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Current advances in the chemical functionalization and potential 
applications of guar gum and its derivatives 
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A B S T R A C T   

Guar gum (GG) from seeds of cluster bean (Cyamopsis tetragonolobus) contains mainly non-ionic galactomannan 
polysaccharide. Due to fascinating properties, great natural abundancy, low cost, biocompatibility and biode
gradability, natural GG polysaccharide has been studied and employed in various research fields and industries. 
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, L-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-aminopropyl)trimethoxysilane; ARX, arabinoxylan; ASA, 5- 
aminosalicylic acid; AX, amoxicillin; B. subtilis, Bacillus subtilis; B(OH)3,H3BO3, boric acid; [B(OH)4]-, tetrahydroxyborate; [B4O5(OH)4]2-, 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/MnO2, borax-cl-GG/MnO2 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, 
Fe3+-cl-HPGG-PDA-rGO, borax, Fe3+-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; β-CD, β-cyclodextrin; β-CD/FU, β-CD/FU complex; CED, cephradine; [Ce(NO3)6]2-, hexanitratocerate 
(IV); [CeIV-O-CeIV]6+, oxo-bridged dinuclear cerium(IV) complexes; CGG, cationic GG; CHPTAC, N-(3-chloro-2-hydroxypropyl)-trimethyl ammonium chloride; ε-CL, 
ε-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; CS2, carbon disulfide; CS-g-PCL, poly(ε-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)2, copper(II) 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/Fe3O4, ECH-cross-linked GG-P-CS/Fe3O4; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodii
mide; EGG, erucic guar gum; EPTAC, 2,3-epoxypropyltrimethylammonium chloride; ESR, electron spin resonance; Et3N, 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; Fe0, zero-valent iron; Fe2+-cl-DCGG, Fe2+-cross-linked DCGG; Fe3O4 NPs, 
iron oxide nanoparticles; FFR, furfural; FITC, fluorescein isothiocyanate; FITC-SiO2@Au-LCME, fluorescein isothiocyanate-SiO2 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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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 

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, Fe3+-cl-GG/SAL/DA-STMS/GA, GA, Fe3+-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-dodecenyl 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-NH2; GG-O-Sn(C≡CPh)3, 
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; H2AA, ascorbic acid; HCS, hydrocortisone; HDGG, 6- 
O-(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; 1H 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; HSO4

- , 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); I2959, Irgacure 2959; IO4

- , periodate; IPA, 
isopropyl alcohol; IPDI, isophorone diisocyanate; K. pneumonia, Klebsiella pneumonia; K2S2O8 or KPS, potassium persulfate; KSPA, potassium 3-sulfopropyl acrylate; 
LCME, L-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-NIPAAmPA), 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/Fe0, MBAAm-cross-linked GG-SL/Fe0; MBAAm-cl-GG/SLS-g-PAA, 
MBAAm-cross-linked AA grafted GG/SLS; MBAAm, Fe3+-cl-CMGG-g-PAA, MBAAm, Fe3+-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; MnO2, manganese dioxide; MnO4

- , permanganate(VII); MnO4
2-, manganate(VI); MS, 

degree of molar substitution; MW, microwave; NaBH4, sodium borohydride; NaBH4-cl-GG-g-PAGA/Ag NPs, NaBH4-cross-linked GG-g-PAGA/Ag NPs; NaBH4-cl-GG/ 
CNC/Pd NPs, NaBH4-cross-linked GG/CNC/Pd NPs nanocomposite; NaBH4-cl-GG-PVA/Ag NPs, NaBH4-cross-linked GG-PVA/Ag NPs; NaBO2, sodium metaborate; 
Na2B4O7, anhydrous sodium tetraborate; Na2B4O7⋅5H2O, sodium tetraborate pentahydrate; Na2B4O7⋅10H2O or Na2[B4O5(OH)4]⋅8H2O, sodium tetraborate deca
hydrate; NaBr, sodium bromide; NaClO2, sodium chlorite; NaIO4, sodium periodate; NaOCl, sodium hypochlorite; NaOH, sodium hydroxide; Na2S2O8 or SPS, sodium 
persulfate; NBA, 4-bromo-1,8-naphthalic anhydride; -NCO, isocyanate; NHS, N-hydroxysuccinimide; -NH2, amino; NH2-C2H4-NH2, ethylenediamine; (NH4)2[Ce 
(NO3)6] or CAN, ceric(IV) ammonium nitrate; (NH4)2S2O8 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(ε-caprolactone); PCLD, poly(ε-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; P2O5, 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; SiO2, silicon dioxide; SiO2@Au, 
SiO2 core-Au shell; SL, soya lecithin; SLS, sodium lignosulfonate; SMA, stearyl methacrylate; SN, nucleophilic substitution; SN2, bimolecular nucleophilic substitution; 
Sn(C≡CPh)4 or SnAK, tetra(phenylethynyl)tin; SO3, sulfur trioxide; SO3

•-, S-centered sulfite radical anions; SO4
•-, sulfate radical anions; SO4

2-, sulfate; SO5
•-, perox

ymonosulfate radical anions; S2O5
•-, S-centered metabisulfite radical anions; S2O5

2-, metabisulfite; S2O8
2-, 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@O2, O2 NTP-treated TEOS-cross-linked CMGG-CS; TEOS-cl-CMGG-CS@O2+Ar, O2 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/β-CD/FU, β-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; UO2

2+, uranyl ions; v/v, volume by volume; wt%, weight percentage; w/v, weight by volume; w/w, weight by weight; Zr4+-cl-HPGG, Zr4+-cross-linked 
HPGG. 
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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 

[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 [41–47], 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. 

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. 

Fig. 2. Etherification of GG by different alkylating agents.  
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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 β-1,4-glycosidc bonds to 
establish the polymer backbone, Gal side chains are connected to the 
Man backbones by α-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 N2-purged alkaline solutions, followed by an addition of 
electrophilic alkylating agents to carry out nucleophilic substitution (SN) 
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 SN 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 

Table 1 
Reaction conditions for graft polymerization of GG and its derivatives.   

Entry Reaction condition Product Ref. 

Polymer Monomer Cross- 
linker 

Initiator Atm[a] Solvent T [o 

C] 
t[b] Abbreviation GE GY [%]  

Acrylic acid (AA) monomer 
54 GG AA Ala APS N2 H2O rt 15 m Ala-cl-GG-g-PAA N/A N/A [256] 
55 GG AA MBAAm APS N/A H2O 30 N/A MBAAm-cl-GG-g-PAA N/A N/A [258] 
56 GG AA MBAAm APS N2 H2O 60–70 3 h MBAAm-cl-GG-g-PAA N/A N/A [259] 
57 GG AA None APS N/A H2O 50 N/A GG-g-PAA N/A N/A [260] 
58 GG, SLS AA MBAAm APS N/A H2O 60–80 1 h MBAAm-cl-GG/SLS-g-PAA N/A N/A [261] 
59 GG AA, AN MBAAm MW N/A H2O N/A 90 s MBAAm-cl-GG-g-P(AA-co-AN) N/A 50–86.6 [262] 
60 GG AA, AAm MBAAm APS N2 H2O 68–70 3–4 h MBAAm-cl-GG-g-P(AA-co-AAm) N/A N/A [263] 
61 GG AA, AAm None MW N/A H2O N/A 120 s GG-g-P(AA-co-AAm) N/A N/A [264] 
62 GG AA, 

NIPAAm 
MBAAm KPS, SBS amb H2O 25 34 m MBAAm-cl-GG-g-P(AA-co- 

NIPAAm), MBAAm-cl-GG-g-P(AA- 
co-NIPAAm-co-NIPAAmPA) 

N/A 76 [265] 

2 CMGG AA and/or 
AAm 

MBAAm KPS N/A H2O 60–65 2.5 h MBAAm-cl-CMGG-g-PAA, 
MBAAm-cl-CMGG-g-PAAm, 
MBAAm-cl-CMGG-g-P(AA-co- 
AAm) 

N/A N/A [82] 

4 CMGG AA MBAAm, 
Fe3+

KPS, 
TEMED 

N2 H2O 50 12 h MBAAm, Fe3+-cl-CMGG-g-PAA N/A N/A [84] 

15 CGG AA, SMA CTAB APS inert H2O 60 7 h CTAB-cl-CGG-g-P(AA-co-SMA) N/A N/A [121] 
20 GG- 

GMA 
AA DMAAm SPS N/A H2O 50, rt 30 m GG-GMA-g-P(AA-co-DMAAm) N/A N/A [132] 

29 AGG AA, KSPA MBAAm APS N/A H2O 60 3 h MBAAm-cl-AGG-g-P(AA-co-KSPA) N/A N/A [150] 
Acrylamide (AAm) monomer 
63 GG AAm TEGDA KPS N2 H2O 65 4 h TEGDA-cl-GG-g-PAAm N/A 91 [269] 
64 GG AAm Borax CAN, MW N/A H2O N/A 30 s 

× 3 
borax-cl-GG-g-PAAm 79.5 795.6 [270] 

65 GG AAm, 
AMPS 

MBAAm KPS N2 H2O 70 3 h MBAAm-cl-GG-g-P(AAm-co- 
AMPS) 

N/A N/A [271] 

66 GG AAm, AGA MBAAm APS N/A H2O 60 10 m MBAAm-cl-GG-g-P(AAm-co-AGA) N/A N/A [272] 
3 CMGG AAm MBAAm KPS N/A H2O, 

acetone 
60 N/A MBAAm-cl-CMGG-g-PAAm N/A N/A [83] 

9 HPGG AAm AAPBA I2959 (UV 
at 360 nm) 

N/A H2O rt 3 h PBA-cl-HPGG-g-P(AAm-co- 
AAPBA) 

N/A N/A [97] 

Other monomers 
67 GG NIPAAm TEOS APS, 

TEMED 
N2 H2O rt N/A TEOS-cl-GG-g-PNIPAAm N/A N/A [273] 

68 GG AGA NaBH4 APS N2 H2O 60 2 h NaBH4-cl-GG-g-PAGA N/A N/A [274] 
69 GG AMPS MBAAm KPS N2 H2O 70 3 h MBAAm-cl-GG-g-PAMPS N/A N/A [276] 
70 GG EA None KPS, H2AA N/A H2O 35 1 h GG-g-PEA N/A N/A [277] 
71 GG HEMA None CAN, MW amb H2O  40 s 

× 3 
GG-g-PHEMA 114.22 1142 [278] 

[a] Atm: atmosphere, amb: ambient, N/A: not available. 
[b] m: minute. 
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Table 2 
Reaction conditions for chemical modifications of GG and its derivatives.   

Entry Reaction Reaction condition Product Ref. 

Reactant Catalyst Atm Solvent T  

[o C] 

t Abbreviation DS Yield [%]  

Nucleophilic reactions 
Etherfication 
Carboxymethyl GG (CMGG) and its derivatives 
1 Carboxymethylation (1) GG, NaOH None N/A IPA, H2O rt 2 h CMGG N/A N/A [81]  

(2) MCA None N/A IPA, H2O 60 8 h N/A N/A  
Cross-linking CMGG, CS, TEOS None N/A H2O rt brief TEOS-cl-CMGG- 

CS 
– N/A  

NTP treatment CMGG-TEOS-cl- 
CS, O2 and/or Ar 

None 0.5 
mbar 

None N/A 30 s TEOS-cl-CMGG- 
CS@O2, TEOS- 
cl-CMGG- 
CS@Ar, TEOS- 
cl-CMGG- 
CS@O2 + Ar 

– N/A  

Drug encapsulation CMGG-TEOS-cl-CS 
or CMGG-TEOS-cl- 
CS@, diclofenac 
sodium 

None N/A 
(dark) 

EtOH N/A 48 h – – N/A 

2 Carboxymethylation (1) GG, NaOH None inert H2O rt 15 m CMGG N/A N/A [82]   
(2) MCA None inert H2O 50 4 h  N/A N/A  

FRGP and cross- 
linking 

(1) CMGG, NaOH, 
AA and/or AAm, 
KPS 

None N/A H2O 60 30 m MBAAm-cl- 
CMGG-g-PAA, 
MBAAm-cl- 
CMGG-g-PAAm, 
MBAAm-cl- 
CMGG-g-P(AA- 
co-AAm) 

– N/A   

(2) MBAAm None N/A H2O 65 2 h  – N/A  
3 FRGP and cross- 

linking 
CMGG, AAm, 
MBAAm, meta- 
BPDM, KPS 

None N/A H2O, 
acetone 

60 N/A MBAAm-cl- 
CMGG-g- 
PAAm/meta- 
BPDM 

– N/A [83] 

4 FRGP and cross- 
linking 

CMGG, AA, 
MBAAm, 
FeCl3⋅6H2O, KPS, 
TEMED 

None N2 H2O 50 12 h MBAAm, Fe3+- 
cl-CMGG-g-PAA 

– N/A [84] 

5 Cross-linking CMGG, CA None N/A None 140 5 m CA-cl-CMGG – N/A [85] 
6 Cross-linking CMGG, PVA, TEOS None N/A H2O N/A brief TEOS-cl-CMGG- 

PVA 
– N/A [86]  

NTP treatment TEOS-cl-CMGG- 
PVA, N2 or N2 +

NH3 

None 0.5 
mbar 

None N/A 30 s TEOS-cl-CMGG- 
PVA@N2, TEOS- 
cl-CMGG- 
PVA@N2 + NH3 

– N/A  

Drug encapsulation TEOS-cl-CMGG- 
PVA@, chrysin 

None N/A EtOH 37 24 h TEOS-cl-CMGG- 
PVA@/chrysin 

– N/A 

Hydroxypropyl GG (HPGG) and its derivatives 
7 Hydroxypropylation (1) GG, NaOH None N2 H2O rt 0.5 h HPGG  N/A [95]   

(2) PO None N2 H2O rt 0–30 h  0–1.2[c]   

Cross-linking (1) HPGG, 
Na2S2O3, Na2CO3 

None N/A H2O 25 N/A boric acid-cl- 
HPGG, Zr4+-cl- 
HPGG 

– N/A   

(2) H3BO3 or 
sodium zirconium 
lactate 

None N/A H2O 25 N/A     

8 Hydroxypropylation (1) GG, NaOH None N/A H2O 25 15 m HDGG N/A N/A [96]   
(2) 3- 
(hexadecyloxy)-1- 
chloropropan-2-ol 
(THF) 

None N/A H2O, 
THF 

50 24 h  N/A N/A  

Drug encapsulation HDGG, AmB 
(DMSO) 

None N/A 
(dark) 

H2O, 
DMSO 

25 16 h HDGG/AmB – 92  

Drug encapsulation HDGG, AmB, Pip 
(DMSO) 

None N/A 
(dark) 

H2O, 
DMSO 

25 16 h HDGG/AmB/ 
Pip 

– 54  

Drug encapsulation 
and coating 

HDGG, AmB 
(DMSO), Eu 

None N/A 
(dark) 

H2O, 
DMSO 

25 16 h Eu-coated- 
HDGG/AmB 

– 87  

Drug encapsulation 
and coating 

HDGG, AmB, Pip 
(DMSO), Eu 

None N/A 
(dark) 

H2O, 
DMSO 

25 16 h Eu-coated- 
HDGG/AmB/ 
Pip 

– 80 

9 FRGP and cross- 
linking 

HPGG, AAm, 
AAPBA 

I2959 
(UV at 
360 nm) 

N/A H2O rt 3 h PBA-cl-HPGG-g- 
P(AAm-co- 
AAPBA) 

– N/A [97] 

(continued on next page) 
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Table 2 (continued )  

Entry Reaction Reaction condition Product Ref. 

Reactant Catalyst Atm Solvent T  

[o C] 

t Abbreviation DS Yield [%]  

10 Cross-linking (1) HPGG, PDA- 
rGO, FeCl3⋅6H2O 

None N/A H2O, 
glycerol 

rt N/A borax, Fe3+-cl- 
HPGG-PDA-rGO 

– N/A [98]   

(2) borax None N/A H2O 45 N/A  – N/A  
Methylated GG (MGG) and its derivatives 
11 Methylation GG, NaOH, CH3I None N2 H2O 25 2.5 MGG 0.4 94 [100] 
12 Methylation GG, NaOH, CH3I None N2 H2O 25 2.5 MGG 0.4 94 [101]  

Nanocomposite MGG, nanoclays, 
glycerol 

None N/A H2O N/A O/N MGG/nanoclays – N/A 

Cationic GG (CGG) and its derivatives 
13 Quaternization (1) GG, NaOH None N/A H2O, 

EtOH 
N/A N/A CGG 0.158 N/A [118]   

(2) EPTAC None N/A H2O, 
EtOH 

55 3 h     

14 Quaternization (1) GG, NaOH None N/A H2O, 
MeOH 

rt 15 m CGG 0.49 N/A [119]   

(2)CHPTAC None N/A H2O, 
MeOH 

30 2 h     

15 FRGP and cross- 
linking 

CGG, AA, SMA, 
CTAB, APS 

None inert H2O 60 7 h CTAB-cl-CGG-g- 
P(AA-co-SMA) 

– N/A [121] 

16 Partial oxidation and 
cross-linking 

CGG, CS, NaIO4 None N/A 
(dark) 

H2O rt 24 h cl-OCGG-CS – N/A [122] 

17 Quaternization GG, CHPTAC, 
NaOH 

None N/A H2O 50 3 h CGG 0.21 N/A [123]  

Partial oxidation CGG, NaIO4 None N/A 
(dark) 

H2O rt 24 h OCGG 4.8[d] N/A  

Cross-linking OCGG, CMCS None N/A H2O rt N/A cl-OCGG-CMCS  N/A 
Other GG derivatives 
18 Nucleophilic 

substitution 
(1) GG, NaOH None N/A H2O, IPA 50 1 h APGG N/A N/A [130]   

(2) CPA(IPA) None N/A H2O, IPA 50 4.5 h     
Condensation APGG, NBA None N2 DMSO 80 3 h BNI-PGG N/A N/A  
Nucleophilic 
substitution 

BNI-PGG, LPEI None N2 H2O 80 3 h GG-g-LPEI 42.9–56.6 % 
[e] 

N/A  

Complex coacervation GG-g-LPEI 
(acetate buffer), 
pDNA (sodium 
sulfate solution) 

None N/A H2O 55 10 m GG-g-LPEI/ 
pDNA  

N/A 

19 Nucleophilic 
substitution 

(1) GG, NaOH None N2 H2O rt 30 m GG-BA 0.164 83.1 [131]   

(2) 4- 
(bromomethyl) 
benzoic acid 

None N2 H2O rt O/N     

20 Nucleophilic 
substitution 

GG, NaOH, GMA None N/A H2O 60 24 h GG-GMA N/A N/A [132]  

FRGP and cross- 
linking 

GG-GMA, sodium 
acrylate, DMAAm, 
SPS 

None N/A H2O 50, rt 30 m GG-GMA-g-P 
(AA-co- 
DMAAm) 

N/A N/A  

Drug loading GG-GMA-g-P(AA- 
co-DMAAm), HCS 

None N/A H2O rt 20 h GG-GMA-g-P 
(AA-co- 
DMAAm)/HCS 

– N/A 

Esterification 
21 Esterification 

(microwave) 
GG, DA, NaOH, 
DBSA 

TsOH N/A None 
(Solvent 
free) 

N/A N/A GG-RDA N/A N/A [136,137]  

Cross-linking and 
drug loading 

GG-RDA, PVA, GA, 
glycerol, GS or AX 

HCl N/A H2O 60 5 h GA-cl-GG-RDA- 
PVA/GS or AX 

– N/A 

22 Steglich esterification GG, FA, DCC DMAP N/A 
(dark) 

DMSO rt 48 h FA-GG N/A N/A [138]  

Esterification FA-GG, succinic 
anhydride 

DMAP N/A H2O rt 24 h FA-GG-SA N/A N/A  

Condensation (1) FITC- 
SiO2@Au, LCME 

None N/A DMSO rt 12 h FA-GG-SA-FITC- 
SiO2@Au-DOX 

N/A N/A   

(2) FA-GG-SA, 
EDC 

NHS N/A DMSO rt 12 h       

(3) hydrazine None N/A DMSO rt 3 h       
(4) DOX None N/A DMSO rt 24 h     

23 Esterification GGH, DDSA NaHCO3 N/A H2O, 
EtOH 

45 2 h GGH-DDSA 0.029 N/A [140]  

Esterification GGH, OSA NaHCO3 N/A H2O, 
EtOH 

85 2 h GGH-OSA 0.07 N/A 

24 Esterification GG, MA Et3N N/A DCM 40 3–4 h GG-MA N/A N/A [141] 
25 Esterification GG, MA DMAP N/A ACN 25 12 h 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  

[o C] 

t Abbreviation DS Yield [%]   

aza-Michael addition GG-MA, CS-g-PCL None N/A H2O 60 24 h cl-GG-MA-CS-g- 
PCL 

N/A N/A  

Drug encapsulation (1) GG-MA/CS-g- 
PCL, rifampicin 

None N/A H2O, 
DMSO 

rt 30 m cl-GG-MA-CS-g- 
PCL/ rifampicin 

– N/A   

(2) ultrasonication None N/A H2O, 
DMSO 

~ 0 5 m     

26 Esterification GG, oleic/ 
linoleic/ erucic 
acyl chlorides, 
NaOH 

None N/A acetone 50 12 h OGG, LGG, EGG 0.01–0.08 90.2–94.4 [143] 

27 Esterification GG, cinnamoyl 
chloride 

DMAP N2 LiCl/ 
DMSO 

30 4 h GG-C 0.79–1.40 N/A [144]  

Ouzo 
nanoprecipitation 
(nanonization) 

GG-C (DMSO) None N/A H2O, 
DMSO 

rt 30 h GG-C-N – N/A 

28 Esterification GG, 2-(1H-indol-3- 
yl)acetyl chloride 

DMAP N2 LiCl/ 
DMSO 

30 3 h GG-IA 0.61 N/A [149]  

Cross-linking and 
solvent-casting 

GG-IA, keratin, 
GA, glycerol 

None inert H2O 42 18 h GA-cl-GG-IA- 
keratin 

– N/A 

29 Esterification (1) GG, NaOH None N/A H2O N/A N/A AGG N/A N/A [150]   
(2)acryloyl 
chloride 

None N/A N/A ice N/A     

FRGP and cross- 
linking 

AGG, AA, KSPA, 
MBAAm, APS 

None N/A H2O 60 3 h MBAAm-cl- 
AGG-g-P(AA-co- 
KSPA) 

– N/A  

Drug loading MBAAm-cl-AGG- 
g-P(AA-co-KSPA), 
GMS 

None N/A H2O 37 8 h MBAAm-cl- 
AGG-g-P(AA-co- 
KSPA)/GMS 

– N/A 

Xanthation 
30 Xanthation (1) GG, NaOH None N2 H2O rt 30 m GG-X 0.132 87.23 [161]   

(2)CS2 None N2 H2O rt 2.5 h     
Surfactant-assisted 
precipitation 

GG-X, CuCl2, Na2S None N2 H2O 85 2 h GG-X/CuS – N/A 

Silanization/ Silylation 
31 Silylation GG, APTES None N/A toluene 100 48 h GG-APS N/A N/A [169]  

Schiff-base 
condensation 

GG-APS, FFR None N/A MeOH reflux 72 h GG-APS-FFR N/A N/A  

Metal complexation GG-APS-FFR, 
Na2PdCl4 

None N/A H2O rt 5 h GG-APS-FFR-Pd – N/A 

32 Silylation GG, APTMS None N2 H2O 100 24 h GG-APS N/A N/A [170]  
Schiff-base 
condensation 

GG-APS, SA None N2 EtOH 80 24 h GG-APS-SA N/A N/A  

Metal complexation GG-APS-SA, Cu 
(OAc)2 

None N/A EtOH 80 24 h GG-APS-SA-Cu – N/A 

Phosphorylation 
33 Phosphorylation, 

metal dispersion and 
cross-linking 

GG, SL, DCC, Fe 
(0), MBAAm 

None N/A CHCl3 60 3 h MBAAm-cl-GG- 
SL/Fe0 

N/A 78 [178] 

34 Phosphorylation (1) GG, urea None N/A DMF 110 1 h GG-P N/A 95 [180]   
(2) H3PO4 None N/A DMF 150 3 h     

Cross-linking (1) GG-P, CS, 
Fe3O4 

None N/A H2O 50 1 h ECH-cl-GG-P- 
CS/Fe3O4 

– N/A   

(2) ECH(dioxane) None N/A H2O, 1,4- 
dioxane 

60 3 h    

Sulfation 
35 Sulfation (O’Neill 

method) 
GG or GGH, py, 
chlorosulfonic 
acid 

None N/A HCHO 0 
40 

1 h 
6 h 

GG-S-O, GGH-S- 
O 

1.26, 1.21 N/A [184]  

Sulfation (Larm 
method) 

GG or GGH, 
SO3⋅py 

None N/A DMF 25 6 h GG-S-L, GGH-S- 
L 

0.38, 1.91 N/A 

36 Sulfation GG, chlorosulfonic 
acid 

None N/A 1,4- 
dioxane 

60 2.9 h GG-S 0.91 N/A [185] 

37 Sulfation GG, urea, sulfamic 
acid 

None N/A 1,4- 
dioxane 

80 3 h GG-S 0.78 N/A [186] 

Amination 
38 Amination (1) GG, 

ethylenediamine 
None N/A H2O rt O/N GG-N N/A N/A [190]   

(2) HCl None N/A H2O rt 30 m     
Cross-linking GG-N, GO, borax None N/A H2O rt 3 h borax-cl-GG-N- 

GO 
– N/A 

Partial oxidation 
TEMPO-mediated oxidation 

(continued on next page) 
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Table 2 (continued )  

Entry Reaction Reaction condition Product Ref. 

Reactant Catalyst Atm Solvent T  

[o C] 

t Abbreviation DS Yield [%]  

39 TEMPO oxidation GG, NaOCl NaBr, 
TEMPO 

N2 H2O 3 N/A OGG 1.2[d] 71 [199] 

40 Enzymatic TEMPO 
oxidation and self- 
cross-linking 

GG, O2 Laccase, 
TEMPO 

N/A H2O 35 
rt 

3 h 
24 h 

OGG N/A N/A [200] 

Periodate-mediated oxidation 
41 Periodate oxidation 

and self-cross-linking 
GG, NaIO4 None N/A H2O N/A N/A cl-DAGG N/A N/A [208] 

42 Periodate oxidation, 
self-cross-linking and 
nanocomposite 

GG, Ag NPs@MIL- 
100(Fe), NaIO4 

None N/A H2O rt N/A cl-DAGG/Ag 
NPs@MIL-100 
(Fe) 

N/A N/A [209] 

43 Periodate oxidation GG, NaIO4 None N/A 
(dark) 

H2O rt 6 h DAGG 78 % N/A [210]  

Cross-linking and 
incorporation 

DAGG, gelatin, 
GTE, ethylene 
glycol 

None N/A H2O 40 
rt 

45 m 
24 h 

cl-DAGG- 
gelatin/GTE 

– N/A 

44 Periodate oxidation GG, NaIO4 None N/A 
(dark) 

H2O rt 6 h DAGG 72 % N/A [211]  

Cross-linking and 
incorporation 

DAGG, CS, PPE None N/A H2O rt 24 h cl-DAGG-CS/ 
PPE 

– N/A 

45 Periodate oxidation GG, NaIO4 None N/A 
(dark) 

H2O 25 24 h DAGG 56.3 % N/A [212]  

Cross-linking DAGG, CMCS None N/A H2O 37 30 m cl-DAGG-CMCS – N/A  
Drug loading cl-DAGG-CMCS, 

DOX 
None N/A H2O N/A 48 h cl-DAGG- 

CMCS/DOX 
– N/A 

46 Periodate oxidation GG, NaIO4 None N/A 
(dark) 

H2O N/A 2 h DAGG N/A N/A [213]  

Cross-linking and 
drug loading 

DAGG, Cur-zein 
NPs, SF 

None N/A H2O N/A N/A cl-DAGG-SF/ 
Cur-zein NPs 

– N/A 

47 Periodate oxidation GG, NaIO4 None N/A H2O 40 4 h DAGG N/A N/A [218]  
Schiff-base 
condensation 

DAGG, GH None N/A EtOH 45 72 h DAGG-GH N/A N/A 

48 Schiff-base 
condensation 

DAGG, SH TsOH N/A EtOH 45 72 h DAGG-SH N/A N/A [219] 

49 Periodate oxidation GG, NaIO4 None N/A 
(dark) 

H2O 40 8 h DAGG 67.6 % N/A [220]  

Nucleophilic acyl 
substitution 

MBAAm-cl-P(AA- 
co-MMA), 
hydrazine⋅H2O 

None N/A H2O 80 3 h MBAAm-cl-P 
(AA-co- 
MMASH) 

N/A N/A  

Cross-linking DAGG, MBAAm- 
cl-P(AA-co- 
MMASH) 

AcOH N/A EtOH 85 4 h hydrazine-cl- 
DAGG MBAAm- 
cl-P(AA-co- 
MMA) 

– N/A 

50 Periodate oxidation GG, NaIO4 None N/A 
(dark) 

H2O 40 24 h DAGG 0.59–1.79[d] 

(30.12–60.63 
%) 

77.5 [221]  

Chlorite oxidation DAGG, NaClO2 AcOH N/A H2O 30 48 h DCGG 0.49–1.62[d] 82  
Cross-linking DCGG, FeSO4, None N2 H2O 30 24 h Fe2+-cl-DCGG None 64 

Graft polymerization 
51 SGP GG, HTPB, IPDI, 

BDO 
DBTDL N2 None 90 N/A GG-PU – N/A [225] 

52 SGP (1) PCLD, DMBA, 
IPDI 

None N2 None 80 2 h GG-PU – N/A [226]   

(2) GG, TEA None N2 None 80 1 h       
(3) BD None N2 None 80 1 h     

53 ROP GG, ε-cL SnAK amb None rt 
120 

2 h 
15–20 
m 

GG-g-PCL – 92–94 % [232,233] 

54 FRGP GG, AA, Ala, APS None N2 H2O rt 15 m Ala-cl-GG-g- 
PAA 

– N/A [256]  

Drug loading GG-g-PAA, 
levofloxacin (PBS) 

None N/A H2O N/A 2 h Ala-cl-GG-g- 
PAA/ 
levofloxacin 

– 65–75 % 

55 FRGP GG, AA, MBAAm, 
APS 

None N/A H2O 30 N/A MBAAm-cl-GG- 
g-PAA 

– N/A [258]  

Drug loading MBAAm-cl-GG-g- 
PAA, vitamin B6 

None N/A H2O 37 48 h MBAAm-cl-GG- 
g-PAA/vitamin 
B6 

– 94 % 

57 FRGP GG, AA, APS None N/A H2O 50 N/A GG-g-PAA – N/A [260]  
Nanocomposite GG-g-PAA, 

AgNO3, NaBH4, 
MBAAm 

None N/A H2O N/A 10 m MBAAm-cl-GG- 
g-PAA/Ag NPs 

– N/A 

(continued on next page) 
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Table 2 (continued )  

Entry Reaction Reaction condition Product Ref. 

Reactant Catalyst Atm Solvent T  

[o C] 

t Abbreviation DS Yield [%]  

59 FRGP GG, AA, AN, 
MBAAm, MW 

None N/A H2O N/A 90 s MBAAm-cl-GG- 
g-P(AA-co-AN) 

– 50–86.6 
% 

[262]  

Drug encapsulation MBAAm-cl-GG-g-P 
(AA-co-AN), TQ 

None N/A H2O 25 60 m MBAAm-cl-GG- 
g-P(AA-co-AN)/ 
TQ 

– N/A 

66 FRGP GG, AAm, AGA, 
MBAAm, APS 

None N/A H2O 60 10 m MBAAm-cl-GG- 
g-P(AAm-co- 
AGA) 

– N/A [272]  

Incorporation (1) MBAAm-cl- 
GG-g-P(AAm-co- 
AGA), AgNO3 

None N/A H2O 25 24 h MBAAm-cl-GG- 
g-P(AAm-co- 
AGA)/Ag NPs 

– N/A   

(2) rhubarb 
extract 

None N/A 
(dark) 

H2O 25 12 h     

67 Hot-guess 
complexation 

(1) β-CD, FU (1:1) None N/A H2O N/A 24 h β-CD/FU – N/A [273]   

(2) freeze-drying None N/A N/A − 55 48 h     
FRGP, cross-linking 
and drug loading 

(1) GG, NIPAAm, 
APS, TEMED 

None N2 H2O rt N/A TEOS-cl-GG-g- 
PNIPAAm-FU or 
TEOS-cl-GG-g- 
PNIPAAm- 
β-CD/FU 

– N/A   

(2) TEOS None N2 H2O rt 24 h       
(3) FU or β-CD/FU None N2 H2O rt brief     

68 FRGP GG, AGA, APS None N2 H2O 60 2 h GG-g-PAGA – N/A [274]  
Nanocomposite and 
cross-linking 

GG-g-PAGA, 
AgNO3, NaBH4 

None N/A H2O N/A N/A NaBH4-cl-GG-g- 
PAGA/Ag NPs 

– N/A 

71 FRGP GG, HEMA, CAN 
(MW) 

None N/A H2O N/A 40 s ×
3 

GG-g-PHEMA – N/A [278]  

Drug loading (1) GG-g-PHEMA, 
PVP, ASA 

None N/A EtOH 50 N/A GG-g-PHEMA/ 
ASA 

– N/A   

(2) magnesium 
stearate, SiO2 

None N/A None N/A N/A    

Cross-linking 
B-O- 
72 Cross-linking GG, peptide, borax None N/A H2O rt 15 m borax-cl-GG- 

SAP 
– N/A [288] 

73 Cross-linking GG, GelG, borax None N/A H2O 80 1 h borax-cl-GG- 
GelG 

– N/A [289] 

74 Cross-linking GG, borax None N/A H2O rt 4.5 h borax-cl-GG – N/A [290]  
Nanocomposite KMnO4, NaOH, 

borax-cl-GG 
None N/A H2O rt O/N borax-cl-GG/ 

MnO2 

– N/A 

75 Nanocomposite CNC, PdCl2, 
NaBH4 

None N/A H2O rt 2 h CNC/Pd NPs – N/A [291]  

Cross-linking GG, CNC/Pd, 
NaBH4 

None N/A H2O N/A N/A NaBH4-cl-GG/ 
CNC/Pd NPs 

– N/A 

76 Nanocomposite Cur (DMSO), 
K2CO3, AgNO3 

None N/A H2O 100 1 h Cur-Ag NPs – N/A [292]  

Cross-linking GG, Cur-Ag NPs, 
NaOH, borax 

None N/A H2O N/A N/A borax-cl-GG/ 
Cur-Ag NPs 

– N/A 

77 Cross-linking GG, PVA, AgNO3, 
NaBH4 

None N/A H2O rt 48 h NaBH4-cl-GG- 
PVA/Ag NPs 

– N/A [293] 

C-O- 
78 Coprecipitation (1) FeCl3, FeCl2, 

NH3 

None N2 H2O 70 15 m Fe3O4 NPs – N/A [295]   

(2) CA None N2 H2O 70 1 h     
Cross-linking GG, Fe3O4 NPs, 

GA, NaOH 
None N2 IPA 60 3 h GA-cl-GG/Fe3O4 

NPs 
– N/A 

79 Encapsulation (1) STMS, GA None N/A EtOH rt 48 h PDA-STMS/GA – N/A [296]   
(2) DA⋅HCl, 
Tris⋅HCl 

None N/A EtOH rt 36 h     

Cross-linking and 
nanocomposite 

PDA-STMS/GA, 
Fe3+, GG, SAL 

None N/A H2O rt 2 h GA, Fe3+-cl-GG/ 
SAL/DA-STMS/ 
GA 

– N/A 

80 Cross-linking and 
nanocomposite 

GG, activated C, 
glyoxal 

None N/A H2O 60 24 h glyoxal-cl-GG/ 
activated C 

– N/A [297] 

Si-O- 
81 Drug loading and 

cross-linking 
GG, CS, PEG, CED, 
TEOS 

None N/A H2O 60 2 h TEOS-cl-GG-CS- 
PEG/CED 

– N/A [298] 

82 Drug loading and 
cross-linking 

GG, ARX, SSD 
(MeOH), TEOS 

None N/A H2O 60 3 h TEOS-cl-GG- 
ARX/SSD 

– N/A [299] 

(continued on next page) 
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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 (-NH2) 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, O2 or a mixture of Ar and O2 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 d10-metal ions such as Zn2+, Cd2+ and Hg2+. 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+, Ca2+, Mg2+, Cr3+, Fe3+, 
Fe2+, Mn2+, Co2+, Ni2+, Cu2+ and Pb2+. 

Moreover, CMGG-based hydrogels can be prepared by combining 
FRGP of AA monomers and Fe3+ 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, Fe3+-cross-linked 
CMGG-g-PAA (MBAAm, Fe3+-cl-CMGG-g-PAA) hydrogels possess dy
namic, reversible hydrogen bonding and coordinate covalent bonding 
between -CO2H 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 

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-cl-CMGG-PVA hydrogels such as wettability, energy, 
topography were of great interest to enhance their biocompatibility. 
NTP modification was also carried out using N2 or a mixture of N2 and 
NH3 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 (1H 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 Zr4+ ions were used to create boric acid-cross- 
linked HPGG and Zr4+-cross-linked HPGG (boric acid-cl-HPGG and 
Zr4+-cl-HPGG respectively) to get viscoelastic gels. Rheological studies 

Table 2 (continued )  

Entry Reaction Reaction condition Product Ref. 

Reactant Catalyst Atm Solvent T  

[o C] 

t Abbreviation DS Yield [%]  

83 Drug loading and 
cross-linking 

GG, CS, PVA, 
paracetamol, 
TEOS 

None N/A H2O 55 3 h TEOS-cl-GG-CS- 
PVA/ 
paracetamol 

– N/A [300] 

P-O- 
84 Cross-linking GG, SL, glycerol, 

orange oil, NaOH, 
STMP 

None N/A H2O N/A 2 h STMP-cl-GG/ 
orange oil 

– N/A [301] 

[c] degree of molar substitution (MS). 
[d] mmol g− 1. 
[e] degree of amination. 
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suggest that Zr4+ 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 (I2959) 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 Fe3+ to form hydrogels between HPGG and 
polydopamine-coated reduced graphene oxide (PDA-rGO) [98]. The 
obtained borax, Fe3+-cross-linked HPGG-PDA-rGO (borax, Fe3+-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 Fe3+, 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, Fe3+-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 20A, 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]. 

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 L16 orthogonal array (45). 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 
(NaIO4) first to yield aldehyde functional groups. These aldehyde groups 
subsequently reacted with remaining -OH groups on OCGG, -OH and/or 
-NH2 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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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, SN 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-LPEI) 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 LPEI. 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 SN reaction on GG. BA can offer rich 
coordination chemistry due to the presence of carboxylic acid functional 
groups, as well as hydrophobicity and π 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 μg mL− 1 shows 
good biocompatibility to mouse embryonic fibroblasts, human mam
mary epithelial cells and can potentially be used to develop novel 

Fig. 3. Esterification of GG by carboxylic acids, acid anhydrides and acyl halides.  
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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 µg mL− 1 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-SiO2 core-Au shell-L-cysteine methyl ester (FITC-SiO2@Au-LCME) 
nanoparticles were synthesized for fluorescence-computed tomography 
of cancer cells. SiO2 core-Au shell (SiO2@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-SiO2@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-SiO2@Au-LCME, 
resulting in FA-GG-SA-FITC-SiO2@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 NaHCO3 were 
dispersed in aqueous EtOH (95 % v/v) solutions of dodecenyl succinic 
anhydride (DDSA) or n-octenyl succinic anhydride (OSA). 45 ◦C and 2 h 
were reported as the optimized reaction temperature and time to obtain 

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(ε-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 
(OlGG), 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-CS2
- ) 

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 (CS2) to yield GG xanthate (GG-X) prod
uct. N2 purging to remove dissolved O2 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 

metal ions, e.g. Al3+, GG-X with soft xanthate moieties can easily form 
gels with various borderline and soft metal ions, e.g. Co2+, Fe2+, Cu2+, 
Ni2+, Pb2+, Pt2+ and Cd2+. 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 -NH2 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 Pd2+ metal cations were carried out to complete GG- 

Fig. 4. Xanthation, silylation, phosphorylation, sulfation and amination of 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(II) acetate [Cu(OAc)2]. 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 (P2O5), 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/Fe0 (MBAAm-cl- 
GG-SL/Fe0) nanocomposites were prepared from GG-SL and zero-valent 
iron (Fe0) in the presence of MBAAm cross-linker for the photocatalytic 
degradation of methyl violet dye. The Fe0 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/Fe0, have also been performed to show that MBAAm- 
cl-GG-SL/Fe0 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 (UO2

2+) 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 Fe3O4 could 
also be added to the mixture to introduce magnetic properties for better 
separation and recovery of ECH-cross-linked GG-P-CS/Fe3O4 (ECH-cl- 
GG-P-CS/Fe3O4) nanocomposite product. The ECH-cl-GG-P-CS/Fe3O4 
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 

selectivity towards UO2
2+ and Nd3+ comparing to other tested alkali- 

earth metals ions (e.g. Ca2+ and Mg2+). In addition, ECH-cl-GG-P-CS/ 
Fe3O4 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 (SO3)-pyridine (Larm 
method) sulfating reagents were employed to yield GG-sulfonic acid 
(GG-S-O, 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 SO3. 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 (SN2) 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-NH2) 
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-C2H4-NH2) was first carried out to replace hydroxyl 
groups on GG (GG-OH to GG-NH-C2H4-NH2), followed by reduction of 
GG-NH-C2H4-NH2 by HCl to yield aminated GG-NH2 (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. Cu2+, malachite green (MG), methylene blue (MB) and 

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 

Fig. 5. Partial oxidation mechanism of GG using O2-Laccase-TEMPO and NaOCl-NaBr-TEMPO systems (top). Regioselective oxidation of GG using periodate and 
further functionalization of DAGG products (bottom). 

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



European Polymer Journal 184 (2023) 111852

17

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 NaOCl-NaBr-TEMPO system into car
boxylic acids (1.2 mmol -CO2H 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 O2 oxidant and 
TEMPO mediator (O2-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 (IO4

- ) 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(III) 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 

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 (cl-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 μg mL− 1 concentration of cl-DAGG-CMCS, blood compatibility 
and biodegradability. These cl-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 π stacking 
interaction, SH moieties in DAGG-SH are efficient adsorptive sites for 
metal cations such as Ni2+, Co2+ and Cr3+. 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), Cu2+ 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 (NaClO2) under acidic condition [acetic acid (AcOH)] to further 
oxidize aldehyde groups in DAGG to dicarboxylic acid GG (DCGG) 
[221]. Coordination reactions between Fe2+ and -CO2H groups from 
DCGG were employed to yield Fe2+-cross-linked DCGG (Fe2+-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 Fe2+. 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 Fe2+-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(ε-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 ε-caprolactone (ε-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 

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)6] or CAN] is a common oxidizing 
agent and radical initiator in chemical synthesis. In water, CAN disso
ciates to hexanitratocerate(IV) [[Ce(NO3)6]2-], while further dissocia
tion and hydrolysis of Ce4+ ions might occur depending on pH 
conditions. Besides acting as a one-electron oxidant, oxo-bridged dinu
clear cerium(IV) complexes [[CeIV-O-CeIV]6+] can also behave as two- 
electron oxidizing agents [236]. Moreover, peroxydisulfate or persul
fate (S2O8

2-) 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 NH4

+

[ammonium persulfate, (NH4)2S2O8 or APS], Na+ (sodium persulfate, 
Na2S2O8 or SPS) and K+ (potassium persulfate, K2S2O8 or KPS). Physical 
(thermal) activation of peroxydisulfate is normally carried out to yield 
sulfate radical anions (SO4

•-) 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 [S2O5

2-, a precursor of HSO3
- , Eq. (6)] also allow the formation 

of SO4
•-, S-centered bisulfite free radicals (HSO3

•) and S-centered meta
bisulfite radical anions (S2O5

•-) [Eq. (4), (5)] [239]. Further reactions 
between SO4

•- and excess HSO3
- might proceed to yield HSO3

•, which 
dissociates into proton (H+) and S-centered sulfite radical anions (SO3

•-) 
[Eq. (7)] [240,241]. Moreover, SO3

•- can react with dissolved O2 to form 
peroxymonosulfate radical anions (SO5

•-) [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 SO4

•- 

free-radicals with ascorbic acid radical anion (AA•-) by products for graft 
polymerization [Eq. (9)] [246–248].  

S2O8
2-

(aq) → 2 SO4
•-

(aq)                                                                      (1)  

SO4
•-

(aq) + H2O(l) → HSO4
-

(aq) + HO•
(aq)                                              (2)  

SO4
•-

(aq) + OH–
(aq) → SO4

2-
(aq) + HO•

(aq)                                               (3)  

S2O8
2-

(aq) + HSO3
-

(aq) → SO4
2-

(aq) + SO4
•-

(aq) + HSO3
•

(aq)                       (4)  

S2O8
2-

(aq) + S2O5
2-

(aq) → SO4
2-
(aq) + SO4

•-
(aq) + S2O5

•-
(aq)                         (5)  

S2O5
2-

(aq) + H2O(l) → 2 HSO3
-

(aq)                                                       (6)  

SO4
•-

(aq) + HSO3
-

(aq) → SO4
2-

(aq) + H+
(aq) + SO3

•-
(aq)                               (7)  

SO3
•-

(aq) + O2(g) → SO5
•-

(aq)                                                               (8)  

S2O8
2-

(aq) + H2AA(aq) → 2H+
(aq) + SO4

2-
(aq) + SO4

•-
(aq) + AA•-

(aq)              (9) 

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 Ce4+ 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 Ce4+ oc
curs, resulting in the reduction of Ce4+ to Ce3+, pyranose ring opening 
due to C2-C3 bond cleavage and formation of a carbon-centered radical 
species [249,250]. Moreover, S2O8

2- can be activated to yield SO4
•- 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. 6c) [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, L-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 HaqAsif 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 Cu2+ and Co2+ metal ions (709 mg g− 1 and 601 mg g− 1 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 

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 
Hg2+ ions from aqueous solutions [264]. Hg2+ 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 Pb2+, 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 Pb2+ 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− 1 for deionizied water and 22 g g− 1 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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borax-cl-GG-g-PAAm can adsorb up to 1073.84 mg g− 1 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-1. 
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-1. 

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 

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 (NaBH4) 
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. 

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).  
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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 β-cyclodextrin 
(β-CD) and FU was also carried out to form β-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]. Ag+ ions 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 
NaBH4-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-1 

concentration. In addition, they also fabricated ethyl acrylate (EA) 
grafted GG (GG-g-PEA) using KPS and H2AA 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-1 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 (SiO2) 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 (Na2B4O7), sodium tetraborate 
pentahydrate (Na2B4O7⋅5H2O), sodium tetraborate decahydrate 
[Na2B4O7⋅10H2O or Na2[B4O5(OH)4]⋅8H2O]] is normally used as a 
source of boron for cross-linking. In aqueous media, borax dissociates to 
hydrated tetraborate [[B4O5(OH)4]2-

(aq), 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 (NaBH4) is also exploited as a common source of 

boron. In aqueous media, NaBH4 hydrolyzes to form hydrated sodium 
metaborate [NaBO2, Eq. (16)], especially in the presence of catalysts 
[282,283]. Further hydrolysis of NaBO2 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].  

Na2B4O7(s) + 2 H2O(l) → 2Na+(aq) + [B4O5(OH)4]2-
(aq)                           (10)  

Na2[B4O5(OH)4]⋅8H2O(s) → 2Na+(aq) + [B4O5(OH)4]2-
(aq)                        (11)  

[B4O5(OH)4]2-
(aq) + 5 H2O(l) ⇌ 2B(OH)3(aq) + 2 [B(OH)4]-

(aq)                (12)  

B(OH)3(aq) + 2 H2O(l) ⇌ [B(OH)4]-
(aq) + H3O+

(aq)                                (13)  

B(OH)3(aq) + 3 ROH(aq) → B(OR)3(aq) + 3 H2O(l)                               (14)  

[B(OH)4]- 
(aq) + 4 ROH(aq) → [B(OR)4]- 

(aq) + 4 H2O(l)                      (15)  

NaBH4(s) + (2 + x) H2O(l) → NaBO2⋅xH2O(aq) + 4 H2(g)                     (16)  

NaBO2(s) + 2 H2O(l) → Na+(aq) + [B(OH)4]-
(aq)                                    (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) NH2-FAQRVPPGGGLDLKLDLKLDLK-CONH2 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) 
(MnO4

- ) precursor ions were allowed to diffuse into the borax-cl-GG 
polymeric structure and oxidize -OH groups of GG. Meanwhile, MnO4

- 

was reduced into manganate(VI) (MnO4
2-) 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-cl-GG/MnO2 were demonstrated based on oxidative 
decolorization of MB dye. Comparing to MnO2 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 PdCl2 and CNC was firstly prepared, followed by the 
reduction of Pd2+ to Pd NPs by NaBH4 reducing agent to form CNC/Pd 
NPs nanocomposite. Then, the obtained CNC/Pd NPs nanocomposite 
was mixed with GG and NaBH4 to yield NaBH4-cross-linked GG/CNC/Pd 
NPs (NaBH4-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 NaBH4-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 AgNO3, 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 NaBH4 as a reducing agent for the 
preparation of Ag NPs from AgNO3, and a cross-linker for GG and PVA 
polymeric matrix [293]. The fabricated NaBH4-cross-linked GG/PVA/ 
Ag NPs (NaBH4-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/Fe3O4 NPs (GA-cl-GG/ 
Fe3O4 NPs) nanocomposite [295]. Firstly, Fe3O4 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- 

healing mechanisms, namely, covalent cross-linking between GG, so
dium alginate (SAL) by GA, and coordination bonds between SAL, 
dopamine (DA) and Fe3+ [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− 1 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 -NH2 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 

Fig. 8. Summary on different chemical functionalization, further cross-linking approaches and potential applications of GG and its derivatives.  
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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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Oxidized polysaccharides for anticancer-drug delivery: What is the role of 
structure? Carbohydr. Polym. 257 (2021), 117562 https://doi.org/10.1016/j. 
carbpol.2020.117562. 

[207] W. Ding, Y. Wu, Sustainable dialdehyde polysaccharides as versatile building 
blocks for fabricating functional materials: An overview, Carbohydr. Polym. 248 
(2020), 116801, https://doi.org/10.1016/j.carbpol.2020.116801. 

[208] L. Dai, T. Cheng, Y. Wang, B. Wang, C. Duan, H. Ke, et al., A self-assembling guar 
gum hydrogel for efficient oil/water separation in harsh environments, Sep. Purif. 
Technol. 225 (2019) 129–135, https://doi.org/10.1016/j.seppur.2019.05.070. 

[209] C. Duan, C. Liu, X. Meng, K. Gao, W. Lu, Y. Zhang, et al., Facile synthesis of Ag 
NPs@ MIL-100(Fe)/ guar gum hybrid hydrogel as a versatile photocatalyst for 
wastewater remediation: Photocatalytic degradation, water/oil separation and 
bacterial inactivation, Carbohydr. Polym. 230 (2020), 115642, https://doi.org/ 
10.1016/j.carbpol.2019.115642. 

[210] L. Yavari Maroufi, M. Ghorbani, M. Tabibiazar, A Gelatin-Based Film Reinforced 
by Covalent Interaction with Oxidized Guar Gum Containing Green Tea Extract as 
an Active Food Packaging System, Food Bioproc. Tech. 13 (2020) 1633–1644, 
https://doi.org/10.1007/s11947-020-02509-7. 

[211] L.Y. Maroufi, M. Tabibiazar, M. Ghorbani, A. Jahanban-Esfahlan, Fabrication and 
characterization of novel antibacterial chitosan/dialdehyde guar gum hydrogels 
containing pomegranate peel extract for active food packaging application, Int. J. 
Biol. Macromol. 187 (2021) 179–188, https://doi.org/10.1016/j. 
ijbiomac.2021.07.126. 

[212] A.H. Pandit, S. Nisar, K. Imtiyaz, M. Nadeem, N. Mazumdar, M.M.A. Rizvi, et al., 
Injectable, Self-Healing, and Biocompatible N, O -Carboxymethyl Chitosan/ 
Multialdehyde Guar Gum Hydrogels for Sustained Anticancer Drug Delivery, 
Biomacromolecules 22 (2021) 3731–3745, https://doi.org/10.1021/acs. 
biomac.1c00537. 

[213] P. Nezhad-Mokhtari, M. Ghorbani, N. Abdyazdani, Reinforcement of hydrogel 
scaffold using oxidized-guar gum incorporated with curcumin-loaded zein 
nanoparticles to improve biological performance, Int. J. Biol. Macromol. 167 
(2021) 59–65, https://doi.org/10.1016/j.ijbiomac.2020.11.103. 

[214] L.-D. Koh, Y. Cheng, C.-P. Teng, Y.-W. Khin, X.-J. Loh, S.-Y. Tee, et al., Structures, 
mechanical properties and applications of silk fibroin materials, Prog. Polym. Sci. 
46 (2015) 86–110, https://doi.org/10.1016/j.progpolymsci.2015.02.001. 

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

https://doi.org/10.1007/s00604-018-2953-9
https://doi.org/10.1016/j.progpolymsci.2018.07.003
https://doi.org/10.1016/j.ccr.2022.214456
https://doi.org/10.1016/j.ccr.2022.214456
https://doi.org/10.1016/j.ijbiomac.2019.04.042
https://doi.org/10.1016/j.ijbiomac.2019.04.042
https://doi.org/10.1016/j.apcata.2020.117529
https://doi.org/10.1126/science.2434996
https://doi.org/10.1098/rstb.2012.0013
https://doi.org/10.1017/S0033583512000157
https://doi.org/10.1017/S0033583512000157
https://doi.org/10.1016/j.lwt.2010.03.016
https://doi.org/10.1002/tcr.202000096
https://doi.org/10.1002/tcr.202000096
https://doi.org/10.1021/acscentsci.1c00487
https://doi.org/10.1016/j.ijbiomac.2021.06.149
https://doi.org/10.1016/j.ijbiomac.2021.06.149
https://doi.org/10.1016/j.seppur.2018.10.028
https://doi.org/10.1016/j.seppur.2018.10.028
https://doi.org/10.1007/s11157-019-09507-y
https://doi.org/10.3390/molecules26071920
https://doi.org/10.3390/molecules26071920
https://doi.org/10.21203/rs.3.rs-862264/v1
https://doi.org/10.21203/rs.3.rs-862264/v1
https://doi.org/10.1016/j.ijbiomac.2019.03.213
https://doi.org/10.1016/j.ijbiomac.2019.03.213
https://doi.org/10.1016/j.carbpol.2019.115436
https://doi.org/10.1016/j.ijbiomac.2019.12.210
https://doi.org/10.1016/j.ijbiomac.2019.12.210
https://doi.org/10.1007/s00894-020-04645-5
https://doi.org/10.1007/s13399-021-01895-y
https://doi.org/10.1007/s13399-021-01895-y
https://doi.org/10.1080/87559129.2021.1935998
https://doi.org/10.1016/j.carbpol.2016.07.053
https://doi.org/10.1002/admi.202000148
https://doi.org/10.1002/admi.202000148
https://doi.org/10.1016/j.jwpe.2019.100850
https://doi.org/10.1155/2013/417672
https://doi.org/10.1016/j.carbpol.2012.03.086
https://doi.org/10.1016/j.carbpol.2012.03.086
https://doi.org/10.1016/j.carbpol.2017.02.028
https://doi.org/10.1038/s41428-021-00580-1
https://doi.org/10.1016/j.carres.2008.09.005
https://doi.org/10.1016/j.carbpol.2016.07.114
https://doi.org/10.1016/j.carbpol.2016.07.114
https://doi.org/10.1016/S0144-8617(98)00051-4
https://doi.org/10.1016/j.jbiotec.2011.08.029
https://doi.org/10.1016/j.jbiotec.2011.08.029
https://doi.org/10.1016/j.ijbiomac.2020.09.216
https://doi.org/10.1016/j.carbpol.2018.11.100
https://doi.org/10.1002/adsc.200800775
https://doi.org/10.1002/adsc.200800775
https://doi.org/10.1002/cctc.201000068
https://doi.org/10.1039/C5OB00238A
https://doi.org/10.1016/j.carres.2010.02.011
https://doi.org/10.1016/j.carbpol.2020.117105
https://doi.org/10.1016/j.carbpol.2020.117562
https://doi.org/10.1016/j.carbpol.2020.117562
https://doi.org/10.1016/j.carbpol.2020.116801
https://doi.org/10.1016/j.seppur.2019.05.070
https://doi.org/10.1016/j.carbpol.2019.115642
https://doi.org/10.1016/j.carbpol.2019.115642
https://doi.org/10.1007/s11947-020-02509-7
https://doi.org/10.1016/j.ijbiomac.2021.07.126
https://doi.org/10.1016/j.ijbiomac.2021.07.126
https://doi.org/10.1021/acs.biomac.1c00537
https://doi.org/10.1021/acs.biomac.1c00537
https://doi.org/10.1016/j.ijbiomac.2020.11.103
https://doi.org/10.1016/j.progpolymsci.2015.02.001


European Polymer Journal 184 (2023) 111852

29

[215] D.-L. Wen, D.-H. Sun, P. Huang, W. Huang, M. Su, Y. Wang, et al., Recent progress 
in silk fibroin-based flexible electronics, Microsyst. Nanoeng. 7 (2021) 35, 
https://doi.org/10.1038/s41378-021-00261-2. 

[216] M. Farokhi, F. Mottaghitalab, Y. Fatahi, A. Khademhosseini, D.L. Kaplan, 
Overview of Silk Fibroin Use in Wound Dressings, Trends Biotechnol. 36 (2018) 
907–922, https://doi.org/10.1016/j.tibtech.2018.04.004. 

[217] M. Farokhi, F. Mottaghitalab, R.L. Reis, S. Ramakrishna, S.C. Kundu, 
Functionalized silk fibroin nanofibers as drug carriers: Advantages and 
challenges, J. Control. Release 321 (2020) 324–347, https://doi.org/10.1016/j. 
jconrel.2020.02.022. 

[218] M. Duan, J. Ma, S. Fang, Synthesis of hydrazine-grafted guar gum material for the 
highly effective removal of organic dyes, Carbohydr. Polym. 211 (2019) 308–314, 
https://doi.org/10.1016/j.carbpol.2019.01.112. 

[219] J. Ma, S. Fang, P. Shi, M. Duan, Hydrazine-Functionalized guar-gum material 
capable of capturing heavy metal ions, Carbohydr. Polym. 223 (2019), 115137, 
https://doi.org/10.1016/j.carbpol.2019.115137. 

[220] Y. Wen, Z. Xie, S. Xue, W. Li, H. Ye, W. Shi, et al., Functionalized polymethyl 
methacrylate-modified dialdehyde guar gum containing hydrazide groups for 
effective removal and enrichment of dyes, ion, and oil/water separation, 
J. Hazard. Mater. 426 (2022), 127799, https://doi.org/10.1016/j. 
jhazmat.2021.127799. 

[221] S.A. Ganie, R.A. Naik, A. Ali, T.A. Mir, N. Mazumdar, Preparation, 
characterization, release and antianemic studies of guar gum functionalized Iron 
complexes, Int. J. Biol. Macromol. 183 (2021) 1495–1504, https://doi.org/ 
10.1016/j.ijbiomac.2021.05.125. 

[222] T.-P. Huynh, T.-A. Le, CHAPTER 2, Synthetic Chemistry for Molecular Imprinting 
(2018) 28–64, https://doi.org/10.1039/9781788010474-00028. 

[223] A. Bossion, K.v. Heifferon, L. Meabe, N. Zivic, D. Taton, J.L. Hedrick, et al., 
Opportunities for organocatalysis in polymer synthesis via step-growth methods, 
Prog. Polym. Sci. 90 (2019) 164–210, https://doi.org/10.1016/j. 
progpolymsci.2018.11.003. 

[224] G. Yilmaz, Y. Yagci, Light-induced step-growth polymerization, Prog. Polym. Sci. 
100 (2020), 101178, https://doi.org/10.1016/j.progpolymsci.2019.101178. 

[225] A. Anjum, M. Zuber, K.M. Zia, M.N. Anjum, W. Aftab, Preparation and 
characterization of guar gum based polyurethanes, Int. J. Biol. Macromol. 183 
(2021) 2174–2183, https://doi.org/10.1016/j.ijbiomac.2021.06.025. 

[226] J. Ma, J. Zhou, G. Liu, Z. Luo, K. Yan, H. Yao, et al., Synthesis and Properties of 
Waterborne Polyurethane Modified with Guar Gum Polysaccharide, 
ChemistrySelect 5 (2020) 2348–2353, https://doi.org/10.1002/slct.201904054. 

[227] J. Gao, D. Zhu, W. Zhang, G.A. Solan, Y. Ma, W.-H. Sun, Recent progress in the 
application of group 1, 2 & 13 metal complexes as catalysts for the ring opening 
polymerization of cyclic esters, Inorg. Chem. Front. 6 (2019) 2619–2652, https:// 
doi.org/10.1039/C9QI00855A. 

[228] D.M. Lyubov, A.O. Tolpygin, A.A. Trifonov, Rare-earth metal complexes as 
catalysts for ring-opening polymerization of cyclic esters, Coord. Chem. Rev. 392 
(2019) 83–145, https://doi.org/10.1016/j.ccr.2019.04.013. 

[229] A. Rasines Mazo, S. Allison-Logan, F. Karimi, N.-J.-A. Chan, W. Qiu, W. Duan, et 
al., Ring opening polymerization of α-amino acids: advances in synthesis, 
architecture and applications of polypeptides and their hybrids, Chem. Soc. Rev. 
49 (2020) 4737–4834, https://doi.org/10.1039/C9CS00738E. 

[230] H. Li, R.M. Shakaroun, S.M. Guillaume, J. Carpentier, Recent Advances in Metal- 
Mediated Stereoselective Ring-Opening Polymerization of Functional Cyclic 
Esters towards Well-Defined Poly(hydroxy acid)s: From Stereoselectivity to 
Sequence-Control. Chemistry – A, Eur. J. 26 (2020) 128–138, https://doi.org/ 
10.1002/chem.201904108. 

[231] S.A. Kedzior, J.O. Zoppe, R.M. Berry, E.D. Cranston, Recent advances and an 
industrial perspective of cellulose nanocrystal functionalization through polymer 
grafting, Curr. Opin. Solid State Mater. Sci. 23 (2019) 74–91, https://doi.org/ 
10.1016/j.cossms.2018.11.005. 
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