming the presence of xanthate in GG-X [56]. The lower thermal
stability of GG-X comparing to GG might be attributed to the loss of -OH
functional groups during the xanthation process, resulting in the
disruption of the original hydrogen bonding system in GG [57,58].

Thermograms of CuS (S%) reference (Fig. S11b) show an initial
weight loss of 1.88% at around 105 °C due to the endothermic desorp-
tion of water. Two other endothermic events are also observed within
the temperature range of 180 and 300 °C, corresponding to a total
weight loss of 10.85%, because of the removal of lattice water in the
crystalline structure of CuS. Thermal decomposition of CuS gradually
into Cu,S (1 < x < 2) and vaporization of S also occurs endothermically
at around 409 °C to give a weight loss of 6.20% [59,60]. The endo-
thermic water desorption of GG-X/CuS occurs at temperature above
100 °C and reaches its greatest weight loss of 9.04% at around 161 °C
according to DTG (Fig. S11d). A significant weight loss of 10.66% is also
observed within the temperature range of 200-300 °C, which can be
attributed mainly to the thermal decomposition of xanthate functional
groups and/or the removal of lattice water in GG-X/CuS. Above 300 °C,
another weight loss of 9.68% is detected and could be due to the thermal
degradation of xanthante functional groups, galactomannan backbone
and/or CuS into Cu,S (1 < x < 2).
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Fig. 4. Sulfur XPS spectra of Et-X (a), GG-X (b), GG/CuS (c), GG-X/CuS (d); TGA (e) and DTG (f) thermograms of GG, CuS (Sz’), GG-X and GG-X/CuS.

3.3. Metal ion complexation of GG-X

Potential applications of GG-X in metal ion complexation are
demonstrated with various metal ions of 24- and 3+ electrical charges to
form gel-like materials (Fig. 1b). Using the hard and soft acid and base
(HSAB) theory, metal ions of interest can be classified as hard (A13+,
cr3t, Feh), borderline (Zn?*, Sn*, Fe?*, Co?*, Ni?*, Cu®*, Pb%*"), and
soft (Cd2+, Pt2+) acids, while S-based xanthate functional group is a soft
base. The obtained gel-like products formed by different metal ions have
good agreements with HSAB theory as the coordinating capacity of soft
xanthate bases becomes stronger towards softer acids (Fig. 5a, S5 in SI)
[16]. In addition, control experiments on the complexation of original
unxanthated GG were done to show a reverse behavior of GG-based gel-
like materials (Fig. S6). Under similar pH condition of around 10, -OH
groups on GG can be deprotonated partially to become alkoxides. These

111

O-based alkoxide chelating moieties are classified as hard bases and
therefore, interacting more strongly with hard (AI**) and borderline
(Pb*") acids rather than soft (Cd>") ones.

3.4. Sensing application of GG-X/CuS

In order to explore the chemical sensing capability of GG-X/CusS,
electrical responses of GG-X/CuS to relative humidity (RH) was first
studied and compared to other reference materials, namely, the bare
IDE, GG, GG-X, CuS (Sz’) and GG/CuS (Fig. S13), using a low-cost
wireless Arduino platform, which was manually assembled in our lab
[41]. At RH of around 5%, all bare-IDE, GG and GG-X reference sensors
show high resistance of 500-600 kQ. As the RH increases from 5 to
100%, the resistance of these decreases significantly to around 15-30
kQ. Several cycles of changing RH were performed to show good
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Fig. 5. Photographs of gel-like materials formed by complexing GG-X with different metal ions, which can be classified as hard, borderline,

and soft acids (a).

Normalized electrical resistance of GG-X/Cu$ sensors to various RH changes (b) and its best-fit line (c).

reversibility of these reference electrodes. Meanwhile, the CuS (SZ’)
reference sensor shows a much lower resistance, of around 81 Q, and its
resistance is independent of RH changes. In the presence of GG, the GG/
CuS nanocomposite reference sensors, on the contrary, show responses
to RH variation with good reversibility. The resistance of GG/CuS sen-
sors varies within the range of 57-95 Q as the RH changes between 5 and
100%. More interestingly, when GG-X is used to form the nano-
composites with Cu$ instead (GG-X/CuS), not only reversible responses
of GG-X/CuS to RH changes are observed, but also a greater range of
resistance changes (98-301 Q) is recorded, indicating higher sensitivity
comparing to GG/CuS. These results confirm the importance of
employing GG-X in the fabrication of CuS-based humidity sensors.

Fig. 5b shows the responses of GG-X/CuS sensors to RH changes
under vacuum-exposure cycles in terms of normalized resistance. The
sensors were first exposed to vacuum to establish the baseline of the
graph, and RH = 80% was then chosen to normalize the electrical
resistance. When the RH decreases from 80 to 10%, a linear decrease in
the normalized resistance is obtained (y = 0.00803x + 0.06652,
Fig. 5b). During these vacuum-exposure cycles, even though some de-
gree of hysteresis might be observed, the sensors still show good
reversible responses towards RH changes. These electrical behaviors of
GG-X/CuS nanocomposite share similarities with other reported com-
posites, which are also made of CuS nanoparticles and carrageenan
polysaccharides containing O-based sulfonic functional groups [40].
The varying resistance of GG-X/CuS sensor with respect to changes in
RH might be due to changes in electrical permittivity of GG-X/CuS
nanocomposite and/or the swelling of hydrophilic GG-X component in
the composite, which results in an increase in the distance and the
hopping conductivity between CuS nanoparticles, hence, changing the
overall electrical properties of GG-X/CuS nanocomposite upon water
exposure. ( [61,62].

Further investigations on the sensing capability of GG-X/CuS nano-
composite to volatile organic compounds (VOCs) of different polarity
such as toluene, acetone, hexanol were also carried out (Fig. S14). GG-X/
CuS does not show positive responses to a wide concentration range of
the tested VOCs, which might be attributed to the hydrophilic nature of
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GG-X.
4. Conclusion

In this work, GG has been chemically conjugated by xanthate func-
tional groups via a simple aqueous xanthation reaction to yield GG-X.
This newly functionalized polysaccharide possesses great potentials in
developing numerous novel materials due to the polymeric hydrophilic
nature of GG as well as the rich coordination chemistry of xanthate. The
presence of conjugated xanthate moieties in GG-X product has been
confirmed and studied by UV-Vis, CV, FTIR, XRD, SEM-EDS, XPS and
TGA-DSC. Demonstrations on the complexation of GG-X with various
metal ions have shown good agreements with HSAB theory, indicating
that GG-X can be used not only for metal ion extraction and removal, but
also the preparation of gel-like materials and hydrophilic nano-
composites. As a result, the GG-X/CuS nanocomposites were prepared
and characterized to highlight the significance of GG-X in developing
metal sulfide semiconductor-based humidity sensors. Due to the hy-
drophilic, polymeric properties and xanthate groups of GG-X, a homo-
geneous aqueous dispersion of CuS can be easily obtained, allowing a
simple fabrication of future electrical sensors and device. More impor-
tantly, GG-X is the essential component that gives good electrical re-
sponses to humidity changes in CuS-based humidity sensors. In order to
realize GG-X/CuS nanocomposites as a fully functioning, commercial
humidity sensors, further optimization of the preparation and fabrica-
tion of GG-X/CuS sensors is of great interest for future research.
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Figure S1. Normalized absorbance of Et-X, Inorg-X reference solutions, GG-X solutions before
(a), during (b) and after (c) purification by intensive washing with MeOH. All were prepared in

aqueous solution at pH 10

2. Calibration curve for Et-X

17.10 mg Potassium ethyl xanthogenate (Et-X) 97% was first dissolved in 50.00 mL carbonate-
bicarbonate 0.1 M buffer solution (solution 1). The solution 1 was then diluted 10 times by adding
9.00 mL of buffer solution to 1.00 mL of the solution 1 to give solution 2. Different volumes of Et-X
in solution 2 were diluted to give Et-X solutions of different concentrations for the UV-Vis

measurements (Table S1). Absorbance of those solutions at 300 nm was recorded.

_ 17.10 mg [10.97 — 103.475 Omol
MECX = 16030 gmol-1 o0 MO
103.475 [mol
[Et = X solution 1] = W = 2.069 mM
2.069 mM
[Et — Xsolution 2] = —————— = 0.2069 mM

10



Table S1. Absorbance of several reference solutions for the calibration curve of Et-X

VEtX (solution2) [mML] ~ 1.00 2.00 3.00 4.00 5.00 6.00

Vbuffer, [mL] 19.00 18.00 17.00 16.00 15.00 14.00

CmExl0%, [M]  1.034 2069 3.014 4138 5172  6.207

Absorbance 0.17992 0.35997 0.53955 0.71947 0.89902 1.07921
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Figure S2. Calibration curve at 300 nm for Et-X

Calibration curve equation: Agso0 = 17382-[Et-X] + 1.94511-10.

3. Degree of substitution DS, grafting density GD and reaction yield for GG-X

15.10 mg of GG was dissolved in 50.00 mL carbonate-bicarbonate 0.1 M buffer solution to give a
GG stock solution. The GG stock solution was subsequently diluted 5 times to give a GG reference
solution for UV-Vis measurements (Figure S3). Meanwhile, 15.12 mg of GG-X was dissolved
completely in also 50.00 mL carbonate-bicarbonate 0.1 M buffer solution. This GG-X stock solution

is then diluted 5 times to give A@so0 of 0.79019, corresponding to [X] = 4.545-105 M. Assuming Et-



X and GG-X have similar molar absorption coefficient at 300nm, the concentration of xanthates in
stock solution is approximated as [X] = 2.272-10* M.

Ny (Go-x) = 2.272107* M 50.000 mL = 1.136 [10~° mol

My (G6-x) = Mcsz + Myg = 99.13 gmol ™

My (GG-X) = 1.136 107> mol [99.13 gmol™! ~ 1.13 mg

XG0~ 1512mg "

mgg (GG-X) = Mgg-x — My (GG-X) — 15.12 mg — 1.13 mg = 13.99 mg
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Figure S3. Absorption spectra of GG and GG-X at pH 10 in water
Each guar gum monomer consists of 2 mannose and 1 galactose molecules to give 2 primary
and 7 secondary —OH groups. This monomer can be approximated as a combination of 3
anhydroglucose units (AGU) and each AGU has 3 —OH groups, molecular formula as CsH10Os and
molecular mass of 162.14 gmol™. Then, the calculation of DS and grafting density can be performed
on one AGU to give similar results for guar gum monomers.
M AGu (66-X) = M e (Ge-x) = 13.99 mg

13.99 mg

R AGU (66-%) = 16714 gmol & 8.628107> mol



Nx c6-x) DX (6G-X) _1.136[10_5 mol

= ~ 0.132
N AGU (GG-X) N agu (GG-X) 8628D0_5 mol

Hence, DS for each AGU or guar gum monomer is 0.132. The molecular formula of AGU can
be approximated as C¢Ho.86805(CS2Na)o.132.
M sy (GG-x) = 162.14 gmol~! — 0.132 gmol~* + 0.13299.13 gmol ™! ~ 175.09 gmol ™!

Each AGU has 0.132 out of 3 -OH groups is xanthated, hence,

0.132
GD = TDOO% =44%

From 2.000g GG starting material, 1.884 g of GG-X product is obtained. The reaction yield
for xanthation of GG is calculated as the molar ratio between AGU of original GG (CsH100s) and
AGU of GG-X (CsHo.86805(CS2Na)o.132).

2.000 g

M AGU (GG reactant) = 7592 gmol-1 12.335 mmol
1.884 g
N AGU (GG-X product) — ngol—l = 10.760 mmol
% yield = N AGU (GG-X product) 100 % = 10.760 mmolE100 % ~ 87.23%
NAGU (GG reactant) 12.335 mmol

4. Metal ion complexation of GG-X and GG

15.0 mg GG-X is dissolved in 1000 pL of neutral H>O at room temperature.
my (GG=X) = %mx (GG—X):rnGG—X = 7.47 % [115.0 mg = 1.1205 mg

my (GG-X) _ 1.1205 mg

_x) = = = 11.303 [’mol

XG0 =M o 99.13 gmol o

100 pL of M3* solution of

n - 11.303 Cimol
Nys+ = XEH - = 3.768 [Jmol

3 3
3.768 [mol

[M3+] = W = 37.68 mM

n - 11.303 Cimol
Nyz+ = XEEH - = 5.652 [’mol

2 2



5 5.652 [Umol
[M +] = W = 56.52 mM
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Figure S5. AI’" solution (al) and Al-GG-X gel-like product (a2), Cr** solution (b1) and Cr-GG-X
gel-like product (b2), Fe*" solution (c1) and Fe™-GG-X gel-like product (c2), Zn** solution (d1) and
Zn-GG-X gel-like product (d2), Sn** solution (e1) and Sn-GG-X gel-like product (e2), Fe*" solution

(f1) and Fe"-GG-X gel-like product (f2), Co?* solution (g1) and Co-GG-X gel-like product (g2),
Ni?* solution (h1) and Ni-GG-X gel-like product (h2), Cu?* solution (i1) and Cu-GG-X gel-like
product (i2), Pb** solution (j1) and Pb-GG-X gel-like product (j2), Pt** solution (k1) and Pt-GG-X

gel-like product (k2), Cd** solution (11) and Cd-GG-X gel-like product (12)



Control experiments on original unxanthated GG are carried out using similar procedure. pH

of the final solutions is adjusted around 10 by NaOH to allow the formation of metal ion complexes.

_—

AL P cazt!

AP Pb?* cd*
Hard Borderline Soft

Figure S6. Control experiments for metal ion complexation with unmodified GG at pH 10

5. Cyclic voltammetry (CV)
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Figure S7. Cyclic voltammograms of carbonate-bicarbonate buffer, Et-X and GG-X solutions. The

potential scan rate is 50 mV/s

6. Synthesis of GG-X under aerobic (O2) and anaerobic (N2) atmospheres
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Figure S8. FTIR spectra of GG reference and GG-X synthesized under

7. Synthesis of copper sulfide (CuS) reference

aerobic and anaerobic atmospheres

Synthetic route 1 to yield CuS (OH"): 608 mg CuCl; (4.386 mmol) was dissolved in 8 mL water and

this solution was added into a 32 mL-aqueous solution at pH 10.5 to mimic a GG-X solution. At the

same time, 1088 mg of Na2S.9H,0 (4.52 mmol) was dissolved in 45.3 mL water. The Na,S solution

was then added dropwise to the CuCly solution. Subsequent sonication, concentration at high

temperature and purification were done similarly to that of GG-X/CuS samples.

Synthetic route 2 to yield Cu$ (S¥): 1088 mg of Na,S.9H,0 (4.52 mmol) was first dissolved

in 45.3 mL water and pH-adjusted to yield a S** solution at pH 10.5, followed by the dissolution of

608 mg CuCl> (4.386 mmol) in 40 mL water to give Cu?** solution. The Cu?* solution was then added

dropwise to the S> solution to obtain CuS. Similar sonication, concentration and purification were

also carried out.

8. Crystallite size of CuS synthesized in different reaction conditions

Crystallite size is approximated using Scherrer equation: D =

D

nm

crystallite size

KO

FWHM-cos([)’

in which



K 0.9 Scherrer constant

A 0.15418 nm  X-ray wavelength

FWHM radian full width at half maximum

0 radian Bragg angle (half of the 28 position of the (110) diffraction
peak)

Table S2. Crystallite sizes of CuS (S%), CuS (OH"), GG/CuS, GG-X/CuS

Samples 20 (%) FWHM (°) D (nm)

CuS ($%) 47.97913 0.74581 11.66809
CuS (OHY) 48.05562 0.95662 9.09950
GG/CuS 47.81350 1.69476 5.13146

GG-X/CuS 47.96393 0.55825 15.58739

9. SEM

Figure S9. Scanning electron micrographs of GG-X/CuS
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Figure S10. Particle size distribution of CuS in GG-X/CuS

10. XPS
Table S3. Elemental composition of GG
State B.E.(e¢V) FWHM % Atomic Library Possible binding mode
conc. RSF
Olsa 531.09 1.8 2.48 0.733 C-O-C\P-O
Olsb 532.74 1.8 19.42 0.733 C-OH
O total 21.90
N 1s 399.96 1.64 2.10 0.499
N total 2.10
Clsa 284.8 1.28 47.04 0.314 C-C
Clsb 286.35 1.28 19.44 0.314 C-0
Clsc 287.7 1.28 6.34 0.314 C=0
Clsd 288.94 1.28 2.67 0.314 ads CO\CO,\COs*
C total 75.49
P2p3 133.36 1.43 0.35 0.604625 PO4*
P2pl1 134.21 1.43 0.17 0.604625



P total 0.52

Total 100.01

Table S4. Elemental composition of Et-X

State B.E.(eV) FWHM % Atomic Library Possible binding mode
conc. RSF

Olsa 531 1.83 6.23 0.733 S-O

Olsb 533.12 1.46 11.31 0.733 C-0

O total 17.54

Clsa 284.8 1.21 15.56 0.314 C-C

Clsb 286.1 1.14 10.81 0.314 C-0

Clsc 287.29 1.26 12.9 0.314 C-S

C total 39.27

K2p3 292.8 1.27 12.02 1.73358

K2pl 295.58 1.27 6.01 1.73358

K total 18.03

S2p3a 161.87 1.22 16.03 0.819531 C-S

S2pla 163.07 1.13 8.02 0.819531

S2p3c 167.77 1.54 0.75 0.819531 SO3*/RSO2R/R-S=0

S2plc 169.04 1.54 0.37 0.819531

S total 25.17

Total 100.01



Table S5. Elemental composition of CuS

State B.E.(eV) FWHM % Atomic Library Possible binding mode
conc. RSF

Na 1s 1072.15 1.61 2.33 1.102

Na total 2.33

Cu2p3/2a 9326 1.1 20.1 2.88335  CuS/CuCl/CuxS

CuO, CuCl,, CuSOa,

Cu2p3/2b  933.82 3.05 13.34 2.88335  Cu(OH)2

Cu total 33.44

Olsa 532.25 1.48 17.68 0.733 C=0

Olsb 533.46 1.48 3.34 0.733 C-0

Olsc 536.33 29 1.44 0.733 H>0/CO/CO,
O total 22.46

Clsa 284.8 23 2.93 0.314 C-C

Clsb 287.42 23 1.42 0314 C=0

Clsc 290.22 2.3 0.57 0.314 CO0s%, ads CO, CO;
C total 4.92

Cl2p3a 198.65 1.3 4.37 1.08215 NaCl
Cl2pla 200.25 1.3 2.18 1.08215

Cl2p3b 200.19 1.3 1.13 1.08215  CuCl
Cl2plb 201.79 1.3 0.57 1.08215

Cl1 total 8.25

S2p3a 161.62 0.71 1.97 0.819531 S*

S2pla 162.82 0.71 0.98 0.819531

S2p3b 162.61 0.98 8.85 0.819531 S*

S2plb 164.02 0.98 4.42 0.819531



S2p3c 163.6 0.98 5.00 0.819531 Thiophene
S2plc 164.8 0.98 2.50 0.819531
S2p3d 169.06 1.4 3.25 0.819531 SO4*
S2pld 170.26 1.4 1.62 0.819531
S total 28.59
Total 99.99

Table S6. Elemental composition of GG-X
State B.E.(eV) FWHM % Atomic Library Possible binding mode

conc. RSF

Na Is 1071.45 1.67 3.03 1.102
Na total 3.03
Olsa 531.07 1.66 5.37 0.733 C-0-C
Olsb 532.79 1.66 33.33 0.733 C-OH
O total 38.70
N 1s 399.95 1.67 1.08 0.499 C-N
N total 1.08
Clsa 284.8 1.37 9.29 0.314 C-C
Clsb 286.39 1.37 33.01 0.314 C-0
Clsc 287.8 1.37 11.22 0.314 O-C-0
Clsd 289.21 1.37 3.09 0.314 COOR
C total 56.61
S2p3a 162.2 241 0.13 0.819531 S*
S2pla 163.4 241 0.06 0.819531
S2p3b 167.68 2.41 0.26 0.819531 Salt/Sulphone
S2plb 168.88 241 0.13 0.819531



S total 0.58
Total 100.00
Table S7. Elemental composition of GG/CuS
State B.E.(eV) FWHM % Atomic Library Possible binding mode
conc. RSF
Na ls 1071.68 1.59 0.77 1.102
Na total 0.77
Cu 2p3/2 932.67 2.4 0.67 2.88335 Cu-S
Cu total 0.67
Olsa 531.24 1.97 2.05 0.733 C-0-C, S-O0
Olsb 532.87 1.97 26.32 0.733 C-OH
Olsc 535.9 1.97 0.62 0.733 water/CO/COz
O total 28.99
N 1s 400.07 1.84 1.53 0.499 C-N-C
N total 1.53
Clsa 284.8 1.47 30 0.314 C-C
Clsb 286.28 1.47 21.78 0.314 C-O0
Clsc 287.44 1.47 10.06 0.314 C=0, 0-C-O
Clsd 288.74 1.47 4.74 0.314 COOR
C total 66.58
S2p3a 162.17 2.5 0.54 0.819531 S* (CuS)
S2pla 163.37 2.5 0.27 0.819531
S2p3b 168.78 2.04 0.42 0.819531  SO4* (Na2SO4)
S2plb 169.98 2.04 0.21 0.819531
S total 1.44




Total

99.98

Table S8. Elemental composition of GG-X/CuS

State B.E.(e¢V) FWHM % Atomic Library Possible binding mode
conc. RSF

Na 1s 1071.8 1.95 16.49 1.102

Na total 16.49

Cu2p3/2a  931.69 1.4 3.45 2.88335 CuS

Cu2p3/2b 93298 2.02 1.58 2.88335  CuzS, CuCl

Cu total 5.03

Olsa 532.34 2.06 37.15 0.733 C=0

O total 37.15

N s 399.65 1.77 0.28 0.499 C-N-C

N total 0.28

Clsa 284.8 1.59 8.44 0.314 C-C

Clsb 286.23 1.59 12.77 0314 C-0

Clsc 287.59 1.59 5.01 0.314 Cc=0

Clsd 288.9 1.59 2.13 0.314 COOR

C total 28.35

Cl2p3a 198.46 1.69 1.22 1.08215 NaCl

Cl2pla 200.06 1.69 0.61 1.08215

Cl2p3b 199.78 1.44 0.23 1.08215  CuCl

Cl2p1lb 201.38 1.44 0.12 1.08215

Cl total 2.18

S2p3a 161.59 1.81 3.03 0.819531 S* (CuS)

S2pla 162.79 1.81 1.51 0.819531



S2p3b 164.15 1.81 0.45 0.819531

S2plb 165.35 1.81 0.22 0.819531
S2p3c 169 1.78 3.54 0.819531 SO4*
S2plc 170.2 1.78 1.77 0.819531

S total 10.52

Total 100.00

11. TGA-DSC analysis
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12. Fabrication of humidity sensors
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Figure S12. Photographs of GG, CuS (S*), GG-X, GG/CuS and GG-X/CuS humidity sensors from

left to right.
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ARTICLE INFO ABSTRACT
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Guar gum

Benzoic acid
Nucleophilic substitution
Computational chemistry
Biocompatibility

A novel chemical functionalization of guar gum (GG) by benzoic acid (BA) via nucleophilic substitution reaction
in aqueous solution has been reported. BA moieties are chosen due to coordination chemistry of carboxylic acid
moieties, hydrophobicity and intermolecular interaction of aromatic rings. The presence of conjugated BA on
guar gum-benzoic acid (GG-BA) with grafting density of 5.5% is confirmed by 'H NMR. Amorphous GG-BA with
irregular morphology has been studied by UV-Vis, FTIR, XRD, SEM, TEM, TGA, computational chemistry and
contact angle measurement. GG-BA in a concentration range from 0 to 4000 pg mL ™! has good biocompatibility
to mouse embryonic fibroblasts (MEF), human mammary epithelial cells (MCF-10A) after 48 and 72 h of
treatment using WST-1 assay. GG-BA shows great potential for the development of biomaterials such as bio-
adhesives, hydrogels, and coacervates.

wound dressing and healing [13-15], drug delivery [16,17]. GG consists
of mannose (M) backbones and galactose (G) side chains with an average
molecular ratio of 2:1 between M and G. While M monomers are linked

1. Introduction

Over the years, natural polysaccharides have been of great interest in

developing valuable and sustainable materials due to their biocompat-
ibility, nontoxicity, biodegradability, natural availability, and accessi-
bility of chemical synthetic techniques [1,2]. Guar gum (GG), a naturally
occurring non-ionic galactomannan polysaccharide obtained from guar
seeds, has recently become a popular choice of novel materials research
in various fields such as soil treatment [3-6], surface chemistry [7-9],
lithium- and zinc-ion batteries [10,11], dye-sensitized solar cells [12],

together by f-1,4-glycosidc bonds, G monomers are connected to the M
backbone via a-1,6-glycosidic bonds. In addition, numerous remaining
hydroxyl functional (-OH) groups on galactomannan chains offer GG its
hydrophilicity and high water-solubility [18,19].

In order to introduce new properties to GG, remaining -OH groups of
GG can be chemically functionalized by different chemical reactions
such as etherification, esterification, oxidation, grafting reactions, etc.

Abbreviations: AGU, anhydroglucose unit; APFD, Austin-Frisch-Petersson functional with dispersion; BA, benzoic acid; BBA, 4-(bromomethyl)benzoic acid; CCD,
charge-coupled device; DFT, density functional theory; DMEM, Dulbecco's modified eagle medium; DMEM/F12, Dulbecco's modified eagle medium/Nutrient mixture
F-12; DMSO-dg, deuterated dimethylsulfoxide; DS, degree of substitution; DSC, differential scanning calorimetry; DTG, derivative of weight loss; EGF, epidermal
growth factor; ESP, electrostatic potential; FBS, Fetal bovine serum; FTIR-ATR, Fourier-transform infrared radiation-attenuated total reflectance; G, galactose; GG,
guar gum; GG-BA, guar gum-benzoic acid; GD, grafting density; HOMO, highest occupied molecular orbitals; 'H NMR, proton nuclear magnetic resonance; LED, light-
emitting diode; LUMO, lowest unoccupied molecular orbitals; M, mannose; MCF-10A, human mammary epithelial cells; MEF, mouse embryonic fibroblasts; MO,
molecular orbital; MOF, metal-organic frameworks; MW, molecular weight; -OH, hydroxyl; PBS, phosphate buffered saline; PCM, polarized continuum model; SCRF,
self-consistent reaction field; SD, standard deviations; SEM, scanning electron microscopy; TD-DFT, time-dependent density functional theory; TEM, transmission
electron microscopy; TGA, thermogravimetric analysis; UV-Vis, ultraviolet-visible; WST-1, 4-[3-(4-lodophenyl)-2-(4-nitro-phenyl)-2H-5-tetrazolio]-1;3-benzene
sulfonate; XRD, X-ray diffraction.
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Carboxymethylation of GG via ether bonds is one of the most common
synthetic routes to synthesize anionic GG [20,21]. Further cross-linking
of carboxymethylated GG can be easily carried out using non-covalent
interactions by an assistance of multivalent metal ions [22-24]. Com-
plex coacervation between carboxymethylated GG and cationic poly-
mers such as gelatin has also been studied [25]. Moreover, esterification
of -OH groups on GG was performed with citric acid to create cross-
linked polymer systems for wound healing [14], while those -OH
groups of GG could also form covalent bonds directly with several
common cross-linkers such as Ti*" and borate [5,26]. In addition,
oxidation of -OH groups to aldehydes is also another option to func-
tionalize and cross-link GG [27]. Even though GG possesses various
fascinating properties, intrinsic limitations of GG remain due to its hy-
drophilicity, leading to uncontrollable swelling properties, as well as its
susceptibility to bacterial contamination and rapid biodegradation.
Chemical modification of GG is, therefore, of great importance to extend
its applicability [28].

Benzoic acid (BA) and its derivatives have been well-known for their
chelating capacity and various types of intermolecular interaction such
as hydrogen bonding and = stacking [29-35]. BA derivatives, therefore,
were widely used to synthesize numerous metal-organic frameworks
(MOFs) [36-39] and recognize bioanalytes such as adrenaline and car-
nosine [40,41]. Moreover, BA can be found in various cosmetic prod-
ucts, medications and food as additives and preservatives to certain
approved concentrations [42,43]. BA derivatives were also reported
with beneficial antimicrobial, antifungal and antihepatotoxic activity
[44-46].

This work aims to synergize GG with BA to offer novel properties
based on the following hypotheses. Since BA contains a carboxylic acid
functional group which might be deprotonated more readily than
alcohol groups of GG, the anionic GG-BA could be more easily obtained
at milder alkaline conditions once BA is conjugated to GG. With this
ionic form, coordination compounds of GG-BA with various metal cat-
ions could also be explored effortlessly. In addition, the aromatic ben-
zene ring on BA could decrease not only the hydrophilicity of GG, hence,
overcoming the intrinsic hydrophilicity obstacles of GG, but also could
assist the preparation of novel complex materials due to numerous
intermolecular interaction that the aromatic benzene ring might offer.
Moreover, because of the widely recognized biocompatibility, antimi-
crobial and antifungal activity of BA, the conjugation of GG with BA
might enhance the material stability against bacterial contamination
and biodegradation. In order to realize GG-BA, a simple synthetic pro-
tocol in water was established for the first time and the newly obtained
product was characterized by various techniques such as 'H NMR,
UV-Vis, FTIR-ATR, XRD, SEM, TEM, contact angle and TGA-DSC.
Computational chemistry was employed to provide valuable insights
into electronic properties of GG-BA as well as its molecular orbital di-
agram and electronic transitions between molecular orbitals. The
biocompatibility of GG-BA was confirmed in the study on mouse em-
bryonic fibroblasts (MEF) and human mammary epithelial cells (MCF-
10A) using WST-1 assay, which shows great potential for the develop-
ment of biomaterials.

2. Materials and methods
2.1. Chemicals and reagents

2.1.1. Chemicals for synthesis

GG (MW = 220 kDa), 4-(bromomethyl)benzoic acid (BBA) 97%,
sodium hydroxide (NaOH) 97%, hydrochloric acid (HCl) 37%, ethanol
98% (EtOH) and deuterated dimethylsulfoxide (DMSO-dg) were pur-
chased from Sigma-Aldrich. All chemicals were reagent-grade and used
as received without further purification.

2.1.2. Chemicals for cell culture
Dulbecco's modified eagle medium (DMEM) and phosphate buffered
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saline (PBS) were purchased from Lonza. Fetal bovine serum (FBS),
Dulbecco's modified eagle medium/Nutrient mixture F-12 (DMEM/F-
12), Trypsin, L-glutamine, and Penicillin/Streptomycin were purchased
from Gibco. Human insulin, hydrocortisone, cholera toxin and glucose
were purchased from Sigma-Aldrich. Epidermal growth factor (EGF)
from Peprotech and cell proliferation reagent WST-1 from Roche were
also purchased. All reagents were cell-culture grade.

2.2. Synthesis and preparation

2.2.1. Guar gum benzoic acid (GG-BA)

5.00 g of GG (30.875 mmol AGU) and 5.73 g of NaOH (138.94 mmol,
4.5 eq) were dissolved in 500 mL Na-purged H,0 and the solution was
stirred in 30 min at room temperature. 6.845 g of BBA (30.875 mmol, 1
eq) was then added into the solution and the mixture was kept under
magnetic stirring overnight at room temperature. HCI (37%) was added
to quench the reaction and acidify the solution to pH 1. Excess EtOH was
used to precipitate and purify GG-BA. The final product was dried in
vacuum to yield 7.62 g of GG-BA (83.1% reaction yield).

2.3. Characterization

2.3.1. Proton nuclear magnetic resonance (‘H NMR) spectroscopy

1H NMR spectra of samples were measured by Bruker AVANCE-III
NMR-system 400 MHz (Bruker Inc., Billerica, MA, USA) at 298.15 K.
Dry samples of GG and GG-BA were dissolved in DMSO-dg at 50 °C.

2.3.2. UV-Visible spectrophotometry

Solutions of all samples were prepared in HoO at pH 1 and room
temperature. UV-Vis spectra were measured in the range of 190 to 700
nm with a resolution of 0.5 nm, using Shimadzu UV-2501PC spectro-
photometer (Shimadzu Inc., Kyoto, Japan) and quartz cuvettes.

2.3.3. Fourier-transform infrared spectroscopy - Attenuated total
reflectance (FTIR-ATR) spectroscopy

Nicolet™ iS50 FTIR spectrometer (Thermo Scientific Inc., Waltham,
MA, USA) equipped with a diamond crystal and a pressure gauge was
used to record IR spectra. IR spectra were recorded in the wavenumber
range of 400 to 4000 cm ™! with a resolution of 4.0 cm™! and averaged
from 64 scans.

2.3.4. Powder X-ray diffraction (XRD)

XRD spectra of GG and GG-BA were measured on Bruker D8 Discover
(Bruker Inc., Billerica, MA, USA) diffractometer in a diffraction angle
range between 10 to 80° and a resolution of 0.04° at room temperature.
X-ray K780 (Cu Ka anode) generator was used at 40 kV voltage and 40
mA current.

2.3.5. Scanning electron microscopy (SEM)

LEO Gemini 1530 scanning electron microscope with thermo scien-
tific ultradry silicon drift detector (Leo Electron Microscopy Inc.,
Thornwood, NY, USA) was used to study the morphology of GG and GG-
BA samples. Samples were coated on conductive carbon adhesive tapes.
Resultant SEM images were analysed and particle diameters were
examined using Image J software. Particle size distribution curves were
plotted based on 50 particles of GG and 150 particles of GG-BA.

2.3.6. Transmission electron microscopy (TEM)

JEM-1400 plus transmission electron microscope equipped with an
OSIS Quemesa 11 Mpix bottom mounted digital camera (Jeol Ltd.,
Akishima, Tokyo, Japan) was also employed to characterize the
morphology of GG and GG-BA samples. The acceleration voltage was
kept at 80.00 kV, while the beam current was 55 pA. The samples were
dispersed onto standard copper TEM grids and resultant TEM images
were also analysed by Image J software.
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2.3.7. Thermogravimetric analysis - differential scanning calorimetry
(TGA-DSC)

Netzsch STA 449 F1 Jupiter thermogravimetric analyzer (Netzsch
Instruments Inc., Featherstone, Wolverhampton, UK) was employed
under N inert atmosphere from 30 to 600 °C at a heating rate of 10 °C
min L. N flow rate was kept at 20 mL min~. Dry samples were kept in
vacuum before the measurements and 2-10 mg of the dry samples were
transferred to aluminium DSC pans. Resultant TGA, DTG, DSC curves
were analysed by Netzsch TGA software.

2.3.8. Contact angle

Hydrophilicity and hydrophobicity of GG and GG-BA were studied
by water static dripping contact angle experiments using a KSV CAM 200
Optical tensiometer (KSV Instruments Ltd., Helsinki, Finland) equipped
with a LED light source and a CCD camera with telecentric zoom optics.
FTIR hydraulic press was used to prepare 3 pellets of GG and 3 pellets of
GG-BA under 10 t of pressure in 15 min for each sample (Fig. S8). For
each pellet, 3 random locations were chosen to record the contact an-
gles, hence, 9 measurements were carried out in total for GG and also for
GG-BA. Small distilled water droplets of 2.0 pL were released on the film
surface at the dispensing rate of 100 pL s~!. Digital pictures were
recorded automatically within 24 s for each measurement and CAM
software using Young-Laplace fitting method was chosen to calculate the
contact angles. From the right and left contact angles, average contact
angles were calculated for each picture. The final average contact angles
and standard deviations (SD) were then determined from those 9 mea-
surements. The final average equilibrium contact angle was finally
determined after 15 s when there was no significant change in the
average contact angle values recorded (Fig. S11).

2.4. Computational study

All computational calculations were performed by Gaussian 16
program package. The geometry of all involved structures was fully
optimized by the Austin-Frisch-Petersson (APFD) hybrid density func-
tional theory (DFT) method with dispersion, combined with the
6-311+G(d,p) basis set [47]. The UV-Vis absorption wavelengths and
oscillator strengths were calculated by means of time-dependent density
functional theory (TD-DFT), using the same basis sets [48]. Molecular
orbitals (MOs) and electrostatic potential maps of optimized geometry
structures were calculated at the same level of theory and visualized
using Gaussview 6 [49]. Solvent effects of water were evaluated by
employing the self-consistent reaction field (SCRF) method with polar-
ized continuum model (PCM) [50].

2.5. Biocompatibility study

2.5.1. Cell culture

Mouse embryonic fibroblasts (MEF) were cultured in DMEM (Lonza)
containing 10% FBS (Gibco). Human normal breast cells (MCF-10A)
were cultured in DMEM/F12 Medium (Gibco) containing 5% FBS
(Gibco), 2 mM 1-glutamine (Gibco), human insulin, (Sigma, 10 pg
mL 1), glucose (Sigma, 4.5 g L™1), hydrocortisone (Sigma, 0.5 pg mL™1),
cholera toxin (Sigma, 0.1 pg mL 1) and epidermal growth factor (EGF,
Peprotech, 20 ng mL™Y), in a humidified incubator with 5% CO,. MCF-
10A cells were provided by Prof. Jukka Westermarck (Turku Bioscience
Centre, Turku, Finland).

2.5.2. Biocompatibility study

MEF cells and MCF-10A cells were placed in a 96-well plate (three
parallel wells for each concentration, Corning) at suitable starting cell
density (3000 cells per well for 48 h-incubation of GG and GG-BA, and
2000 cells per well for 72 h-incubation of GG and GG-BA) in the com-
plete growth medium at 37 °C, 5% CO overnight. Then, the cell culture
medium was replaced with a fresh medium containing GG or GG-BA at
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indicated concentrations (0-4000 pg mL™?) for 48 h and 72 h. The GG
and GG-BA solutions were prepared in PBS. For WST-1 assay, 10 pL of
WST-1 reagent (Roche) was dissolved in 100 pL complete growth me-
dium to replace the GG or GG-BA-contained medium for each well. After
two-hour-incubation in cell incubator, the absorbance was measured at
440 nm with a Varioskan™ LUX Multimode Reader (Thermo Scientific
Inc., Waltham, MA, USA). WST-1 cell viability data are presented as the
means =+ standard deviations.

3. Results and discussions
3.1. Synthesis of GG-BA

Hydroxyl groups of GG were first activated by NaOH and the reaction
was carried out in aqueous condition at room temperature, which
offered a convenient and environmental friendly synthetic route.
Nucleophilic substitution was performed on BBA to yield ether chemical
bonds between GG and BA moieties (Fig. 1). The original high-
molecular-weight GG material has good solubility in HyO and poor
solubility in polar aprotic solvents such as dimethylsulfoxide (DMSO).
Meanwhile, the purified GG-BA product shows good solubility in both
H0 and DMSO, indicating the presence of BA moieties in GG-BA.

3.2. Characterization and computational study of GG-BA

3.2.1. Proton nuclear magnetic resonance (° g NMR)

'H NMR analysis of purified GG-BA product was carried out to
confirm the successful chemical functionalization of GG and to deter-
mine the degree of substitution of GG-BA (Fig. 1 and Section 1 in sup-
plementary data). While a satisfactory 'H NMR spectrum of the original
GG in DMSO-dg could not be obtained due to low solubility of GG in
DMSO (Fig. $2), the 'H NMR spectrum of GG-BA in DMSO-ds was easily
received. This confirms the existence of BA moieties, which are chemi-
cally linked to GG. Aliphatic protons of galactomannan backbone in GG-
BA exhibit signals with chemical shifts () ranging between 3.4 and 5.0
ppm. Meanwhile, ortho and meta protons from BA moieties in GG-BA
are apparent in the aromatic § range from 7.3 to 8.0 ppm with equal
intensity. The recorded aromatic signals of GG-BA are consistent with
chemical shifts of aromatic protons from BBA starting material (7.56 and
7.92 ppm, Fig. S1). Based on the intensity of aliphatic and aromatic
protons from GG-BA, the degree of substitution of GG-BA is calculated as
0.1639, while the grafting density is 5.5% and the chemical formula for
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Fig. 1. 'H NMR spectrum of GG-BA in DMSO-ds.
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3.2.2. UV-Vis spectrophotometry

Normalized UV-Vis absorption spectra of GG-BA, GG and BBA ref-
erences were recorded from 190 to 700 nm in water at pH 1 (Fig. 2a). GG
absorbs a wide range of UV-Vis radiation with two absorption maxima
at 341.0 and 262.0 nm. Its UV absorption expands drastically towards
190 nm. BBA shows no significant absorption band in the visible range,
while a major absorption maximum at 246.5 nm as well as a small ab-
sorption band around 290.0 nm are recorded. Similarly to BBA, GG-BA
also exhibits no noticeable absorption band in the visible range, but
similar absorption bands to BBA in the middle-UV region between 200
and 300 nm. Since the galactomannan backbone and BA moieties of GG-
BA have different molar absorption coefficients, as well as almost no
absorption band in the visible range is observed, the UV-Vis spectrum of
GG-BA can be mainly attributed to the UV-Vis absorption of the newly
introduced BA moieties. Comparing to BBA, the absorption maximum of
GG-BA spectrum is blue-shifted from 246.5 nm to 236.5 nm. In addition,
a small absorption band around 280 nm of GG-BA might be due to either
the blue-shifted absorption of BA moieties or the absorption of gal-
actomannan backbone.

3.2.3. Computational study on electronic properties

In an effort of correlating electronic transitions in GG-BA and its
experimental UV-Vis absorption data, DFT calculation using APFD/
6311+G(d) has been used to model a monomer of GG-BA and study its
electronic properties [47]. This is because APFD, including treatments of
dispersion effects, represents the best trade-off between accuracy and
computational cost for a relatively large system such as GG-BA. Together
with 6311+G(d), the model provides good accuracy while being feasible
for use on typical computer workstations. The calculation was per-
formed in the presence of water (using SCRF keyword) to mimic the
aqueous condition of the UV-Vis measurements. The optimized struc-
ture and electrostatic potential (ESP) surface of GG-BA monomer are
shown in Fig. 2c and S3. Theoretical UV-Vis absorption spectra of BBA
reference and GG-BA monomer (Fig. 2b) were calculated by TD-DFT
method to reach a good agreement with the experimental UV-Vis
spectra (i.e., calculated absorption maxima at 238.3 and 252.7 nm of
GG-BA monomer and BBA, comparing to 236.5 and 246.5 nm for
experimental GG-BA and BBA respectively). The calculated UV-Vis ab-
sorption band around 238.3 nm of GG-BA monomer is composed of five
different electronic transitions from highest occupied molecular orbitals
HOMO-4, HOMO-3, HOMO-2, HOMO-1 and HOMO to lowest unoccu-
pied molecular orbitals LUMO. The calculated HOMO-LUMO energy gap
of GG-BA monomer is determined as 5.260 eV, which corresponds to
235.7 nm (Fig. 2d). The slight difference between 235.7 and 238.3 nm is
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Fig. 2. Experimental (a) and calculated (b) UV-Vis absorption spectra of BBA,
GG and GG-BA in water at pH 1. The optimized structure and ESP surface of GG-
BA monomer (c) and its HOMO-LUMO gap and MO visualizations (d).
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due to electronic effect of water solvent and this also indicates that the
HOMO-LUMO electronic transition contributes mainly to the absorption
maximum of GG-BA monomer at around 238.3 nm. Moreover, a blue
shift in the wavelength of absorption maxima is also observed in the
calculated spectra. The MO diagram of GG-BA monomer from HOMO-4
to LUMO+2 can be found in Fig. S4.

3.2.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of original GG and GG-BA were measured to show that
typical IR absorption bands of galactomannan backbone can be observed
in both spectra (Fig. 3a). The O—H stretching vibration with intermo-
lecular hydrogen bonding can be found in the wavenumber range be-
tween 3000 and 3500 cm ™!, followed by C—H stretching of CHy group
with wavenumber between 2800 and 3000 cm ™. The absorption band
of 1645 cm ™! is due to ring stretching while strong absorption peaks of
1143, 1065 and 1012 em ™! show C-OH bond, CH;0OH stretching and
CH, twisting vibrations, respectively. A typical peak of 867 cm™! for
galactose and mannose is also observed [51-53]. By comparing IR
spectra of GG and GG-BA, the presence of BA moieties in GG-BA can be
confirmed. The characteristic C=O stretching absorption band from
carboxylic acid groups of GG-BA appears at 1694 cm ™1, which is similar
to the C=O0 stretching absorption band of BBA reference at 1678 cm™*
(Fig. S5). The C—O stretching vibration from carboxylic acid groups is
also observed in GG-BA spectrum at 1255 cm !, while the IR spectrum of
BBA reference shows a strong absorption band for that type of vibration
at 1287 cm ™! (Fig. S5). The O—H stretching vibration wavenumber of
hydroxyl functional groups shifts from 3330 to 3358 cm ™, indicating an
increase in the O—H bond strength of GG-BA. This can be explained as
the intermolecular hydrogen bonding strength in GG-BA decreases,
comparing to that of GG, due to the presence of hydrophobic BA moi-
eties [54].

3.2.5. X-ray diffractometry (XRD)

Fig. 3b shows X-ray diffractograms of GG and GG-BA. Both materials
possess broad peaks at similar 26 values of 17.84, 18.36, 43.12 and
43.72°, showing amorphous phase structure of GG and GG-BA. The
slightly broader peak of GG-BA at 18.36° indicates smaller particle size
and/or lower crystallinity of GG-BA particles.

3.2.6. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)

Fig. 4 shows scanning electron micrographs and particle size distri-
bution curves of GG and GG-BA particles. SEM images of GG were not
easily obtained since GG has low electrical conductivity, while it was
easier to record SEM images for GG-BA. Both GG and GG-BA particles
have irregular shapes. To determine the particle size, the shape of par-
ticles is approximated as spherical. The particle size distribution is then
fitted by Gaussian functions to give average diameters of GG and GG-BA
as 637 + 16 nm and 196 + 17 nm respectively. In addition, transmission
electron micrographs show slightly smaller particle size, of around 400
to 600 nm for GG and around 100 to 200 nm for GG-BA (Figs. S6-7),
comparing to SEM images. However, TEM still confirms a smaller par-
ticle size of GG-BA comparing to that of GG. The significant changes in
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Fig. 3. FTIR spectra of GG and GG-BA (a). XRD spectra of GG and GG-BA (b).
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particle size between GG and GG-BA can be explained due to the
dissolution of GG in water and precipitation of GG-BA product by
ethanol during the chemical functionalization.

3.2.7. Contact angle

Static contact angles of distilled water droplets on film surface of GG
and GG-BA were measured to study the effect of BA on a decrease in
hydrophilicity of GG-BA comparing to GG. In general, contact angles can
be correlated to surface energy and roughness, hence, surface wetta-
bility and hydrophobicity of materials. The larger the contact angle, the
lower the surface energy and higher the surface roughness, resulting in
the lower wettability, lower hydrophilicity or higher hydrophobicity of
a surface. Hydrophilic, hydrophobic and superhydrophobic surfaces
typically have water contact angles of less than 90°, greater than 90° and
above 150°, respectively [55-57]. Fig. S9 shows water contact angles on
a representative GG reference film. In the first 10 s, contact angles of
water on GG are recorded of around 90° on average, which is contra-
dictory to the hydrophilic nature and high water-solubility of GG. In the
next 14 s, GG quickly moves from the film surface into the water droplet
and starts swelling, hence, contact angles of GG cannot be determined
eventually. The same phenomenon is observed in all 9 repetitive mea-
surements on GG. This could be because GG were pressed very strongly
into solid films during the sample preparation, therefore, water wetting
on the hydrophilic GG surface cannot be established immediately. Then,
due to the strong interaction between hydrophilic GG and water droplet,
the GG area, which is in direct contact with water, is quickly softened
and GG can move from the film to the water droplet. Regarding GG-BA,
contact angles of water on GG-BA film surface are well established
during 24 s of measurement, in the range between 70 and 60° (Fig. S10).
The surface of GG-BA film remains stable during all the measurements
and the average equilibrium contact angle of water on GG-BA is deter-
mined as 66.0° (Fig. S11), suggesting that GG-BA is still mainly hydro-
philic. Based on the observations from these contact angle
measurements and the solubility of GG and GG-BA in water and DMSO
from NMR measurements (Section 3.2.1), the presence of BA conjugated
to GG (GG-BA) can be associated with the decrease in hydrophilicity of
GG-BA comparing to GG.

3.2.8. Thermal analysis

In order to study thermal properties of GG and newly prepared GG-
BA, TGA-DSC measurements were performed. TGA, DSC and derivative
of weight loss (DTG) thermograms of the two materials are shown in
Fig. 5a, b. An initial weight loss due to water desorption is observed on
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DTG at around 62 and 81 °C for GG-BA and GG, respectively. While GG
shows a gradual weight loss of 8.12% as the temperature reaches 155 °C,
a weight loss of 8.32% of GG-BA is complete at a lower temperature, of
around 112 °C. Moreover, DSC curves also show large endothermic
peaks for water evaporation processes at temperature less than 200 °C.
These DTG, TGA and DSC results are consistent with the previous ob-
servations on the decrease in hydrophilicity and the decrease in inter-
molecular hydrogen bonding of GG-BA due to chemically linked BA
groups on GG. Thermal decomposition of galactomannan chains occurs
in the temperature range from 209 to 373 and from 217 to 409 °C for
GG-BA and GG, with the largest weight loss at 291 and 313 °C based on
DTG, respectively. These decomposition temperature ranges are char-
acteristic for galactomannan polysaccharides in Ny inert atmosphere
[51]. In addition, DSC thermograms show three endothermic events at
around 231, 281, 392 °C for GG-BA and 242, 312, 407 °C for GG.
Temperature and enthalpy values of thermodynamic events of GG and
GG-BA are summarized in Table 1. Even though the thermal decompo-
sition of GG-BA happens at a lower temperature range than that of GG, a
smaller weight loss of 57.89% is observed in GG-BA while 66.11% is the
weight loss of GG from TGA thermograms. This might be due to the
smaller grain size of GG-BA comparing to that of GG, resulting in higher
surface area of GG-BA particles. The higher surface area allows a much
faster and more efficient heat transfer process, hence, lowering the
decomposition temperature range of GG-BA.

3.3. Biocompatibility of GG-BA

As mesenchymal and epithelial cells are the two main types of cells
that consist of tissues and organs, the most widely used MEF and MCF-
10A were chosen to examine the biocompatibility of GG-BA. WST-1-
based colorimetric assay is widely used in the detection of cell prolif-
eration, survival and cytotoxicity after drug and biological material
treatments on cells [58-60]. The working principle of the assay is based
on the conversion of the light-red tetrazolium salt WST-1 (added earlier
to the cell culture medium) into the dark-red formazan by the electron
coupling reagent and mitrochondrial succinate-tetrazolium-reductase
system in the cell mitochondria. Within a certain concentration range,
the absorbance of the solution and the cell survival is positively corre-
lated. In this study, a concentration range from 0 to 4000 pg mL ™! for
GG-BA together with GG as a control was examined. The obtained values
were then standardized by untreated cells (concentration = 0). Fig. 6
shows that after 48 h of treatment up to 4000 pg mL ™", both GG and GG-

Table 1
Temperature and enthalpy values of GG and GG-BA from DSC in N.
Sample Peak number Onset (°C) T (°C) Endset (°C) AH(J g’l)
GG 1 30 54 204 +785.5
2 221 242 277 +7.3
3 285 312 331 +29.2
4 335 407 585 +149.5
GG-BA 1 30 43 194 +710.3
2+3 202 231, 281 301 +61.2
4 305 392 537 +193.4
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Fig. 6. Relative cell viability of MEF (a, b) and MCF-10A (c, d) cells treated
with GG and GG-BA after 48 and 72 h. The cell viability in each group is
normalized to untreated cells by percentage (%).

BA show no cytotoxicity to the two cell types, and GG has a stronger
effect on promoting cell proliferation than GG-BA. After 72 h of treat-
ment, the promotion effects of GG and GG-BA on the two kinds of cells
appear to be the same, and still no cytotoxicity effect is observed. These
results strongly indicate that GG-BA has good biocompatibility to
normal mesenchymal cells and epithelial cells. Optical micrographs of
cell studies can be found in the supplementary data (Figs. S12-16).

4. Conclusions

In this study, GG has been successfully chemically functionalized
with BA moieties to give novel GG-BA materials for the first time. The
reported synthetic route in water is simple and environmentally friendly
since organic solvents are avoided. Due to the presence of benzene rings,
the solubility of GG-BA product in polar aprotic solvents such as DMSO
increases noticeably. This allows a straightforward characterization of
GG-BA using 'H NMR in DMSO-dg. Other spectroscopic techniques such
as UV-Vis and FTIR spectroscopies also confirm the presence of BA in
GG-BA. XRD shows amorphous phase structure of both GG and GG-BA.
SEM shows irregular shapes of GG and GG-BA, as well as a significant
decrease in particle size of GG-BA. Contact angle measurements and the
increase in solubility of GG-BA in DMSO indicate a decrease in hydro-
philicity of GG-BA comparing to that of GG. TGA-DSC in N atmosphere
shows a lower thermal decomposition temperature and a smaller weight
loss of GG-BA comparing to those of GG. Computational study on GG-BA
shows good agreements with experimental data and gives a better un-
derstanding on the electronic properties of GG-BA. As GG-BA has shown
good biocompatibility to living cells together with its rich coordination
chemistry of benzoic acid moieties, GG-BA, therefore, is an excellent
starting material for the development of new biomaterials such as
hydrogels and coacervates for wound dressing, drug delivery, as well as
bioadhesives.
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1. 'TH-NMR and DS calculation
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Figure S1. 'H-NMR spectrum of 4-(bromomethyl)benzoic acid (BBA) in DMSO-d6
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Figure S2. The superimposed "H-NMR spectra of GG (green) and GG-BA (red) in DMSO-d6
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Calculations for the degree of substitution DS and grafting density GD of GG-BA in DMSO-
d6 from '"H-NMR spectrum:
For every x mol of BBA, there are 4x mol of Har and 2x mol of Hcro.
For every y mol of anhydrous glucose unit (AGU) of GG (CsH100s), there are 0 mol of Ha,
and 10y mol of Hen, cm, on.

For every x mol of BA moieties replacing x mol of H from y mol of AGU from GG to form

GG-BA, —ar 2 2% Hence, X =22 ~0.1639

HeucHgon — 10y—x+2x  62.01° y 6101

The DS for each AGU of GG is 0.132 and the molecular formula of AGU can be

approximated as C¢Ho 36105(CsH702)0.1639.
Each AGU of GG has 3 -OH groups and 0.1639 3 -OH group has been replaced by BA

0.1639

5 100% = 5.5%

moieties hence, GD =

2. Electronic properties of GG-BA

L% 4.

Figure S3. Optimized chemical structure of GG-BA monomer



MOs eV

LUMO+2 —— -0.0909

LUMO+1 —— -0.7557

LUMO —— -1.867

5.260 eV
HOMO —— -7.127
HOMO-1 —— -7.3381
HOMO-2 —— -7.4045
HOMO-3 —— -7.538
HOMO-4 —— .7.628

Figure S4. MO diagram from HOMO-4 to LUMO+2 of GG-BA monomer



3.FTIR
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Figure SS. FTIR spectra of solid BBA reference

4. TEM
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Figure S6. TEM image of GG particles



Figure S7. TEM image of GG-BA particles

5. Contact angle

Figure S8. GG and GG-BA pellets



t=0s t=1s t=2s t=3s t=4s
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Figure S9. Temporal changes of the contact angle of GG in 24 seconds

t=0s t=1s t=2s t=3s t=4s
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t=20s t=21s t=22s t=23s t=24s
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. . . . .

Figure S10. Temporal changes of the contact angle of GG-BA in 24 seconds
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Figure S11. Average contact angle of GG-BA from 9 measurements of 3 GG-BA samples

6. Thermal analysis

Table S1. Enthalpy calculation of GG and GG-BA based on DSC curves

Sample | Peak number At (s) DSC (mW/mg) | AH = Area of DSC vs At (J/g)
GG 1 522 1.50479 +785.5
2 168 0.04345 +7.3
3 138 0.21159 +29.2
4 750 0.199333 +149.5
GG-BA 1 492 1.443701 +710.3
2+3 202 0.302971 +61.2
4 305 0.634098 +193.4




7. Cell study
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Figure S12. Brightfield photo of MEF and MCF-10A control after 48 and 72 h

MEF GG 500 pg/mL 48 h | MEF GG 1000 g/mL 48 h : MEF GG 4000 pg/mL 48 h

MEF GG-BA 500 pg/mL 48 h MEF GG-BA'1000 jig/mL 48 h MEF GG-BA 4000 ;.g'/mL 48h =

Figure S13. Brightfield photo of MEF GG and GG-BA 500 - 4000 pg/mL after 48 h
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Figure S14. Brightfield photo of MCF-10A GG and GG-BA 500 - 4000 pg/mL after 48 h

MEF GG 500 pg/mL 72h MEF GG 1000 pg/mL 72 h MEF GG 4000 pg/mL 72h

MEF GG-BA 500 ug/mL 72 h 400 um | MEF GG-BA 1000 pg/mL 72 h MEF GG-BA 4000 pg/mL 72 h 400 um

Figure S15. Brightfield photo of MEF GG and GG-BA 500 - 4000 png/mL after 72 h
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MCF-10A GG 500 pg/mL 72 h MCF-10A GG 1000 pg/mL 72 h MCF-10A GG 4000 pg/mL 72 h

MCF-10A GG-BA 500 pg/mL 72 h 400 an MCF-10A GG-BA 1000 pg/mL 72 h 400 pm MCF-10A GG-BA 4000 pg/mL 72 h 400 pm

Figure S16. Brightfield photo of MCF-10A GG and GG-BA 500 - 4000 pg/mL after 72 h
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