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Abstract: Galactomannans are versatile macromolecules with broad industrial potential. The influ-
ence of changes in the chemical structures and respective bioactivities of these polysaccharides have
been extensively studied. The derivatives obtained by sulfation, complexation, and phosphoryla-
tion are the most studied biological properties in galactomannans. The derivatives obtained have
shown several pharmacological activities such as antiviral, antimicrobial, anticoagulant, fibrinolytic,
chemopreventive, anticancer, antioxidant, chondroprotective, analgesic, immunomodulatory, and
antileishmanial. Considering the relevance of these studies, we aim to provide an overview of studies
that apply galactomannan modification or derivatization strategies to improve their properties for
applications in the biomedical area. We identified the success of most modified galactomannans
for pharmacological purposes. However, some studies found loss of bioactivity of the original
polysaccharide after chemical changes to its original structures.
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1. Introduction

The development of new biomaterials and “functionalized polymers,” especially from
renewable sources, has practical potential for applications in biomedicine and industry [1].
In this direction, the growing interest in the chemical modification or derivatization of natu-
ral polysaccharides to create derivatives with properties adapted to the desired applications
is remarkable [2,3]. Molecular modification and improvement of the biologically active
properties of polysaccharides have sparked interest about the development of biomedical
materials. Therefore, it is important to find the correlation between the chemical structure
and the functional activity of the polysaccharides [4–6].

Galactomannans are polysaccharides which can be obtained from microorganisms,
including fungi and yeasts, but the vast majority originate from plants [7]. Among the
plant-derived polysaccharides, galactomannans have received much attention, since these
biopolymers can be obtained in their pure form, with a high yield, by aqueous extraction
from the endosperm of the seeds of leguminous plants [6,8]. Furthermore, since galac-
tomannans are an abundant plant resource, their production on an industrial scale has been
widely targeted [5,9], especially in the food, pharmaceutical, and cosmetic industries [10].

Galactomannans have a heterogeneous polymeric structure, consisting of a main
chain of mannose units linked by β-1,4-glycosidic bonds and galactose side units linked
to mannose by α-1,6-glycosidic bonds (Figure 1) [7,11]. Galactomannans from different
sources differ from each other in the ratio of mannose/galactose units, molecular weight,
and the distribution of individual galactose branches in the main chain, which significantly
influences their biochemical properties [12,13].
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and the distribution of individual galactose branches in the main chain, which signifi-
cantly influences their biochemical properties [12,13]. 

In addition, the structural peculiarities of galactomannans make them soluble in wa-
ter at different temperatures, versatile in their applications, and chemically and biochem-
ically reactive [1]. These factors, combined with the absence of ionic charge in the structure 
of these polysaccharides, make galactomannans more susceptible to molecular changes 
than many polysaccharides found in nature. Alterations can be made in order to inherit 
the characteristics of the native polymer, such as biocompatibility, to expand its techno-
logical functionality, improve its intrinsic biological properties, and/or create new func-
tional properties, opening a range of application possibilities in the biomedical areas 
[12,14,15]. 

The galactomannans are suitable for used in chemical modification methods, as they 
have a simple structure. Their derivatives can be easily characterized chemically. Sulfation 
is an effective, versatile, and simple modification method applied to galactomannans to 
improve their biological activity. However, other methods can also be used to change the 
structure of galactomannans [16–18]. Thus, Figure 1 provides a schematic representation 
of the main chemical changes in galactomannans and the various biological activities eval-
uated. 

 
Figure 1. Illustration of the chemical changes of galactomannans and their biological activities evaluated. 

In view of the aforementioned, this work aimed to provide an overview of the studies 
that applied methods for structural modification of galactomannans to evaluate or im-
prove their properties for applications in the biomedical area. This review focuses on the 
study of the intrinsic pharmacological activities of structurally modified galactomannan 
derivatives. A search for articles referring to the modified galactomannans was con-
ducted. The keywords “modified galactomannans and biological activity” or “galac-
tomannan derivatives and biological activity” were used to procure scientific articles in 
electronic databases, including PubMed, Scopus, SciELO, and Web of Science. The selec-
tion of the articles was based on the following inclusion criteria: full-text articles published 

Figure 1. Illustration of the chemical changes of galactomannans and their biological activities evaluated.

In addition, the structural peculiarities of galactomannans make them soluble in water
at different temperatures, versatile in their applications, and chemically and biochemically
reactive [1]. These factors, combined with the absence of ionic charge in the structure of
these polysaccharides, make galactomannans more susceptible to molecular changes than
many polysaccharides found in nature. Alterations can be made in order to inherit the
characteristics of the native polymer, such as biocompatibility, to expand its technological
functionality, improve its intrinsic biological properties, and/or create new functional
properties, opening a range of application possibilities in the biomedical areas [12,14,15].

The galactomannans are suitable for used in chemical modification methods, as they
have a simple structure. Their derivatives can be easily characterized chemically. Sulfation is
an effective, versatile, and simple modification method applied to galactomannans to improve
their biological activity. However, other methods can also be used to change the structure
of galactomannans [16–18]. Thus, Figure 1 provides a schematic representation of the main
chemical changes in galactomannans and the various biological activities evaluated.

In view of the aforementioned, this work aimed to provide an overview of the studies
that applied methods for structural modification of galactomannans to evaluate or improve
their properties for applications in the biomedical area. This review focuses on the study of
the intrinsic pharmacological activities of structurally modified galactomannan derivatives.
A search for articles referring to the modified galactomannans was conducted. The key-
words “modified galactomannans and biological activity” or “galactomannan derivatives
and biological activity” were used to procure scientific articles in electronic databases,
including PubMed, Scopus, SciELO, and Web of Science. The selection of the articles
was based on the following inclusion criteria: full-text articles published containing the
keywords above that led to chemical modifications and evaluated the intrinsic pharmaco-
logical properties of the modified biopolymer, without restricting the year of publication.
Modified galactomannans that had not been evaluated for biological characterization were
excluded from the study. Modified galactomannans that were formulated with the addition
of active substances were also not considered.
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2. Strategies for Obtaining Galactomannan Derivatives

Biological activities of polysaccharides are affected by several factors, among them,
monosaccharide composition, molecular weight, molecular structure, functional groups,
degree and pattern of substitution, flexibility, and chain configuration [4,19,20]. In addi-
tion to the evident biological activity of natural polysaccharides, derivatives obtained by
hydrolysis, complexation, or chemical modifications, such as sulfation, phosphorylation,
oxidation, and carboxymethylation, were also considered in many studies as successful
bioactive derivatives [5,21–23].

Among these polysaccharides, galactomannans have been extensively studied for
molecular modifications. Galactomannans can be modified mainly by chemical or enzy-
matic methods. A large number of hydroxyl groups of galactomannans can be altered
by etherification, esterification, or oxidation. The changes that add hydrophilic groups
to molecules of galactomannans can reduce hydrogen bonds between the molecules and
improve solubility and swelling characteristics. Other characteristics that are also improved
by the increase in hydrophilicity are the clarity of the gum and the compatibility with
electrolytes [24].

The changes in chemical structure and biological activities of galactomannans have
been extensively studied. The most studied biological properties in galactomannans
are derivatives obtained by complexation or chemical modifications, such as sulfation,
oxidation, and phosphorylation. Figure 2 represents the main strategies for obtaining
galactomannan derivatives.
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Figure 2. Representation of the general chemical structure of galactomannans (A) and the structure
of the derivatives achieved by (B) Sulfation (Adapted from Muschin et al. [5]); (C) Phosphorylation
(Adapted from Wang et al. [20]); (D) Oxidation (Adapted from Castro et al. [25]); (E) Complexation
with vanadium (Adapted from Adriazola et al. [22]).

Sulfation is the most studied chemical modification in galactomannans. Most stud-
ies about sulfation of galactomannans used dimethylformamide as the solvent and SO3

–

pyridine complex as a sulfating reagent [6,8,9,23,26–29]. Several studies report preferred
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sulfation for the 6-CH2 groups due to their higher reactivity with esterifying agents and
a degree of sulfating (DS) ranging from 0.4 to 1.85. These sulfated galactomannans are
composed of negatively charged sulfate groups that are related to their biological activ-
ities [4–6,8,9,23,26–29]. The addition of sulfate groups in the polysaccharide structure
improves solubility and enhances the biological properties compared to the non-sulfated
polysaccharides. Anticoagulant, antiviral, antioxidant, and antitumor activities are success-
ful examples of sulfated polysaccharides [4,23,28,29].

Polysaccharides can also undergo oxidation in several ways to generate distinct struc-
tures. For example, primary alcohol may be oxidized to form the aldehyde or later a
carboxylic acid [30]. Protein-free guar gum was oxidized by the method of the TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxide radical)/NaBr/NaClO system [25]. This oxidized
derivative presents a degree of substitution of 0.36, and the oxidation happened preferen-
tially in the carbon 6 of the mannose residue. FT-IR and 13C NMR spectrum showed the
presence of the COOH group in the oxidized molecule.

Phosphorylated polysaccharides exhibit several biological activities, including antiox-
idant, antitumor, and immunomodulatory properties. Wang et al. [20] phosphorylated the
galactomannan chains of Cyamopsis tetragonolobo (guar gum) using POCl3/pyridine and
obtained phosphorylated derivatives with the degree of substitution (DS) of 0.35–0.52. They
observed an expanded conformation of phosphorylated derivatives with intramolecular
hydrogen bonds due to the electrostatic potential of SO3H groups. Experiments with the
phosphorylated derivatives with different DS were conducted to evaluate the influence of
this parameter on the antioxidant activity.

Hydrolysis is an important strategy for polysaccharide modification. In the enzymatic
method, the galactose side chains, or the main mannose chain can be cleaved, and the
α-galactosidase and β-mannanase can be used. Compared with the chemical modifica-
tion method, the enzymatic method is simple to control, and the reaction conditions are
milder [24]. The biological activity of the locust bean gum galactomannan hydrolyzed
by thermostable β-D-mannanase was evaluated by Chen et al. [31]. In this study, after
24 h of the enzymatic reaction, the weight average molecular weight of galactomannan
derivative reduced from 5,580,010 to 3188, and the hydrolysate containing the following
manno-oligosaccharides: mannobiose, mannotriose, and mannotetrose.

According to Adriazola et al. [22], complexation with metal ions can make complexes
more biocompatible and soluble, less toxic, and endow them with some pharmacologi-
cal activities, such as antimicrobial and antitumor. Galactomannans can be modified by
introducing complexing metals. Vanadium is the metal generally used to complex with
galactomannans in order to originate biologically active complexes. Polysaccharides are
suitable binders for complexation reactions with the cationic form of vanadium due to the
affinity of this metal for hydroxyl groups free of these polyhydroxyl compounds. Complex-
ation of vanadium (IV, V) with monosaccharides is facilitated by the presence of ligands
containing vicinal cis-OH groups [19,32]. Anticancer and antileishmanial activities are rec-
ognized as examples of the success of galactomannans complexed with vanadium [19,33].

The pharmacological activities of galactomannan derivatives are detailed below.

3. Pharmacological Activities of Galactomannan Derivatives

The intrinsic characteristics of polysaccharides can be changed, for example, by partial
hydrolysis and by the removal or introduction of specific chemical groups [34]. When
a galactomannan is modified, a biologically inert polymer can be transformed into a
biologically active one [35].

Pharmacological activities can be related to changes in the chemical structure of the
molecules caused by the type and number of functional groups. Several functional groups,
such as -CN, -NO2, -NH2, -OH, -SH, -CHO, -COOH, -COOR, -CONH2, -SO3H, and -PO3H,
contribute to drug-receptor interaction. The interaction of a compound with a specific
receptor is directly related to a pharmacological effect. Changes in the conformation and
flexibility of the molecules can also affect the interaction of molecules with receptors.
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In addition, several physicochemical properties of a molecule, such as molecular weight,
lipophilicity, solubility, permeability, and acid-base ionization, can alter its activity [36,37].

In general, the chemical structure of a molecule determines its physicochemical char-
acteristics and, consequently, determines its absorption, distribution, metabolism, excre-
tion, and toxicity (ADME/Tox) properties and influences the pharmacological effect of
the molecule [37].

Table 1 presents the main pharmacological activities of galactomannan derivatives,
their source of origin, and the processes for obtaining derivatives.

3.1. Antiviral Activity

Several studies have reported the low cytotoxicity, safety, and therapeutic potential of
sulfated polysaccharides [26,29,38]. According to Godoi et al. [38], sulfated polysaccharides
are among the most reported pharmacological properties. Moreover, these derivates have
a broad spectrum of in vitro antiviral activity.

Ono et al. [26] tested the effects of native and sulfated galactomannans obtained from
the seeds of Mimosa scabrella (BR and BRS) and Leucaena leucocephala (LL and LLS) against
two flaviviruses using in vitro and in vivo models: the yellow fever virus (YFV) (BeH111
strain) and the dengue 1 virus (DEN-1) (Hawaii strain). In the in vitro tests to determine
the quantitative response to antiviral activity, the concentrations that produced a 100-fold
reduction in viral titer compared to the positive control were 586 mg·L−1 and 387 mg·L−1

for BRS and LLS against YFV, respectively; and for DEN-1 were 347 mg·L–1 and 37 mg·L−1,
respectively. When comparing the results of both viral species, the best response was
obtained using LLS. In the in vivo experiment, mice received a simultaneous injection of
YFV plus BRS or LLS (49 mg·kg−1, i.p). BRS and LLS promoted protection against death
in 87.7% and 96.5% of the animals, respectively. The results reinforced the idea that the
antiviral activity of some sulfated polysaccharides is not related only to the mechanisms
of inhibition of viral replication, in which the entry of the polysaccharide-virus complex
into cells is inhibited. Mice inoculated with viruses and in association with modified
galactomannans (YFV + BRS or YFV + LLS) developed viral resistance, while the absence
of BRS or LLS at the time of viral inoculation did not show any protective effect. Therefore,
in the presence of polysaccharides, there was no development of several diseases, and
the immune system of the animals recognized the viral antigens, since animals in the
YFV + BRS and YFV + LLS groups developed neutralizing antibodies. Furthermore, the
immunomodulatory action of the polysaccharides is considered because the intraperitoneal
inoculation, together with viral suspension, seems to activate peritoneal macrophages.

In another study, Chrestani et al. [8] observed that the sulfated galactomannan from
Mimosa scabrella seeds (BRS) exerted activity against herpes simplex virus type 1 (HSV-
1). However, this effect was not verified when tested with the simian rotavirus A/SA11
(SiRV-A/SA11). BRS had a selective inhibition against HSV-1 during its binding step, with
an IC50 of less than 2.5 µg·mL−1, suggesting that BRS has a higher selectivity against an
enveloped virus that uses heparan sulfate on the surface of the host cell membrane for
its internalization. The antiviral action of sulfated polysaccharides has been attributed
to a mechanism for inhibiting viral adsorption by the cell. The lack of response against
SiRV-A/SA11 reinforced this possibility since SiRV-A/SA11 is known to have a negative
surface charge at neutral pH, not allowing a strong interaction between rotavirus and
polyanions, such as sulfated polysaccharides.

Gemin et al. [27] also demonstrated that the sulfated galactomannan from Leucaena
leucocephala seeds (LLS-2) affected the early stages of HSV-1 infection, with an EC50 below
2.5 µg·mL−1. The native polysaccharide did not have an antiviral effect, proving that the
anti-herpetic activity of LLS-2 depended on the presence of negatively charged groups.
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Table 1. Galactomannan derivatives and assessment of pharmacological activities.

Galactomannan Sources and/or Polysaccharides Processes for Obtaining Derivatives Chemical Analysis Biological Activity/Properties References

Mimosa scabrella seeds Sulfation SEC-MALS Antiviral [26]
Leucaena leucocephala seeds Sulfation SEC-MALS Antiviral [26]

Mimosa scabrella seeds Sulfation FTIR, 13C NMR Antiviral [8]
Leucaena leucocephala seeds Sulfation FTIR, GLC Antiviral [27]

Caesalpinia ferrea seeds Sulfation FTIR, 1H, 13C NMR Antiviral [28]
Adenanthera pavonina seeds Sulfation FTIR, GLC, IV Antiviral [23,38]

Adenanthera pavonina L. seeds Sulfation FTIR, UV-VIS Antiviral [29]
Caesalpinia ferrea Mart. seeds Sulfation FTIR, UV-VIS Antiviral [29]

Dimorphandra gardneriana seeds Sulfation FTIR, UV-VIS Antiviral [29]
Trigonella foenum-graecum seeds, Fenugreek gum Sulfation FTIR, 1H, 13C NMR, OR, GPC, SPR Antiviral [5]

Cyamopsis tetragonolobus seeds, Guar gum Sulfation FTIR, 1H, 13C NMR, OR, GPC, SPR Antiviral [5]
Caesalpinia spinosa, Tara gum Sulfation FTIR, 1H, 13C NMR, OR, GPC, SPR Antiviral [5]

Ceratonia siliqua L. seeds, Locust bean gum Sulfation FTIR, 1H, 13C NMR, OR, GPC, SPR Antiviral [5]
Cyamopsis tetragonolobus seeds, Guar gum Maillard conjugation UV-VIS, SDS PAGE Antimicrobial [39,40]
Cyamopsis tetragonolobus seeds, Guar gum Benzoylation FTIR, 13C NMR, XRD, TGA, C, H, N analysis. Antimicrobial [41]

Leucaena sp. seeds Sulfation PC, UV-VIS Anticoagulant and fibrinolytic [10]
Medicago sativa seeds Sulfation PC, UV-VIS Anticoagulant and fibrinolytic [10]

Glycine max seed hulls Sulfation PC, UV-VIS Anticoagulant and fibrinolytic [10]
Phoenix dactylifera seeds Sulfation PC, UV-VIS Anticoagulant and fibrinolytic [10]
Senna macranthera seeds Sulfation FTIR, 13C NMR, UV-VIS, GPC Anticoagulant [42]

Cyamopsis tetragonoloba seeds, Guar gum Sulfation GPC, IV, UV-VIS Anticoagulant [9]
Trigonella foenum-graecum seeds, Fenugreek gum Sulfation FTIR, 1H, 13C NMR, SPR Anticoagulant [5]

Cyamopsis tetragonolobus seeds, Guar gum Sulfation FTIR, 1H, 13C NMR, OR, GPC, SPR Anticoagulant [5]
Caesalpinia spinosa, Tara gum Sulfation FTIR, 1H, 13C NMR, OR, GPC, SPR Anticoagulant [5]

Ceratonia siliqua L. seeds, Locust bean gum Sulfation FTIR, 1H, 13C NMR, OR, GPC, SPR Anticoagulant [5]
Cyamopsis tetragonolobus seeds, Guar gum C-glycosylation and sulfation UV-VIS, PC Chemopreventive [35]
Cyamopsis tetragonoloba seeds, Guar gum Sulfation FTIR, 13C NMR, SEC-MALS Antioxidant [4]

Adenanthera pavonina L. seeds Sulfation FTIR, UV-VIS Antioxidant [29]
Caesalpinia ferrea Mart. seeds Sulfation FTIR, UV-VIS Antioxidant [29]

Dimorphandra gardneriana seeds Sulfation FTIR, UV-VIS Antioxidant [29]
Cyamopsis tetragonoloba seeds, Guar gum Phosphorylation FTIR, 13C NMR, XPS, GC–MS, SEC-MALS Antioxidant [20]

Schizolobium amazonicum seeds Sulfation FTIR, HPSEC, 13C NMR, GLC, UV-VIS Anticancer [6]
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Table 1. Cont.

Galactomannan Sources and/or Polysaccharides Processes for Obtaining Derivatives Chemical Analysis Biological Activity/Properties References

Cyamopsis tetragonolobus seeds, Guar gum C-glycosylation and sulfation UV-VIS, PC Anticancer [35]
Cyamopsis tetragonolobus seeds, Guar gum C-glycosylation UV-VIS, PC Anticancer [35]

Schizolobium amazonicum seeds Partial hydrolysis FTIR, HPSEC, GLC, 13C NMR, 51V NMR, PT Anticancer [34]
Schizolobium amazonicum seeds Partial hydrolysis and complexation with oxovanadium FTIR, HPSEC, GLC, 13C NMR, 51V NMR, PT Anticancer [34]

Mimosa scabrella seeds Complexation with oxovanadium FTIR, HPSEC, GLC, 51V NMR, PT Anticancer [19]
Cyamopsis tetragonoloba seeds, Protein-free guar gum Sulfation FTIR, 1H, 13C NMR, IV, PT, GPC Analgesia and chondroprotection [25]
Cyamopsis tetragonoloba seeds, Protein-free guar gum Oxidation FTIR, 1H, 13C NMR, IV, PT, GPC Analgesia and chondroprotection [25]

Ceratonia siliqua L. seeds, Locust bean gum Hydrolysis HPSEC, HPLC Immunomodulatory [38]
Mimosa scabrella seeds Complexation with oxovanadium FTIR, PT, 51V NMR, GC-MS Immunomodulatory [22]
Mimosa scabrella seeds Complexation with oxovanadium FTIR, PT, 51V NMR, GC-MS Antileishmanial [22]

Ramalina celastri Complexation with vanadium FTIR, PT Immunomodulatory [39]
Ramalina celastri Complexation with vanadium FTIR, PT Antileishmanial [39]
Ramalina celastri Complexation with oxovanadium PT, 51V NMR Immunomodulatory [33]
Ramalina celastri Complexation with oxovanadium PT, 51V NMR Antileishmanial [33]

13C NMR: Carbon-13 (C13) nuclear magnetic resonance; FTIR: Fourier Infrared spectroscopy; GC-MS: Gas Chromatography Mass Spectrometry; GLC: Gas–liquid chromatography; GPC: Gel permeation
chromatography; 1H: Proton nuclear magnetic resonance; HPSEC: high-performance size exclusion chromatography; IV: intrinsic viscosity; OR: Optical rotation; PC: Paper chromatography; PT: potentiometric
titration; SEC: Size-exclusion chromatography; SDS PAGE: SDS Slab polyacrylamide gel electrophoresis; SEC-MALS: Size Exclusion Chromatography with Multiangle light scattering; SPR: plasmon resonance;
TGA: Thermo gravimetric analysis; UV-VIS: ultraviolet–visible spectrophotometry; 51V NMR: Vanadium-51 nuclear magnetic resonance; XPS: X-ray photoelectron spectroscopy; XRD: X-ray diffraction.
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In the study by Lopes et al. [28], the sulfated galactomannan from Caesalpinia ferrea
(SPLCf) inhibited several stages of infection by herpes simplex virus type 1 (HSV-1) and
Poliovirus type 1 (PV-1) (ATCC, VR-58). The results showed an IC50 of 405 µg·mL−1 and
1.73 µg·mL−1, for HSV-1 and PV-1, respectively. The antiviral activity was mainly attributed
to the polyanionic character of SPLCf, which interfered mainly in the virus adsorption
stage, as well as in the viral particles and expression of the viral protein. A synergistic effect
was found between SPLCf and Acyclovir, a drug used in most treatments against HSV, in
which all combinations of different concentrations inhibited 100% of HSV-1 replication. In
a study reported by Godoi et al. [38], the sulfated galactomannan derivative from the seed
of Adenanthera pavonina (SPLSAp) showed an IC50 of 1.18 µg·mL−1 against poliovirus type
1 (PV-1) (ATCC, VR-58), acting upon different stages of viral replication. This property
is probably related to the distinct structural characteristics of the polysaccharide and not
only to the high charge density. In addition, SPLSAp could also present polysaccharide
components with low molecular weight. The high density of negative charge due to
sulfation would also interfere in the electrostatic interactions between the positive charges
of the viral proteins and the negative ones of the cellular receptors. This would explain the
inhibition of viral protein expression or the post-translational polyprotein cleavage and
the inhibition of viral RNA synthesis. Godoi et al. [23] reported that the same derivative
(SPLSAp) showed better antiviral activity against HSV-1 (IC50 of 15 µg·mL−1) than the
native polysaccharide (IC50 of 744 µg·mL−1). The inhibition of HSV-1 probably occurred
because sulphation provides higher charge density in the SPLSAp molecule, interfering
with the viral electrostatic interactions of the glycoprotein and with the surface receptor.
Moreover, this polysaccharide can be accumulated on the cell surface more efficiently,
blocking the virus penetration.

In Marques et al. [29], the inhibition of DENV-2 dengue virus (New Guinea strain)
replication with sulfated galactomannans from Caesalpinia ferrea Mart., Dimorphandra gardne-
riana Tull, and Adenanthera pavonina L. at 25 µg·mL−1 was 96%, 94%, and 77%, respectively.
The authors suggested that these polysaccharides bind to the viral surface and act at the
beginning of the infection. Muschin et al. [5] performed the sulfation of galactomannans
from fenugreek gum, guar gum, tara gum, and locust bean gum, which all showed anti-
HIV and anti-dengue activities of 0.04–0.8 and 0.2–1.1 µg·mL−1, respectively. Surface
plasmon resonance revealed a strong interaction with poly-l-lysine as a model composed
of viral proteins and suggested that specific biological activities may originate from the
electrostatic interaction of negatively charged sulfate groups of galactomannan derivative
and the positively charged amino groups found in the surface of these viruses.

3.2. Antimicrobial Activity

Few studies have reported the antimicrobial effect of structurally modified galac-
tomannan; nevertheless, some research evidences the success of this activity. Nakamura
et al. [39] demonstrated the antimicrobial effect of the lysozyme-galactomannan (guar gum)
conjugate (LGC), prepared via Maillard reaction. LGC conjugate exhibited antibacterial ac-
tivity against Gram-negative (Vibrio parahuemolyticus, Escherichia coli, Aeromonas hydrophila,
Proteus mirabilis, and Klebsiella pneumoniae) bacteria. Another study, with the same LGC
conjugate, showed that the galactomannan improved the bactericidal effect of lysozyme
against Edwardsiella tarda infection in carp [40].

Das et al. [41] synthesized a new guar gum benzamide (GGBA). The benzoylation of
this galactomannan was motivated by the safety and biocidal potential of benzoic acid.
Antimicrobial activity of GGBA film was investigated by zone inhibition and viable cell
count assays against Gram-positive (Staphylococcus aureus and Bacillus subtilis) and Gram-
negative (Salmonella enterica and Escherichia coli) bacteria. Qualitative and quantitative
biocide activity of GGBA film was established against all bacterial strains tested.
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3.3. Anticoagulant and Fibrinolytic Activities

Although heparin is the drug of choice in the clinical prophylaxis of thrombotic events,
several studies have sought substitutes with fewer adverse effects. Many heparinoids
prepared by polysaccharide sulfation have been studied since the activity of this class
of anticoagulants depends on its sulfate content [42]. Hussein et al. [10] sulfated the
galactomannans extracted from whole seeds of Leucaena sp., Medicago sativa, and Phoenix
dactylifera, and seed husks of Glycine max, and then evaluated the anticoagulant and
fibrinolytic activities. The native galactomannans of P. dactylifera and G. max exhibited
anticoagulant activities comparable to standard sodium heparin. However, the other two
native galactomannans presented lower anticoagulant activity. The anticoagulant activity
of sulfated derivatives of the M. sativa and G. max gum was ten times higher than that
of the corresponding non-sulfated ones. The sulfated product of Leucaena sp. exhibited
twice the anticoagulant activity of its original galactomannan. However, the sulfation of
the galactomannan of P. dactylifera did not increase its anticoagulant activity. The sulfated
products P. dactylifera and Leucanena sp. provided a high fibrinolytic activity, but the
sulfated of M. sativa and G. max exhibited a deficient fibrinolytic activity comparable to
their corresponding non-sulfated products. The results indicated a relationship between
chemical composition and biological activity, showing that most sulfated galactomannans
with a higher proportion of mannose residues were more biologically active than those
with a lower mannose/galactose (M/G) index, noting that galactomannan with a higher
M/G ratio and a lower degree of polymerization exhibited more significant fibrinolytic
activity in this study.

The anticoagulant activity of sulfated galactomannan from Senna macranthera seeds
was evaluated by Pires et al. [42] through the assessment of activated partial thromboplastin
time (APTT). The synthesized product had anticoagulant activity at a concentration of
45 IU·mg−1, while heparin from porcine intestinal mucosa showed the same activity at a
concentration of 183 IU·mg−1. In the same study, the sulfated galactomannan was separated
by chromatography on an agarose-antithrombin III (AT-III) column. Two obtained fractions
of the sulfated derivative differed in their affinity for AT-III gel. Only a fraction exhibited
high affinity for AT-III, as well as heparin. Moreover, this fraction with a high affinity for
AT-III was the only one that achieved intense anticoagulant activity.

In another study, the galactomannan from Cyamopsis tetragonoloba (L.) Taub seeds.
(guar gum) underwent enzymatic hydrolysis, followed by sulfation of fractions with
different molecular weights. All sulfated derivatives exhibited anticoagulant activity [9].
That study also demonstrated that the mechanism of inhibition of blood plasma coagulation
factors by galactomannan sulfate differed from the mechanism of inhibition by heparin.
This difference in the mechanism of action was because the anti-factor Xa (aXa) activity of
galactomannan sulfates is lower than its antithrombin activity (anti-factor IIa—aIIa). In
contrast, the aXa activity of heparin is equal or higher than its aIIa activity.

In a study by Muschin et al. [5], the galactomannans of fenugreek gums (Trigonella
foenum-graecum), guar gum, tara gum (Caesalpinia spinosa), and locust bean gum (Ceratonia
siliqua) were sulfated and evaluated for anticoagulant activity. The derivatives displayed
anticoagulant activity in concentrations between 13.4 and 36.6 unit·mg−1. Nevertheless,
these values were lower than those of the clinically used heparin, which is 169 unit·mg−1.

3.4. Chemopreventive Activity

Cancer chemoprevention uses drugs to inhibit, delay, or reverse the process of carcino-
genesis [43]. The assessment of the potential of chemopreventive substances for cancer was
based on tests that evaluate the inhibition of cancerous metabolic activators, for example,
the carcinogenic activating enzyme (CYP1A) and induction of carcinogenic detoxification en-
zymes glutathione-S-transferases (GSTs). The work of Gamal-Eldeen et al. [35] demonstrated
the possibility of using guar gum derivatives to prevent cancer when used as a functional food
supplement. In this work C-glycosylated (GG) and sulfated C-glycosylated (SGG) derivatives
were obtained, the latter formed by sulfation of guar gum. The C-glycosylated derivative of
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guar gum (GG) had better chemopreventive activity since it inhibited the enzyme CYP1A and
induced the GSTs, while the sulfated derivative (SGG) inhibited both enzymes.

Additionally, both GG and SGG showed anticancerogenic properties, as indicated
by their antioxidant and anti-inflammatory activities. SGG was a more effective radical
scavenger than GG. The two modulated macrophage functions in an anti-inflammatory
pattern, and the relatively similar effect of which, indicated that this property appears to
be due to the composition of the guar gum itself. Both derivatives strongly inhibited the
generation of NO (nitric oxide) and the production of TNF-α (tumor necrosis factor α),
which may suggest a vital role as anti-inflammatory agents, since the inhibition of these
factors is one of the most important strategies in chemoprevention.

3.5. Anticancer Activity

In the study conducted by Gamal-Eldeen et al. [35], the C-glycosylated (GG) and C-
glycosylated derivatives followed by guar gum sulfation (SGG) were evaluated for their
cytotoxic activity in human cell lines of lymphoblastic leukemia (1301), hepatocellular car-
cinoma (HepG2), and breast carcinoma (MCF-7). Both polymers, GG and SGG, exhibited
significant antiproliferative activity against the HepG2 line. Neither samples exhibited cyto-
toxicity against 1301 leukemia cells and only SGG was specifically cytotoxic for MCF-7 cells.

In another study evaluating cytotoxicity of galactomannan, Noleto et al. [19] evaluated
the effects on HeLa cells of the complexation with oxovanadium of a galactomannan iso-
lated from Mimosa scabrella seeds (GALMAN-A, native form) and its partially hydrolyzed
form (GALMAN-B, form partially degraded by endogenous glycosidases) (IV/V, repre-
sented as VO2+/VO3+), forming GALMAN-A: VO2+/VO3+ and GALMAN-B: VO2+/VO3+,
respectively. Vanadium is a transition metal that can complex with biomolecules and
make them biologically active. Vanadium compounds are proven to be cytotoxic against a
variety of cancer cell strains. Thus, since the structural characteristics of carbohydrates give
rise to multiple possibilities for complexation with metal ions, the partially hydrolyzed
polysaccharide (GALMAN-B) has been worked on in order to favor a greater number of
binding sites for vanadium, so that complexes with a higher concentration of vanadium
were obtained.

In the in vitro study, the galactomannans GALMAN-A and GALMAN-B did not affect
cell viability in HeLa cells. GALMAN-A promoted a slight increase in cell proliferation in
the same strain, while GALMAN-B showed a small decrease. However, the complexed
forms exhibited reduced cell viability and a significantly decreased in cell proliferation.
Among them, GALMAN-B: VO2+/VO3+ was extremely more cytotoxic than GALMAN-A:
VO2+/VO3+. Since GALMAN-B consists of polymer fragments, this effect may have been
greater in GALMAN-B: VO2+/VO3+ due to the more significant number of sites available
for binding with oxovanadium ions and, consequently, more metal in this sample. Many
studies have sought to obtain more potent and less toxic vanadium complexes. This
study showed that the introduction of vanadium in the polysaccharide structure gave
rise to highly cytotoxic compounds since the complexes were more cytotoxic than the
non-complexed polymers.

In the study of Cunha de Padua et al. [6], the galactomannan from Schizolobium
amazonicum seeds (SAGM) was sulfated, and two derivatives were obtained (SAGMS1
and SAGMS2). The SAGM1 sample had a sulfation degree of 0.4, while the SAGM2
derivative had 0.6. All three galactomannans SAGM, SAGM1, and SAGM2 were evaluated
for cytotoxic activity in the human hepatocellular carcinoma (HepG2) line. The native
SAGM galactomannan was found to be more cytotoxic than both sulfated derivatives.
SAGM at a concentration of 250 µg·mL−1 reduced cell viability by 30% and 50% in a
dose-dependent manner at 48 h and 72 h, respectively. Among the samples evaluated, the
sulfated galactomannan SAGM2 was the least cytotoxic.

Despite the association between chemical sulfation of polysaccharides and antitumor
activity, the relationship between the degree of sulfation and this activity is not conclusive.
This work observed exactly the opposite, because the more significant cytotoxic effect was
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not correlated with the increased degree of sulfation. The authors suggest that this chemical
modification may have interfered with the recognition of the polymer by membrane
receptors in HepG2 cells.

Considering the antitumor potential of polysaccharide and vanadium compounds,
Cunha-de Padua et al. [34] evaluated the cytotoxicity of native galactomannan from Schizolo-
bium amazonicum (SAGM) seeds in human hepatocellular carcinoma cells (HepG2), in
addition to the partially hydrolyzed polysaccharide (MSAGM) and vanadium-containing
derivatives (SAGM: VO and MSAGM: VO). They observed that SAGM and MSAGM: VO
(250 µg·mL−1), after 72 h, reduced the viability of HepG2 cells by 51% and 58%, respec-
tively, while the inhibition of proliferation was ~27% and ~46%, respectively. The modified
biopolymer complexed with vanadium (MSAGM: VO) was the most cytotoxic for HepG2
cells. The authors considered that the reduction in molar mass would increase the ability
and complexation with vanadium, but the native biopolymer was more likely to bind to
vanadium than its hydrolyzed form. The results of this study showed that the cytotoxic
activity in HepG2 cells may be related to the structural aspects of polymers and vanadium.

3.6. Antioxidant Activity

In the study by Wang et al. [4], the guar gum had five synthesized sulfated derivatives
(SGG-1 to SGG-5) with different degrees of sulfation and molecular weights. In this work,
the antioxidant activity of the derivatives was conducted by in vitro tests that evaluated the
ability to eliminate hydroxyl radicals, superoxide radicals, 1,1-diphenyl-2-picryl-hydrazil
(DPPH), in addition to the capacity of chelate ferrous ions and the reducing potential. The
sulfated derivatives with a higher degree of sulfation presented better antioxidant activity
than the original biopolymer. According to the authors, the presence of –OSO3H groups
in the SGG molecule could activate the hydrogen from the anomeric carbon, because
the greater the activated capacity of the group, the greater the capacity for donation of
hydrogen atoms. Further, replacing –OH with these groups increased the ferrous chelating
ability. In this context, according to the tests carried out, the antioxidant mechanisms of
sulfated derivatives can be attributed to the strong hydrogen donation ability, the chelating
capacity for Fe2+, and the potential to eliminate superoxide and free radicals.

In another study conducted by Wang et al. [20], guar gum was chemically phosphory-
lated using POCl3/pyridine. In antioxidant activity tests, the phosphorylated derivatives
showed better sequestering effects of the radical DPPH (1,1-diphenyl-2-picrilhidrazila) and
the superoxide radical, in addition to reducing power.

Using sulfated derivatives of the galactomannans of Caesalpinia ferrea Mart. (SGCF),
Dimorphandra gardneriana Tull (SGDG), and Adenanthera pavonina L. (SGAP), Marques
et al. [29] demonstrated a positive correlation between chemical modification and an-
tioxidant activity through the inhibition of free radical DPPH. SGCF showed a strong
antioxidant activity with IC50 of 0.94 µg·mL−1, which was higher than those of SGDG and
SGAP, with IC50 of 7.56 µg·mL−1 and 7.51 µg·mL−1, respectively. The antioxidant action
mechanism was attributed to the hydrogen donor capacity of sulfate groups.

3.7. Analgesia and Chondroprotection Activities

In the study by Castro et al. [25], protein-free guar gum (DGG) was oxidized (DGGOX)
or sulfated (DGGSU). Using an experimental model of transection of the anterior cruciate
ligament (ACT) of the knee in rats, the intra-articular injection of DGG (100 µg·50 µL−1)
provided analgesia similar to a commercially available mistletoe supplementation agent.
At the same time, DGGOX and DGGSU did not significantly inhibit joint pain. Treatment
with DGG also promoted an increase in chondroitin sulfate in the cartilage, and there was
a pronounced inhibition of structural damage through histopathological analysis, with no
such findings in the modified biopolymers. Thus, the structural integrity of the polysac-
charide was crucial for its analgesic and chondroprotective effects in an experimental
osteoarthritis model.
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These results are impressive, since the treatment of osteoarthritis is based on relieving
symptoms, in addition to the lack of commercial chondroprotective assets capable of
altering the progression and/or the outcome of this disease [25].

3.8. Immunomodulatory Activity

According to Schepetkin and Quinn [44], some plant polysaccharides demonstrated
an immunomodulatory function, with the possible mechanisms involved related to the
modulation of innate immunity and, more specifically, to the function of macrophages.
Based on this knowledge, Chen et al. [31] evaluated the immunomodulatory aspects of
native locust bean gum hydrolyzed with β-D-mannanase. Both forms were not cytotoxic
to cell lines RBL-2H3 and RAW264.7, after 24 h of treatment. The native galactomannan
stimulated the RAW264.7 strain macrophages to produce the dose-dependent TNF-α
cytokine, but there was no significant production of IL-1β or nitric oxide. The biopolymer
without chemical modification also stimulated the secretion of β-hexosaminidase, a marker
for the mast cell degranulation response in RBL-2H3 cells. However, the galactomannan
hydrolyzed with β-D-mannanase lost all the immunological properties presented by the
native galactomannan.

3.9. Antileishmanial Activity

Noleto et al. [32] reported the antileishmanial and immunomodulatory activity of
galactomannan (GMPOLY) obtained from the lichen of Ramalina celastri. In addition, this
complex galactomannan with vanadium ion (GMPOLY-VO) was evaluated. Both GMPOLY
and GMPOLY-VO exhibited antileishmanial activity against Leishmania amazonesis, but
only GMPOLY-VO inhibited the growth of the promastigote form. Considering that
polysaccharides isolated from microorganisms and metals, such as vanadium, may interfere
with the immunomodulation of macrophages, this work also evaluated the response of
macrophages through the production of superoxide anion (O2−) and nitric oxide (NO)
in the presence of both biopolymers. Both GMPOLY and GMPOLY-VO decreased the
production of superoxide anion by macrophages, but GMPOLY-VO triggered the same
effect at concentrations 100 times lower than GMPOLY. The macrophages treated with
GMPOLY increased the production of nitric oxide (40%). However, there was no effect on
the production of nitric oxide by the treatment of macrophages with GMPOLY-VO.

In another study carried out with the same galactomannans GMPOLY and GMPOLY-
VO Amaral et al. [33] observed that both the native and complexed galactomannans
exhibited leishmanicidal activity against Leishmania amazonensis and released chemical
mediators involved in this effect through macrophage activation. The native biopolymer
and its complex at a concentration of 25 µg·mL−1 showed an in vitro leishmanicidal activity
of 61% and 72%, respectively. GMPOLY increased the production of interleukins IL-1β and
IL-6, but the complex was the most potent in activating these mediators, stimulating an
immune response of the Th1 pattern, which is critical for eliminating amastigote forms
of Leishmania.

Adriazola et al. [22] also demonstrated that the galactomannan isolated from seeds of
Mimosa scabrella (GALMAN-A) and its oxovanadium complex (GALMAN-A: VO2+/VO3+)
presented antileishmanial effects due to the modulation of macrophage immune functions.
In line with the findings by Amaral et al. [33] and Noleto et al. [32], the native form
increased NO levels by ~33% at a concentration of 250 µg·mL−1, and its complex decreased
them ~33% at a concentration of 50 µg·mL−1. GALMAN-A increased the levels of IL-1β
and IL-6, while in GALMAN-A: VO2+/VO3+, this increase was more pronounced, also
suggesting a Th1 response. The complex polysaccharide exhibited ~60% antileishmanial
activity at a concentration of 25 µg·mL−1, being more potent than the non-complexed one,
which achieved this effect with 100 µg·mL−1.
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4. Future Perspectives and Conclusions

The inputs of natural origin have become an important source of renewable resources,
based on green chemistry principles for application in the industrial sector. Among these,
polysaccharides stand out because of their great versatility of [45,46]. In addition to the
proposal to use native or derived polysaccharides as biologically active substances, several
studies report the use of these in nanoformulations for biomedical applications. These
alternative materials are currently used in several innovations in the nanotechnological
area [47,48]. Mainly, plant-derived galactomannans have been frequently used to de-
velop several types of drug delivery systems, including polymeric nanoparticles [49–51],
liposomes [52], microparticles [14,53], beads [54], hydrogels [55], aerogels [1,13], and mu-
coadhesive systems [2].

Sulfation and complexation are among the most studied chemical modifications of
galactomannans from a pharmacological perspective. In general, this review also revealed
that galactomannans with modified chemical structures showed satisfactory pharmaco-
logical activities. Most of the modified derivatives presented successful pharmacological
results. However, some studies observed a loss of bioactivity from the native polysaccha-
ride after chemical changes in its molecules. Therefore, these results reveal the importance
of native and modified galactomannans as promising biomaterials or drugs, guiding future
research on the correlation between chemical structure and pharmacological mechanisms.
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