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A B S T R A C T   

Galectins are a family of carbohydrate-binding lectins modulating cell events such as cell proliferation, apoptosis, 
adhesion or migration by cross-linking the glycan structures of cell membranes and/or extracellular matrix 
components. In a diseased organism, galectins are upregulated and trigger the progression of diseases such as 
inflammation, cancerogenesis, fibrosis, cardiovascular and metabolic disorders. Targeting galectins with glyco
materials for the aims of diagnostics or therapy is, therefore, a focus of biotechnological and biomedicinal 
research, and already led to candidates for clinical trials. Testing and evaluation of galectin-glycomaterial in
teractions require informative and versatile analytical methods at several levels of knowledge, from basic inter- 
molecular interaction to complex cell-based assays. This review aims to classify and characterize a selection of 
the most promising methods to identify the prospective glycomaterials for translating galectin targeting from the 
molecular level to the level of tailored in vivo assays.   

1. Introduction 

The eminent role of complex carbohydrates in cell recognition and 
functions is becoming increasingly important for the development of 
targeted strategies to combat serious diseases such as cancer, chronic 
inflammation, and infection. Complex glycosylation pathways encode a 
wide variety of glycan structures on glycoproteins, glycolipids, and 
proteoglycans. Exposure on cell surfaces and in the extracellular matrix 
facilitates the specific binding of glycan-binding proteins (GBPs). Mul
tivalency of the underlying glycan epitopes and the oligomeric compo
sition of GBPs result in high binding avidity with functional effects on 

cellular responses such as signal transduction, cell migration, cell pro
liferation, and apoptosis. Galectins are a family of GBPs modulating such 
cell events (Elola et al., 2015; Johannes et al., 2018; Kamili et al., 2016). 
Their name derives from the early observation that all galectins bind to 
galactose moieties, which are mostly located on the outer (non- 
reducing) side of glycans. The galectin members are grouped into three 
sub-families - the prototype, chimeric, and tandem-repeat family – with 
distinct structural features (Fig. 1). In the human genome, galectins are 
annotated in the gene group LGALS (HUGO Gene Nomenclature Com
mittee, https://www.genenames.org/). Based on their concentration in 
the micro-environment, the prototype galectins (nine members in 

Abbreviations: AEB, 2-amino-N-(2-aminoethyl)-benzamide; AD, Alzheimeŕs disease; ASF, asialofetuin; BLI, biolayer interferometry; BSA, bovine serum albumin; 
CAM, chicken embryo chorioallantoic membrane; CRD, carbohydrate recognition domain; cryo-EM, cryogenic electron microscopy; DMTMM, 4-(4,6-dimethoxy- 
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride; DVP, differential pulse voltammetry; EIS, electrochemical impedance spectroscopy; ELISA, enzyme-linked 
immunosorbent assay; ELLA, enzyme-linked lectin assay; ESI, electrospray ionization; FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; 2’- 
FL, 2’-fucosyllactose; FP, fluorescence polarization; Gal-1, galectin-1; Gal-3, galectin-3; Gal, galactose; GBPs, glycan binding proteins; Glc, glucose; GlcNAc, N-acetyl- 
glucosamine; HEK, human embryonic kidney; HMOs, human milk oligosaccharides; HPLC, high-pressure liquid chromatography; HMPA, N-(hydroxypropyl)meth
acrylamide; HUVEC, human umbilical vein cell; IC50, half-maximal inhibitory concentration; LacdiNAc, Ń,Ń́-diacetyllactosamine; LacNAc type 1, N-acetyllactos
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humans, e.g., galectin-1) form electrostatically bound homodimers, each 
carrying a carbohydrate recognition domain (CRD). Galectin-3 (Gal-3), 
the only member of the chimera galectin family and the only monomeric 
lectin per se, forms homo-oligomers, preferably pentamers, upon inter
action with its oligosaccharide ligands. It is composed of a C-terminal 
CRD and a collagen-like N-terminal domain. The tandem repeat galec
tins (5 members in humans, e.g., galectin-8) are covalent heterodimers 
with two different CRDs interconnected with a short peptide linker. 
Although β-D-galactopyranosyl is the common recognition motif for the 
galectin families, individual galectins exhibit a distinct selectivity for 
particular glycan epitopes (Kamili et al., 2016; Nielsen et al., 2018; Song 
et al., 2009). Since glycosylation is a highly dynamic process controlled 
by the health or disease state of cells, human galectins can decode the 
pathological glycosylation status of cells and trigger appropriate cellular 
responses (Rodrigues et al., 2018). It is therefore not surprising that a 
plethora of galectin-mediated pathological cellular responses has been 
reported, some of them being summarized in recent reviews (Elola et al., 
2018; Girotti et al., 2020; Johannes et al., 2018; Laaf et al., 2019; 
Robinson et al., 2019; Wang et al., 2020). 

Due to their role in vital pathological processes such as cancero
genesis, cardiovascular diseases (Suthahar et al., 2018), fibrosis (Mar
tínez-Martínez et al., 2016), or metabolic disorders (Pugliese et al., 
2015), galectins are the focus of biomedical research to develop glyco
materials and glycomimetics as novel diagnostic tools and therapeutics 
(Restuccia et al., 2016; Richards and Gibson, 2021). The first candidates 
in clinical trials (Girard and Magnani, 2018) illustrate the dynamic 
development of biomedical galectin research. Targeting individual 
galectins requires a profound knowledge of the molecular interactions of 
the respective glycan in the CRD. The protein crystal structures of 
human galectins have been solved; however, many involve only lactose 
as a surrogate glycan ligand. In addition, molecular modeling and mo
lecular dynamics simulations support the rationalization of the specific 
interactions of glycans and glycomimetics. Apart from a few human 
galectins (Gal-1, Gal-3, Gal-4, Gal-7, and Gal-8) (Campo et al., 2016; 
Öberg et al., 2011), the development of potent inhibitors lacks knowl
edge of the glycan specificity of other galectins as well as feasible syn
thetic routes to these glycans. A careful screening and pre-selection of 
glycan candidates for targeting galectins that start from the assessment 
of the basic inter-molecular interaction may avoid controversial debates 
about the nature of the interaction, as seen recently in the binding 
assessment of modified citrus pectin or galactomanan preparations with 
galectin-3 (Balakrishnan et al., 2020; Eliaz, 2019; Eliaz and Raz, 2019; 
Fan et al., 2018a, 2018b; Stegmayr et al., 2016). 

In this regard, methods of studying galectin-glycan interactions in 
vitro are crucial for refining the interactive interface in the CRD. More
over, these methods can also reliably assess avidity, the gain in binding 
strength, through the multivalent presentation of potent glyco-epitopes 
and glycomimetics as well as their selectivity for particular galectins 
(Bertuzzi et al., 2020; Tavares et al., 2020; Zhang et al., 2018). 

In the present review, we provide an overview of methods for 
analyzing galectin-glycomaterial interaction from different points of 
view. Since galectin-related in vivo processes are extremely complex, 
great emphasis should be placed on the analysis of corresponding in
teractions at the molecular level that mimic galectin-glycan interactions 
in body fluids or on cell surfaces. Here, several solid-phase and in- 
solution methods have been developed for in vitro determination of 
the binding potency and selectivity of glycomaterials. Solid-phase 
methods include enzyme-linked lectin assays (ELISA, ELLA) (Laaf 
et al., 2017), fluorescence detection on glycan microarrays (Campanero- 
Rhodes et al., 2020; Noll et al., 2016; Song et al., 2009; Stowell et al., 
2014), surface plasmon resonance (Bumba et al., 2018; Zhou et al., 
2019), and biolayer interferometry (Chan et al., 2018; Zhang et al., 
2016). In-solution assays comprise isothermal titration calorimetry 
(ITC), fluorescence polarization (Noresson et al., 2018; Sörme et al., 
2004), tryptophan fluorescence spectroscopy (Bernhard et al., 2020; 
Sindrewicz et al., 2019), and mass spectrometry (El-Hawiet et al., 2017; 
Kitova et al., 2020; Shams-Ud-Doha et al., 2017). Rational approaches to 
refine and resolve the selectivity of galectin-glycan interactions are also 
discussed in length, especially advanced NMR spectroscopy methods 
(Ippel et al., 2016), X-ray analysis of crystallized galectin-ligand com
plexes (Hsieh et al., 2016), engineering and mutagenesis of galectin 
variants (Ludwig et al., 2019) as well as computational methods such 
like in silico modeling (Zetterberg et al., 2018) and molecular dynamics 
simulation (Dahlqvist et al., 2019; Gómez-Redondo et al., 2021). 

The next stage of validation of galectin inhibitors encompasses pro
spective designs of in vitro cell culture assays. Fluorescence-activated 
cell sorting (FACS) (Vašíček et al., 2020), histochemistry (Roy et al., 
2017), and cell aggregation assays (Zhang et al., 2015; Zhang et al., 
2016) monitor galectin binding and their inhibition by glycomaterials. 
Moreover, functional cell assays are being established to detect inhibi
tion of galectin-induced cell responses (Girotti et al., 2020), such as 
apoptosis (Heine et al., 2021), cell adhesion, and migration (Filipová 
et al., 2020) as well as angiogenesis (Guha et al., 2013). 

The final part of this review covers current advances in the field of 
galectin-detecting biosensors based on selective high-affinity carbohy
drate-based ligands. Biosensors for glycan-lectin interaction have 
already been developed (Belický et al., 2016; Pacholski et al., 2020; 
Rosencrantz et al., 2016; Rosencrantz et al., 2019). However, only a few 
examples of galectin-specific biosensors have been published. We report 
on galectin-specific gold nanorods and their unique surface plasmon 
resonance properties (Zhao et al., 2016) and a label-free electrochemical 
biosensor based on gold nanoparticles (Long et al., 2019; Martos-Mal
donado et al., 2020). An electrochemical biosensor based on molecularly 
imprinted polymers as well as an amperometric immunosensor have 
been developed for point-of-care diagnostics of the cancer biomarker 
galectin-3 (Cerqueira et al., 2021; Yola and Atar, 2020). 

In summary, over the past twenty years, galectin-glycan research has 
shifted from galectin inhibition by natural disaccharides or simple 

Fig. 1. Structural features of galectin families (‘h’ indicates human galectins) (Liu and Rabinovich, 2010; Than et al., 2009).  
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Table 1 
Methods for analyzing galectin-glycomaterial interactions at the inter-molecular level. In most studies, different galectins were compared. 
ELISA, enzyme-linked immunosorbent assay; SPR, surface plasmon resonance; BLI, biolayer interferometry; Gal-, galectin  

Assay Method Galectin Reference 

Solid-phase ELISA Gal-1, -3 (Bertuzzi et al., 2021; Böcker and Elling, 2017b; Böcker et al., 2015; Laaf et al., 2017; Tavares et al., 2020; Vašíček et al., 2020; Vrbata et al., 2022;  
Zhang et al., 2018) 

Gal-3 (Filipová et al., 2020; Heine et al., 2021; Hoffmann et al., 2020) 
Microarray Gal-1, -3 (Shams-Ud-Doha et al., 2017; Stowell et al., 2014) 

Gal-1, -3, -4, -7, -8, -9 (Song et al., 2009) 
Gal-1, -3, -7, -9 (Noll et al., 2016) 
Gal-1, -3, -7 (Gao et al., 2019) 
Gal-3 (Dion et al., 2017) 

SPR Gal-1, -3 (Bertuzzi et al., 2021; Marchiori et al., 2015) 
Gal-3 (Bumba et al., 2018; Rosencrantz et al., 2019; Zhou et al., 2019) 

BLI Gal-1, -3, -7 (Hsieh et al., 2015; Vrbata et al., 2022) 
In-solution ITC Gal-1, -3, -7 (Hsieh et al., 2016) 

Gal-3 (Atmanene et al., 2017; Sindrewicz et al., 2020; Talaga et al., 2016) 
Gal-8N (Patel et al., 2020) 

Intrinsic Fluorescence 
spectroscopy 

Gal-2, -3, -4 (Sindrewicz et al., 2019) 
Gal-3 (Bernhard et al., 2020; Restuccia et al., 2018) 

Fluorescence polarization Gal-1, -2, -3, -4N, -4C, -7, -8N, -9C, 
-9N 

(Stegmayr et al., 2016) 

Gal-1, -3, -7 (Hsieh et al., 2015; Peterson et al., 2018) 
Gal-4C (Bum-Erdene et al., 2015) 
Gal-3 (Boza-Serrano et al., 2019; Noresson et al., 2018) 

Structure- 
based 

MS Gal-1, -3, -7 (Shams-Ud-Doha et al., 2017) 
Gal-3 (Atmanene et al., 2017; Kitova et al., 2020) 

NMR Gal-1, -3, -7 (Hsieh et al., 2016) 
Gal-3 (Ippel et al., 2016; Rauthu et al., 2015; Zhang et al., 2019) 
Gal-1, -3 (Bertuzzi et al., 2021) 

X-ray crystallography Gal-8N (Bohari et al., 2018; Patel et al., 2020) 
Gal-1, -3, -7 (Hsieh et al., 2015; Hsieh et al., 2016) 
Gal-4 (Bum-Erdene et al., 2015; Rustiguel et al., 2016b) 
Gal-3 (Noresson et al., 2018; Peterson et al., 2018; Zetterberg et al., 2018) 

Cryo-EM Gal-1, -3 (Bertuzzi et al., 2021) 
Gal-1 (Qi et al., 2018) 

In silico Gal-1, -3 (Vašíček et al., 2020) 
Gal-8N (Bohari et al., 2018; Patel et al., 2020) 
Gal-3 (Boza-Serrano et al., 2019; Bumba et al., 2018; Dahlqvist et al., 2019; Zetterberg et al., 2018) 
Gal-9 (Mahanti et al., 2020) 
Gal-4 (Bum-Erdene et al., 2015; Rustiguel et al., 2016b)  
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glycodendrimers to sophisticated multivalent systems and tailored gly
comimetics that result from collaborative interdisciplinary efforts 
among modeling specialists, organic and material chemists, and mo
lecular engineers. The current review aims to classify and characterize 
the most useful approaches to identify the promising candidates for 
translating galectin-targeting carbohydrate-based tools from the bench 
to the bedside. 

2. Galectin-glycomaterial interactions at the inter-molecular 
level 

Galectin interactions with glycomaterials are most often character
ized by solid-phase-based analysis and in-solution assays. In this section, 
we report on different types of assays and their ability to evaluate 
galectin binding at the inter-molecular level (Table 1). Notably, the 
binding constants for carbohydrates and glycomimetics can hardly be 
compared across various assays. However, different assay formats may 
help to evaluate and rank the compounds for further use in biomedical 

applications, especially if a general, ideally a commercially available 
standard like lactose is always employed as a benchmark for 
comparison. 

2.1. Solid-phase based assays of galectin-glycomaterial interaction 

2.1.1. ELISA and ELLA-type assays 
Enzyme-linked-immunosorbent (ELISA) and enzyme-linked lectin 

(ELLA) assays are well-established solid-phase-based analytical tools for 
investigating the properties of galectin-mediated carbohydrate in
teractions or for efficient screening of novel highly specific ligands tar
geting galectins for biomedical applications (Laaf et al., 2019). A typical 
experimental setup is based on the immobilization of asialofetuin or 
another galectin binder of interest on adsorptive microwell plates 
(Fig. 2A). Asialofetuin (ASF) is the de-sialylated form of fetuin and is 
considered a standard glycoprotein ligand for galectins. ASF is 
composed of three N-glycans terminated with N-acetyllactosamine (β-D- 
Gal-(1→4)-D-GlcNAc; LacNAc) moieties (Thaysen-Andersen et al., 

Fig. 2. Solid-phase assays for the detection of galectin-glycomaterial interactions. (A), Direct ELISA and (B), competitive ELISA; (C), Microarrays for high-throughput 
screening of lectin-glycan interactions; (D) surface plasmon resonance (SPR); (E), biolayer interferometry (BLI). 
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2009). Subsequently, unoccupied binding sites of the plate are typically 
blocked with bovine serum albumin (BSA) to avoid nonspecific protein 
binding. This step is followed by the incubation with a series of highly 
diluted galectins of interest. In ELISA assays, galectin-carbohydrate in
teractions are detected, e.g., by incubation with anti-galectin antibodies 
or anti-(histidine)6-antibodies targeting the (poly)-histidine-tag of re
combinant galectins (Fig. 2A). In ELLA, enzyme-conjugated galectins 
(De Melo et al., 2007) or fluorescently labeled galectins (Böcker and 
Elling, 2017a; Kupper et al., 2013; Nieminen et al., 2007) are employed 
in the incubation step. The latter gives a direct spectrophotometric 
readout, omitting further enzymatic conversion steps. For the enzyme 
conjugates (mostly conjugated to peroxidase or alkaline phosphatase) 
(Azevedo et al., 2003; De Melo et al., 2007), further incubation steps 
with suitable substrates create colored products, which are measured at 
their respective absorption maxima by a UV-Vis spectrophotometer. 
Important to note is that in ELISA and ELLA, intermediate washing steps 
are obligatory to reduce background signals. The binding properties of 
analyzed galectins are then visualized in concentration-dependent 
binding curves by plotting the absolute or relative background- 
subtracted absorbance against the applied galectin concentration 
(Fig. 2A). Graphical analysis software tools enable the non-linear fitting 
of obtained data to determine binding parameters such as the apparent 
equilibrium binding constant (apparent KD) which is defined as the 
galectin-concentration at which half-maximal inhibition is reached. The 
ratio of the maximal binding signal and the apparent KD value gives the 
binding efficiency (μM− 1) of galectin (Laaf et al., 2017), which provides 
information on the binding affinity of galectin toward the assayed 
glycan target (i.e., the binding partner immobilized on the plate). 

Furthermore, competitive ELISA/ ELLA assays provide information 
on the inhibitory ability of potential galectin inhibitors (Fig. 2B). Here, a 
constant concentration of galectin is incubated with varying concen
trations of an inhibitor of interest (such as benchmark lactose, glyco
mimetic, mono- or multivalent glycoconjugates), which competes for 
galectin binding with the immobilized standard binder (e.g., ASF). The 
galectin bound to the immobilized binder is measured spectrophoto
metrically as described above. The half-maximal inhibitory concentra
tion (IC50) is determined by the non-linear fitting of the obtained 
inhibition data (Hunter and Cochran, 2016). It is very useful to compare 
the found IC50 values with a standard ligand (lactose is most commonly 
used) for the sake of comparison across different set-ups in different 
laboratories. In recent years, a lot of data on galectin-carbohydrate in
teractions based on ELISA/ ELLA-type assays have been obtained to gain 
insight into the mechanisms of these biomolecular recognition events at 
the molecular range. In particular, the design and synthesis of galectin- 
inhibitors targeting the cancer-related Gal-1 and Gal-3 have attracted 
the attention of the glycoscience community. 

We proposed novel multivalent neo-glycoproteins (NGPs) as high- 
affinity ligands for Gal-3 (Böcker et al., 2015; Hoffmann et al., 2020; 
Laaf et al., 2017). These neo-glycoproteins are based on serum albumin 
as a protein scaffold that can be decorated with glycans, modified gly
cans, or glycomimetic structures (Böcker and Elling, 2017b; Böcker 
et al., 2015; Heine et al., 2021; Laaf et al., 2017; Zhang et al., 2018) in a 
tunable manner for their multivalent presentation. A whole range of 
NGPs presenting glycan epitopes were synthesized, immobilized in 
microwell plates, and evaluated in ELISA-type assays for their selective 
binding of Gal-3 and their potential to inhibit galectin binding to 
immobilized ASF. Neo-glycoproteins bearing terminal Ń,Ń́-diac
etyllactosamine (β-D-GalNAc-(1→4)-D-GlcNAc; LacdiNAc) showed high 
selectivity for Gal-3 compared to Gal-1 with binding constants in the 
nanomolar range (Böcker et al., 2015; Bumba et al., 2018; Laaf et al., 
2017). 

A new ELISA-like assay was developed for the selective capture of 
Gal-3 from serum samples using immobilized multivalent NGPs pre
senting terminal LacdiNAc motif in a hexasaccharide glycan (Laaf et al., 
2017). The assay shows high sensitivity for the detection of functional 
intact Gal-3 in serum samples (> 90 ng/mL), which is in the range of 

elevated levels of circulating Gal-3 in the serum of patients suffering 
from gastrointestinal carcinoma (Iurisci et al., 2000). Furthermore, an 
antibody-free ELLA was developed by capturing Gal-3 between a sand
wich of immobilized LacdiNAc-decorated NGPs and biotin-labeled 
LacdiNAc-decorated NGPs (Laaf et al., 2017). 

The most potent ligands detected by ELISA were C3-modified thio
digalactoside (TGD)-derivatives multivalently presented on BSA as an 
aglyconic scaffold (Zhang et al., 2018). The binding and inhibition 
abilities of these NGPs for Gal-1 and Gal-3 were investigated by ELISA- 
type analysis. Results revealed apparent dissociation constants (Kd) in 
the nanomolar range, indicating that these TGD-derived substrates are 
high-affinity ligands for both galectins. Analysis by the competitive 
ELISA assay (Fig. 2B) revealed that multivalent presentation of TDG- 
derivatives on a protein carrier leads to a significantly increased inhi
bition potential towards Gal-3 with IC50 values in the low nanomolar 
range. Interestingly, the strength of the multivalent effect is apparently 
strongly influenced by the type of carrier and the mode of presentation 
of carbohydrate ligands as exemplified in glycomimetic-decorated 
polymers (Tavares et al., 2020; Vrbata et al., 2022). 

In contrast to colorimetry, fluorescent detection provides sensitivity 
enhanced by up to several orders of magnitude. Carbohydrate- 
functionalized poly(amidoamine) (PAMAM) dendrimers were immobi
lized to evaluate their multivalent binding potential for Gal-1 and Gal-3 
in a competitive ELISA type assay (Wolfenden et al., 2015). In a 
fluorescence-linked immunosorbent assay (FLISA), Gal-3 was immobi
lized in microwell plates and binding of a fluorescently labeled glycan or 
glycoprotein was observed (Zhang et al., 2016). Competition with a non- 
fluorescent glycan probe resulted in a lower fluorescent signal. The 
competitive ELISA was also used to assess pectin binding to Gal-3. In 
conclusion, ELISA and ELLA-type assays provide a versatile and repro
ducible method for evaluating galectin inhibitors. The utilization of 
immobilized multivalent NGPs in galectin ELISA-type assays allows for 
the assessment of the multivalency effect of various glycans. Moreover, 
on the basis of NGPs, novel assay formats were created, such as an 
antibody-free ELLA (Laaf et al., 2017). Competitive ELISA assays are the 
first method of choice to classify carbohydrates and glycomimetics as 
potential biomedical and diagnostic agents that can be further tested in 
cell-based assays (Section 3). 

2.1.2. Fluorescence-based microarray analysis 
Microarrays are solid-phase high-throughput screening devices for 

analyzing the binding behavior of lectins or antibodies against a variety 
of targets. In recent decades, various microarrays have been developed, 
such as DNA-, lectin- or glycan microarrays (Mende et al., 2019; Oinam 
et al., 2020; Wöhrle et al., 2020). Glycan microarrays are based on solid- 
phase materials modified with functional groups for the covalent 
attachment of libraries of free or conjugated target glycans (Fig. 2C). In 
most cases, glass slides are used as surface materials due to their easy 
and versatile modification and compatibility with optical detection 
systems. Target glycans, free or modified, are covalently attached (i.e., 
printed) to a chemically activated glass slide (Oyelaran and Gilder
sleeve, 2009; Rillahan and Paulson, 2011; Song et al., 2009). Fluores
cence detection is used for analyzing carbohydrate-protein interactions 
and requires labeled lectins or other coupled binding proteins such as 
streptavidin. Fluorescence intensity is typically measured with a 
microarray scanner and the data obtained can be plotted as relative 
fluorescence units (RFUs) against the spot number, which identifies the 
target glycan on the glass slide (Hyun et al., 2017). 

The Cummings group explored the glycan specificity of Gal-1 and 
Gal-3 by screening glycans derived from natural glycan sources (glyco
proteins, glycolipids, glycosaminoglycans, and free glycans) in a 
microarray system (Song et al., 2009). A novel fluorescent- 
derivatization method was established for rapid extended analysis of 
glycan-carbohydrate interactions. Here, 2-amino-N-(2-aminoethyl)- 
benzamide (AEAB) was applied as a bifunctional fluorescent linker to 
conjugate free reducing glycans by reductive amination via its aryl 
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amine groups. The AEAB-conjugated glycans were purified by HPLC and 
then printed in the open-ring form on NHS-activated glass slides via the 
free alkylamine group. Fluorophore-conjugated streptavidin was used 
for detecting bound biotinylated galectins. The glycan arrays revealed 
concentration-dependent selective binding of galectins. At physiological 
concentrations (0.4 – 1.5 μM), Gal-1 showed selective binding toward a 
range of complex N-glycans with terminal LacNAc moieties whereas Gal- 
3 was preferentially bound to poly-LacNAc glycans. The same working 
group applied the glycan microarray technique for analyzing galectin - 
human milk oligosaccharide (HMO) interactions to evaluate the role of 
galectins in infant immunity (Noll et al., 2016). Here, a shotgun- 
microarray derived from human milk and a microarray with defined 
HMOs was generated to compare the binding of Gal-1, -3, -4, -7, -8, and 
-9. Each galectin showed specificities for particular glycan motifs. Sur
prisingly, Gal-2 did not bind to the tested HMOs although it is known 
from the literature to bind simple HMO structures. Furthermore, the 
preference of Gal-7 for β-D-Gal-(1→3)-D-GlcNAc (LacNAc type 1) car
bohydrates was revealed. 

Klassen and coworkers studied the binding properties of four human 
galectins (mutant Gal-1, C-terminal fragment of Gal-3, Gal-7, and N- 
terminal fragment of Gal-9) to HMOs, by comparing results from elec
trospray ionization mass spectrometry (ESI-MS), shot-gun glycan 
microarray analysis, and ITC measurements (Shams-Ud-Doha et al., 
2017). There was only a moderate correlation between the relative 
binding affinities obtained from glycan array analysis and ESI-MS and 
ITC as in-solution assays. A possible explanation is the structural dif
ference of the reducing glucose residue (open ring form) after printing 
HMOs on the microarray glass slide. This is one example of how the 
setup of glycan immobilization in a solid-phase assay can influence the 
assessment of galectin binding. Galectins were also assayed using a li
brary of 32 complex-type N-glycans derived from egg yolk (Gao et al., 
2019). Fluorescence-based microarray revealed preferential binding of 
Gal-1 to LacNAc type 2 terminated N-glycans and the tolerance to α2,3- 
linked sialic acids. Gal-3 also bound LacNAc type 2 terminated glycans 
with a preference for α2,3-linked sialic acids; however, recognition of bi- 
antennary glycan structures was not observed. 

Glycan-based arrays have become emerging tools for analyzing 
bacterial surface glycans for the evaluation of potential vaccine candi
dates, identification of lectin ligands, or diagnosis of bacterial infections 
(Campanero-Rhodes et al., 2020). A compelling microarray setup for the 
detection of immune factor-microbe interactions was proposed to 
investigate the protective influence of galectins as a part of innate im
munity (Stowell et al., 2014). A microbial glycan microarray (MGM) was 
generated based on purified glycans derived from a variety of microbes. 
The binding properties of biotin-conjugated Gal-3, Gal-4, and Gal-8 were 
measured via fluorescence intensity using a fluorophore-labeled strep
tavidin. It was concluded that galectins bind the same antigenic de
terminants presented by microbes and mammalian cells with the 
potential to eliminate microbes, demonstrating galectins as a distinct 
part of innate immunity. 

Another microarray based on fluorescence detection was proposed 
for the examination of potential galectin inhibitors (Dion et al., 2017). 
Here, polyacrylamide (PAA)-conjugated glycosides and glycoproteins 
were printed on epoxy-coated-glass slides to investigate the inhibitory 
potency of various arylated LacNAc-type 2-derived inhibitors toward 
Gal-1, Gal-3C (Gal-3 truncated at the N-terminus, comprising only the 
CRD), and Gal-7. Inhibition of galectin binding was detected by 
measuring the fluorescence intensities of bound cyanine-3-conjugated 
galectins. The amide-based conjugation of aromatic moieties at the C- 
2 position of the glucosamine residue was found to be the structural 
feature efficiently recognized by Gal-3; diaromatic oxazoline was also 
found to be a specific inhibitor of Gal-3. 

In sum, fluorescence-based microarray analysis of galectin binding 
represents an efficient and compelling approach for high-throughput 
screening of complex glycan targets derived from naturally occurring 
sources such as human milk or microbes. This solid-phase method 

requires small sample volumes and offers user-friendly and simple 
detection possibilities. However, there are still challenges to overcome 
in the modification of target glycans. The structural addition of linkers 
and the linker-dependent presence of the acyclic form of the reducing 
sugar may influence the binding behavior of some galectins, and 
therefore do not reflect the physiological binding conditions of these 
galectins. Furthermore, direct fluorophore-based conjugation of galec
tins could affect the binding affinities to glycan targets. 

2.1.3. Surface-Plasmon Resonance 
Surface plasmon resonance (SPR) spectroscopy is an optical analysis 

technique for the sensitive examination of binding interactions at a 
metal/ liquid interface. This method allows label-free real-time moni
toring of biomolecular interactions and the determination of ligand 
specificities, affinities, and kinetic parameters by fitting to a range of 
kinetic models. SPR is based on the excitation of surface plasmons - 
evanescent waves induced by the collective excitation of free electrons 
in a metallic material that is excited parallel to the metal surface 
(Fig. 2D). Excitation of surface plasmons can be achieved with light 
using either the Otto configuration or the Kretschmann configuration 
(Nguyen et al., 2015). The latter is the most commonly used configu
ration, which consists of a highly refractive glass prism covered with a 
thin metal film (gold, silver). The incidence of a parallel polarized light 
beam through the glass prism is reflected at the prism-facing side and 
leads to the excitation of plasmons at the opposite side of the metal film. 
The resonance occurs at a specific SPR angle depending on the material 
used (light source, type of metal film, refractive material). The sensor is 
generated by functionalizing the metal side facing the liquid interface 
with biological recognition elements such as antibodies, enzymes, DNA, 
or carbohydrates. The binding of analytes to sensor surface causes 
changes in the refractive index of the surface layer and leads to an 
altered SPR angle and an absorption wavelength shift. The response 
intensity is mostly measured in response units (RU) and correlates with 
the layer thickness of the sensor surface, which provides information 
about the binding of the analyte of interest (Guo, 2012). SPR allows the 
determination of kinetic parameters such as association rate constant (ka 
= kon), dissociation rate constant (kd = koff), and equilibrium rate con
stant (KD) as a result of the kinetical analysis (Helmerhorst et al., 2012). 
In recent years, SPR has been used to analyze specific galectin- 
carbohydrate interactions. Two modes for analysis are possible: immo
bilization of glycan targets or galectins on the sensor chip. 

To immobilize glycans on the SPR biosensor, Marchiori and co
workers proposed amino acid-derived 1,2,4-triazole-galactosides and 
1,2,3-triazole-divalent-lactose-derived glycoconjugates as high-affinity 
ligands for Gal-3 (Marchiori et al., 2015). An SPR sensor was fabri
cated based on a self-assembling monolayer (SAM) of cysteamine 
adsorbed on a gold surface (SAM/Au) that allowed immobilization of 
NHS-activated glycoconjugates. Another sensor was prepared by amino- 
group activation of the SAM/ Au itself for binding a divalent lactoside. 
SPR measurements showed the binding of human Gal-3 to amino-acid- 
derived glycoconjugates due to ionic interactions with arginine resi
dues of Gal-3. The highest affinity was detected for the divalent lactoside 
with the ability to cross-link two different Gal-3 CRDs through an 
arginine residue. SPR was also used to study the binding of Gal-3 to 
linear lactose-based homoglycopolymers (Rosencrantz et al., 2019). The 
synthesis of homoglycopolymers based on reversible addition- 
fragmentation chain-transfer (RAFT)-polymerization of lactose- 
glycomonomers enabled direct immobilization of lactose on a gold- 
coated chip. Surprisingly, the equilibrium rate constant (KD) for Gal-3 
binding could not be determined due to an exponential binding 
behavior of Gal-3 to the glycopolymers with the absence of saturation 
effects. This phenomenon was attributed to the oligomerization of Gal-3 
in the multivalent environment on the surface of the sensor chip. 
However, by immobilizing lactose-based linear homoglycopolymers on 
a gold sensor chip to enhance the layer thickness, this setup could be 
transferred to a 3D sensor chip, which prevented unspecific protein 
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adhesion effects due to the specific grafting process of the glycopol
ymers. The binding behavior of Gal-3 toward sequence-defined hetero- 
multivalent macromolecules was investigated to find synthetic Gal-3 
targeting ligands for use in therapeutic applications (Freichel et al., 
2020). Here, glycomacromolecules were synthesized based on building 
blocks of different lengths bearing both glycosidic (lactose or glucose) 
and non-glycosidic moieties (neutral, amine, sulfated/ sulfonated). 
Preferential binding of Gal-3 to sulfated/sulfonated structures was 
further investigated by in vitro cell assays (Section 3), demonstrating the 
potential of these synthetic glycomacromolecules for the application as 
therapeutic agents. 

Putnam and coworkers (Zhou et al., 2019) exploited the immobili
zation of galectins on the SPR biosensor for the analysis of selectively 
tunable glycopolymers. The glycopolymers were synthesized by grafting 
glycosylamines onto polyacrylic acid (PAA) via DMTMM coupling, 
which differed in carbohydrate identity (lactose, galactose, glucose, 
maltose, maltotriose) and the degree of substitution. The binding af
finities of Gal-1 and Gal-3 were determined by immobilizing galectins on 
carboxymethylated dextran-coated sensor chips via amine coupling and 
by flowing the glycopolymers over the sensor chip. The binding affinities 
of Gal-1 and Gal-3 increased with the level of lactose conjugated in the 
glycopolymers. This was attributed to cluster valency effects. KD values 
were in the sub-nanomolar range (10-11 M) for both galectins and 
rationalized by the strong interaction of the multivalent glycopolymers 
with oligomeric Gal-1 and Gal-3. Another method of immobilizing 

galectins consists in the use of an N-terminal fusion construct of Avi-Tag 
peptide to Gal-3, which enabled selective mono-biotinylation of Gal-3, 
and thus facilitated oriented immobilization on a neutravidin-coated 
biosensor surface (Bumba et al., 2018). SPR measurements with this 
Gal-3-AVI construct revealed strong binding of poly-LacNAc-modified 
NGPs to Gal-3 with equilibrium rate constants in the subnanomolar 
range. Especially, LacdiNAc-terminated tetra- and hexasaccharides 
turned out to be the strongest ligands for Gal-3, featuring the lowest KD 
values that were ever measured with an SPR setup. 

In summary, SPR is a highly versatile label-free technique that even 
enables the determination of kinetic parameters. However, there are still 
challenges in the experimental set-ups. SPR can only detect 
macromolecule-type compounds as analytes (generally over 1,000 Da), 
and hence it is unsuitable for small-molecule inhibitors in the galectin- 
immobilization setup. Both the galectin and the carbohydrate ligand 
immobilization on the sensor chip may need to be evaluated to choose 
the appropriate design. In the case of galectin immobilization, the type 
of immobilization and the orientation of the galectin CRD has to be 
considered to prevent loss of binding activity. 

2.1.4. Biolayer interferometry 
The use of biolayer interferometry (BLI) for a specific analysis of 

galectin-carbohydrate interactions has recently gained attention. It is a 
solid-phase label-free optical technique for measuring biomolecular in
teractions (Fig. 2E). The principle of biolayer interferometry is based on 
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Fig. 3. In-solution assays for the detection of galectin-glycomaterial interactions. (A), Isothermal titration calorimetry (ITC); (B) intrinsic tryptophan fluorescence; 
(C), fluorescence polarization assay. 
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changes in the interference pattern/ refractive index of streamed white 
light induced by the binding event on a biosensor chip. The biosensor 
consists of a reference layer and a layer on the biosensor tip immobilized 
with a recognition element of interest. The reflection of white light 
streamed through the biosensor results in an interference pattern. If the 
analyte of interest binds to the recognition element on the biosensor tip, 
the thickness of the optical layer increases, and a wavelength shift is 
observed. This optical method can be applied for measuring real-time 
kinetics, affinity, or assessment of binder concentrations (Concepcion 
et al., 2009; Rich and Myszka, 2007; Wartchow et al., 2011). Further
more, only the association and dissociation of the analyte causes 
changes in the interference pattern allowing the analysis of crude sam
ple solutions without the need for prior purification steps (Fang, 2006). 
Hsieh and coworkers examined the affinity of recombinant Gal-1, Gal-3, 
and Gal-7 toward LacNAc type 1 and type 2 disaccharides (Hsieh et al., 
2015). Biosensors were prepared by coating a streptavidin biosensor 
with biotinylated galectins. Changes in biosensor thickness due to 
binding of LacNAc type 1 and LacNAc type 2 were measured in a mi
crotiter plate format (Fig. 2E). A higher affinity for LacNAc 2 was 
observed for Gal-1 and Gal-3 with KD constants in the μM ranges. BLI 
measurements with human Gal-7 revealed affinity toward LacNAc 1. 
The preference of the recombinant galectins was simultaneously deter
mined by fluorescence polarization measurements, which revealed 
similar preference trends, demonstrating the reliability of this analytical 
tool for the analysis of galectin-carbohydrate binding events. 

Advantageously, the concept of AVI-tagged galectins (section 2.1.3) 
can also be exploited in biolayer interferometry. The Gal-3-AVI 
construct immobilized on a streptavidin-coated biosensor was used to 
determine the binding kinetics of glycomimetic-decorated HPMA co
polymers, which could not be assessed by SPR due to a poor response 
(Vrbata et al., 2022). 

2.2. In-solution assays of galectin-glycomaterial interaction 

2.2.1. Isothermal titration calorimetry 
Isothermal titration calorimetry (ITC) is a biophysical solution-based 

technique that is considered the „gold standard“ for quantitative anal
ysis of biomolecular binding processes. ITC records the evolution of heat 
during the binding of a macromolecule with its binding partner. It allows 
the determination of thermodynamic parameters (ΔG, ΔS, ΔH), affinity 
constants (KD), and binding-related stoichiometric values (n). ITC pro
vides information on thermodynamic parameters driving the biological 
binding events, such as the enthalpy of binding (ΔH). The free enthalpy 
(ΔG) can be calculated using the Gibbs-Helmholtz equation (Brautigam 
et al., 2016). A titration calorimeter consists of a thermally conductive 
material (such as gold), which is encased in an adiabatic shell (Fig. 3A). 
Within this shell, two identical fillable measuring cells are coupled with 
a thermal element to monitor the temperature of the liquids inside the 
cells, a reference cell and a probe cell (Ladbury, 2004). The experimental 
procedure typically involves stepwise injections of defined concentra
tions of ligand into the probe cell containing the macromolecule (e.g., 
galectin), which results in the release of heat and the temperature rise in 
the surrounding liquid. The energy required for maintaining the tem
perature of the probing cell is quantified in comparison to the reference 
cell. Thermograms are then generated by plotting the energy input 
required to maintain the temperature [μcal/s] against time [s]. The 
peaks (spikes) that appear represent the energy change in dependence 
on the ligand concentration, and the heat generated during the reaction 
can be calculated from the area of each peak (Leavitt and Freire, 2001). 

In recent years, ITC has been used for several studies on galectin- 
glycan interactions. Hsieh and coworkers investigated the structural 
relationship between TDG or its derivates and the galectin binding sites 
of Gal-1, -3, and -7 (Hsieh et al., 2016). ITC experiments revealed an 
enhanced binding affinity of Gal-7 toward the bis(fluorophenyl) TDG 
derivative TD139 with a KD value in the μM range. In addition, nano
molar binding constants were observed for Gal-1 and Gal-3 binding with 

a 1:1 ratio of galectin/inhibitor. Additional analysis gained detailed 
insights into the structural arrangement of the tested ligands within the 
binding sites of the galectins and identified interaction of an arginine 
residue located in the E-sub-site with arene groups of TDG derivatives. 
The found dual binding mode of galectins demonstrated the potential of 
substituted galactoside-based materials to increase galectin binding af
finities and inhibition properties. 

ITC experiments served as a biophysical tool to discuss whether ar
omatic substitution of LacNAc type 2 disaccharides contributed to 
higher binding affinities for Gal-3 (Atmanene et al., 2017). Here, 
unsubstituted LacNAc, as well as mono- or diarylated LacNAc, were 
tested and ITC data revealed a 50-fold increase in affinity for the di- 
aromatic LacNAc with a KD value in the sub-micromolar range. ITC 
thermodynamic data showed a favorable enthalpic contribution of the 
aromatic substitutions and were attributed to the formation of cation-π 
interactions between the arginine residues of Gal-3 and the aromatic 
carbohydrate substituents. 

Sindrewicz and coworkers employed a ligand displacement ITC 
competitive assay to characterize the binding properties of Gal-3 to four 
heparin-derived inhibitors (Sindrewicz et al., 2020). Here, LacNAc, used 
as a competitive ligand, was titrated against the heparin derivative/ Gal- 
3 mixture. The results showed weak binding of Gal-3 to all poly
saccharide inhibitors in the low mM range, which was attributed to the 
absence of galactose residues in heparin-derived inhibitors. In an ITC 
binding experiment, Talaga et al. demonstrated micromolar multivalent 
binding of Gal-3 to chondroitin sulfate glycosaminoglycans (Talaga 
et al., 2016). Hill plot analysis revealed progressively increasing nega
tive cooperativity, attributed to the interference of Gal-3 binding with 
the formation of a crosslinked network of multivalent chondroitin sul
fate and Gal-3. 

Recently, the tailored design of Gal-8 specific inhibitors and their 
ITC-based binding affinities was published (Patel et al., 2020). Based on 
X-ray crystallographic structures, novel monosaccharide-based gal
actomalonyl phenyl esters were chemically synthesized to selectively 
interact with amino acids of the Gal-8 N-terminal domain. Direct ITC 
binding analyses confirmed the binding of these compounds with KD 
values of 5-33 μM. In particular, 4-fluorophenyl-substituted gal
actomalonic acid displayed the strongest binding to Gal-8N demon
strating the antagonistic potential of these engineered Gal-8 ligands. 

Altogether, ITC-based analysis of galectin-glycomaterial interactions 
offers a label-free in-solution determination of binding affinities. The 
additional generation of thermodynamic parameters provides a more 
detailed insight into the molecular mechanisms underlying the calcu
lated binding affinities. This quantitative method is non-destructive for 
the tested samples and benefits from fast experimental procedures. 
However, there are still limitations to be considered, such as the sensi
tivity of this method to air bubbles and small fluctuations in the buffer 
composition during titration. Thus, samples and buffers need to be 
degassed to avoid incorrect readings and both binding partners must be 
dissolved in a perfectly identical buffer, which may pose challenges in 
the preparation of samples. Detection of extreme low- and high-affinity 
interactions is quite challenging but can be overcome with ITC-based 
competitive assays. Finally, ITC is more of a single experiment tech
nique, and thus a low throughput method for the examination of 
galectin-mediated glycan binding. Nevertheless, it has become an 
indispensable part of the methodological collection of methods available 

Table 2 
Overview of galectin-specific intrinsic tryptophan residues (Sindrewicz et al., 
2019).  

Number of Trp residues Galectin family: Galectin 

1 Prototype: Gal-1, Gal-2, Gal-7, Gal-13, Gal-14 
2 Prototype: Gal-10, Gal 16; Tandem-repeat: Gal-4, Gal-8 
3 Chimera-type: Gal-3; Tandem-repeat: Gal-9 
4 Tandem-repeat: Gal-12  
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to the glycoscience community. 

2.2.2. Intrinsic tryptophan fluorescence 
Within the group of proteinogenic amino acids, the amino acids 

tyrosine (Tyr), phenylalanine (Phe), and tryptophan (Trp) are fluores
cent due to their aromatic structure (Numata, 2020; Vivian and Callis, 
2001). The Trp-based intrinsic fluorescence properties of proteins (λex =

280 nm; λem = 348 nm; fluorescence lifetime 3.1 ns in water at neutral 
pH) are used for structural analysis of proteins due to their high sensi
tivity to changes in the surrounding medium. Ligand binding to a Trp- 
containing protein leads to changes in the local environment of the 
Trp moiety, which can result in shifts in the maximum fluorescence 
peak, changes in the emission intensity or changes in anisotropy (Ghi
saidoobe and Chung, 2014) (Fig. 3B). This analytical technique, unlike 
other fluorescence-based methods such as fluorescence polarization and 
anisotropy measurements, does not require additional conjugation 
procedures of the analytes of interest. In recent years, intrinsic fluores
cence spectroscopy has been successfully established as a reliable and 
label-free method for the quantitative analysis of galectin-glycomaterial 
interactions. Sindrewicz and coworkers investigated the presence of 
tryptophan residues within twelve human galectins (Table 2) and pro
posed fluorescence intensity-dependent determination of kinetic pa
rameters for galectin-based binding events (Sindrewicz et al., 2019). 

The binding properties of representative members of each galectin 
family, namely prototype (Gal-2), chimera-type (Gal-3), and tandem- 
repeat-type (Gal-4) galectins were analyzed with galactose, lactose, 
LacNAc type 2, and a semi-synthetic heparin ligand. Glycan ligand so
lutions were titrated into a solution of galectins at fixed concentrations 
and ligand binding-derived shifts of the emission wavelengths of Trp (at 
285 nm excitation) were measured with a fluorescence spectropho
tometer. Remarkably, using tryptophan fluorescence spectroscopy 
(TFS), measurements gave KD values in the μM range for lactose and 
LacNAc type 2. Additional ITC measurements confirmed the reliability 
of the obtained binding constants. Weak binding of galactose to Gal-4 in 
the mM range demonstrated the high sensitivity and ease of use of this 
fluorescence-based analytical method. 

The binding properties of Gal-3 were investigated with lactoside- 
derived glycan-ligands, to highlight the potential of this technique in 
the analysis of low-affinity binding interactions (Bernhard et al., 2020). 
By applying direct waveform recording technology, fluorescence decay 
curves were obtained that revealed binding constants in the μM range. 
The authors demonstrated the adverse effects of fluorescence-intensity- 
based measurements and underlined the attractiveness of lifetime fluo
rescence measurements in contrast to other common methods for the 
examination of galectin-glycan binding. Specifically, low concentrations 
of analytes are required when compared with ITC or NMR. While ELISA 
or SPR measurements require the immobilization of analytes, here the 
galectin binding is measured under in-solution conditions. Concerning 
the fluorescence intensity, measuring real-time fluorescence is inde
pendent of experimental conditions such as pipetting errors or incon
sistency of measuring devices (laser power, inner filter effects). 

2.2.3. Fluorescence polarization 
Fluorescence polarization (FP) is defined as the emission of polarized 

light from a fluorophore previously excited with linearly polarized light. 
Here, the fluorescence polarization of the fluorophore depends on its 
rotational speed in solution. The measurement of fluorescence polari
zation is based on the change in rotational speed of probes containing 
fluorophores. The binding of an analyte to fluorescent probe results in a 
decreased rotation speed, and thus more emitted light remains polar
ized. In contrast, the rotation of free fluorescent probes is very fast and 
leads to depolarization of the emitted light (Kakehi et al., 2001) 
(Fig. 3C). The Leffler group first introduced an FP-based analysis of 
galectin-carbohydrate interactions in the aqueous medium. Here, a 
constant concentration of a fluorophore-conjugated probe (carbohy
drate or glycomimetic ligand) is titrated with varying concentrations of 

analytes (galectins) to be analyzed. Once the equilibrium is reached, the 
emitted light is measured using a fluorescence spectrophotometer in a 
microtiter plate format without separating the unbound fraction of the 
fluorescent probe. The received polarized emitted light is detected and 
reported as polarization value (P) or anisotropy (A); the latter reflects 
the averaged value of the bound and free fluorescent probes. Binding 
curves are obtained showing the increase in anisotropy of the unbound 
probe in solution (A0) to a value where all the probe is bound by 
galectins (Amax). Kinetic parameters such as the equilibrium dissociation 
constant KD and Ka can be obtained with corresponding analysis soft
ware (Sörme et al., 2004). 

Hsieh and coworkers investigated the binding affinities of Gal-1, -3, 
and -7 for fluorescein isothiocyanate (FITC)-conjugated LacNAc type 2 
and type 2 disaccharides using FP-based binding and competitive assays 
(Hsieh et al., 2015). Dissociation constants (KD) in the μM range were 
obtained demonstrating the moderate affinities of Gal-1 and Gal-3 for 
LacNAc type 2 disaccharides whereas Gal-7 preferred the LacNAc type 1 
motif. Moreover, additional crystallization experiments revealed the 
orientation of the LacNAc moiety as a critical factor for the galectin 
binding preference. An FP-based competitive assay was applied to 
elucidate the inhibitory potential of HMOs and blood group antigens. 
The blood group A tetrasaccharide was revealed as an inhibitor of Gal- 
4C binding of lactose with KD values in the low μM range (Bum- 
Erdene et al., 2015). 

Recently, the enhancement of Gal-3 binding affinities by ligand- 
driven protein conformational changes (Noresson et al., 2018) has 
been demonstrated. Here, the affinities of Gal-3 for galactoside-derived 
2-O-sulfated and non-sulfated aromatic substituents at C-3 were 
explored using competitive fluorescence polarization experiments. KD 
values in the μM range were obtained that demonstrated the preferred 
binding of Gal-3 to 2-O-sulfated galactosides bearing a 4-methoxy- 
2,3,5,6-tetrafluorobenzamido substitution at the C-3-position. 
Structure-based analysis contributed this effect to a conformational 
change of the Arg144 side chain induced by the fluorinated aromatic 
moiety that enabled favorable electrostatic interactions between the 2- 
O-sulfate group and Arg144. Based on these findings, Peterson et al. 
(Peterson et al., 2018) further demonstrated the effects of systematic 
structural tuning of glycan-based ligands for enhanced galectin binding. 
Symmetric and asymmetric TDG-derivatives were optimized to increase 
Gal-1 and Gal-3 binding affinities. The FP-based analysis revealed 
symmetrically substituted TDGs as exceptional Gal-1 ad Gal-3 inhibitors 
with KD values in the subnanomolar range. Furthermore, asymmetric 
TDGs bearing trifluorophenyltriazole and coumaryl substitutions 
induced selective binding of Gal-3 in comparison to Gal-1 by a factor of 
46. The nM affinity binding of Gal-3 to symmetrically C-3-substituted 
TDGs was also confirmed in the study by Stegmayr and colleagues who 
examined the extra- and intracellular inhibitory potentials of the small 
Gal-3-inhibiting compounds (Stegmayr et al., 2019). 

Among the huge variety of galectin-targeting inhibitors proposed for 
medical applications, plant-derived polysaccharides are the subject of 
discussion. In 2016, fluorescence anisotropy-based binding and inhibi
tion studies provided detailed information on the binding and inhibition 
of a series of pectins and galactomannans toward a set of galectins (Gal- 
1,-2,-3,-4C,-4N,-7,-8N,-9C,-9N) (Stegmayr et al., 2016). Low or no 
galectin-CRD-specific inhibition of the tested polysaccharides was 
observed, and it was suggested that other binding mechanisms may be 
involved to confer beneficial medicinal properties of plant-derived 
polysaccharides. 

Recently, the role of Gal-3 in the pathology of Alzheimeŕs disease 
(AD) was revealed by identifying Gal-3 as a ligand for the triggering 
receptor expressed on myeloid cells 2 (TREM-2) which is involved in the 
signaling pathway for diminishing AD-derived plaques in the brain 
(Boza-Serrano et al., 2019). Here, upregulation of Gal-3 was observed in 
AD patients and binding to TREM-2 in the nM range was achieved by 
fluorescence-anisotropy-based assays suggesting the inhibition of Gal-3 
as a therapeutic approach to slow the progression of AD. 
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Taken together, fluorescence polarization provides a simple and easy 
in-solution equilibrium method to study specific inter-molecular galec
tin-glycan interactions. This method offers affinity determination at the 
monovalent site and enables high-throughput analysis of small-sample 
volumes in the microwell-plate format. However, covalent labeling of 
samples with fluorescent protein tags such as fluorescein or FITC may 
lead to structural changes of the glycan moieties and may not reflect the 
binding behavior of galectins to native glycans. 

2.3. Structure-based assays 

For the aim of this review, the assays that exploit the structure of 
galectins are considered. Whereas solid-phase and in-solution assays 
primarily monitor the strength of interaction between galectin and its 
carbohydrate ligand, mass spectrometric methods take advantage of the 
molecular weight of the proteins and can detect galectin-ligand com
plexes. Crystallization and in silico studies of the proteins provide in
sights into the structure-function relationships concerning ligand 
binding (Fig. 4). 

2.3.1. Detection of galectin-ligand complexes by mass spectrometry 
Mass spectrometry (MS) methods are used to detect complexes of 

lectins and their ligands in solution via mass determination, particularly 
for noncovalent interactions (Daniel et al., 2002). The method enables 
the determination of the affinities between two binding partners without 
the influence of immobilization linkers or labels. An example is the 

direct electrospray ionization assay (ESI-MS) or, in particular, the ESI- 
MS titration method, which measures the equilibrium of the protein- 
ligand interaction. The gas-phase ions of the free protein and the pro
tein engaged in complexes with its ligand are detected; the abundance of 
the protein in both states can be determined (El-Hawiet et al., 2012). ESI 
is a gentle technique that facilitates the transfer of intact complexes from 
liquid to the gaseous phase and, hence, is suitable for the investigation of 
affinities between macromolecular binding partners with noncovalent 
interaction. The method provides values for the association constant Ka 
that are calculated from the ratio of protein-ligand complexes to the free 
protein and ligand (Kitova et al., 2012). The values obtained represent 
the ratio of the complexes present; the higher the value, the stronger the 
interaction between galectin and ligand. Shams-Ud-Doha and coworkers 
determined the interaction between a library of human milk oligosac
charides (HMOs) and human galectins Gal-1, Gal-3C (C-terminal frag
ment), Gal-7, and Gal-9N (N-terminal fragment) by direct ESI-MS 
measurements (Shams-Ud-Doha et al., 2017). Free glycans were tested 
with the galectin constructs; the results were compared with those ob
tained from microarray screenings, where the HMOs were printed on the 
microarray (Noll et al., 2016). This comparison showed that the 
microarray provided several false negative and false positive results 
(Shams-Ud-Doha et al., 2017). In another approach, Atmanene et al. 
(Atmanene et al., 2017) used MS with Gal-3 and mono- and di-arylated 
LacNAc derivatives as ligands to obtain values for the equilibrium 
dissociation constant KD. This value is reciprocal to Ka; the lower the KD 
value, the stronger the affinity of the ligand for galectin. Gal-3 was 

Fig. 4. Structure-based assays for evaluating the interaction between galectin and ligand. (A), NMR spectroscopy; (B), X-ray crystallography; (C), cryoEM and in silico 
modeling (D), all provide a prediction of the structure of the galectin-ligand complex. 
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incubated with different concentrations of N-acetyllactosamine and 
measured by MS. The measurements provided data for the construction 
of a titration curve to determine KD values (Atmanene et al., 2017). 
Kitova and coworkers investigated the influence of protein labeling on 
the affinities for ligands by direct ESI-MS measurements. The C-terminal 
domain of Gal-3 was covalently attached to different labels (biotin, Cy5, 
Bolton-Hunter reagent); the higher the degree of labeling, the lower the 
interaction of Gal-3 with the compound measured by ESI-MS (Kitova 
et al., 2020). 

MS-based methods bring a range of advantages. In contrast to solid- 
phase assays, no immobilization or labeling is necessary that could 
interfere with the binding properties between galectin and ligand. In 
addition, the methods are very sensitive and allow the detection of low 
affinities. It is a good alternative to methods with large sample volumes; 
for example, only one fmol of sample is applied when nanoflow ESI is 
used (Kitova et al., 2012). 

2.3.2. Analysis of galectin-ligand interaction by nuclear magnetic 
resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy detects the inter
action of atoms that are close to each other or share one bond; in this 
way, the interaction between lectins and ligands can be determined 
(Ardá and Jiménez-Barbero, 2018; Gimeno et al., 2020) (Fig. 4A). This 
method can reveal specific interacting atoms, as well as information 
about secondary structure (α-helices, β-strands, and random coils. In 
addition, NMR spectroscopy can elucidate whether lectins occur in a 
monomeric or oligomeric form or in which concentration oligomeriza
tion takes place. For investigation of galectin-ligand complexes and the 
influence of binding on protein structure, recombinant [13C, 15N]- 
labeled galectins need to be produced in an isotopically enriched me
dium (Ippel et al., 2015; Ippel et al., 2016). When radiation pulses are 
applied to the measured molecule, every atom has a unique chemical 
shift, depending on its atomic surroundings (Howard, 1998). Nuclear 
relaxation effects give an indication of the three-dimensional structure 
of proteins based on the “through-space” NMR. These relaxation data 
combined with the chemical shifts of the protein with and without 
ligand give insights into the interaction between the ligand and the 
respective lectin. For example, if amino acids of the galectin CRD 
interact with ligands, changes in the NMR data are observable. Ippel 
et al. (Ippel et al., 2016) explored the interaction of di-LacNAc with Gal- 
3 by NMR spectroscopy and confirmed that the glycan binds to the ca
nonical site, which is responsible for β-galactoside-binding. Hsieh et al. 
(Hsieh et al., 2016) titrated fluorinated TDG derivatives against Gal-1, 
Gal-3 (CRD), and Gal-7 in NMR titration experiments. The recorded 
19F-NMR spectra revealed that the fluorophenyl-triazole moiety of the 
TDG derivatives binds into the subsites B and E in the CRD of Gal-1 and 
Gal-3 and into the subsite E of Gal-7 N-terminal CRD. In other studies, 
these galectins were examined regarding the interaction of ligands with 
their particular amino acid residues (Rauthu et al., 2015; Zhang et al., 
2019). The strength of chemical shifts of the residues provided an 
indication of which amino acids are involved in the binding of the glycan 
ligand. A specific NMR method is saturation transfer difference NMR 
that can identify the ligand and assign stronger signals to the protons of 
the ligand involved in binding (Haselhorst et al., 2009). Bertuzzi and 
coworkers detected, which parts of the investigated multi-LacNAc 
HPMA copolymers were primarily involved in binding to Gal-1 and 
Gal-3, and facilitated a rating of interaction strength for the individual 
atoms within the ligands (Bertuzzi et al., 2021). 

The advantage of NMR spectroscopy is that it provides accurate in
formation on the structure of galectins and the changes induced by 
ligand binding. With this knowledge, more effective ligands can be 
tailored to find promising inhibitors for, e.g., cancer therapy. 

2.3.3. Analysis of galectin-ligand interaction by X-ray crystallography 
In crystallization experiments, proteins can be crystallized in com

plexes with their ligands; subsequently, the crystal structure of the 

complex is determined by X-ray crystallography (Fig. 4B). In most cases, 
the preparation of crystals requires cloning, expression, and purification 
of the particular lectin in high homogeneity and quantity. There are 
exceptions where the natural resources are rich in lectins, so that their 
purification for crystallization is possible (Pietrzyk-Brzezinska and 
Bujacz, 2020; Pietrzyk et al., 2015). It also requires sufficient long-term 
stability under crystallization conditions. It may often be extremely 
challenging to find the conditions under which the protein is most sol
uble and stable. In the next step, crystallization, a nucleus is first formed 
that is then grown into a crystal. This step is critical and can be tuned by 
using crystallization phase diagrams that show the dependence of pro
tein crystallization on protein concentrations and adjustable parameters 
(e.g., precipitant, pH, temperature, additives). Nucleation and crystal 
growth only occur under very specific conditions. There are various 
methods for crystallization that use different conditions and pathways 
for nucleation (Chayen and Saridakis, 2008). The crystals produced are 
then analyzed by X-ray crystallography (Zheng et al., 2015). The 
diffraction pattern of the X-rays is transferred into a 3D electron-density 
image that depicts the mutual position of the atoms and their bonds 
within the crystal (Rupp, 2009). This method provides the ultimate 
evidence, which particular amino acids bind the ligand. In recent 
studies, galectins have been crystallized by vapor diffusion (Hsieh et al., 
2015; Patel et al., 2020). To acquire a crystal of the galectin-ligand 
complex, two approaches are possible: (i) the formation of apo crystals 
(from proteins without ligand) and subsequent soaking in a solution of 
the ligand or (ii) co-crystallization of both binding partners. Thus, Gal-4 
and Gal-4C were co-crystallized with lactose (Lac) (Rustiguel et al., 
2016a; Rustiguel et al., 2016b), Lac-3’-sulfate, 2’-FL, LNT, and LNnT 
(Bum-Erdene et al., 2015) as ligands. In contrast, the Gal-8N apo crystal 
was soaked in the ligand solution before X-ray (Bohari et al., 2018; Patel 
et al., 2020). For other galectins – Gal-3 CRD, Gal-1, Gal-7 – soaking and 
co-crystallization are varied (Hsieh et al., 2015; Hsieh et al., 2016; 
Noresson et al., 2018; Peterson et al., 2018; Zetterberg et al., 2018). The 
comparison of the apo-form crystals with complexes of protein and 
different potential ligands indicates how compounds alter the arrange
ment of atoms in the binding site of galectin, and thus the strength of 
interaction. Since crystallization experiments provide a detailed insight 
into the molecular nature of the interaction between galectin CRDs and 
potential ligands, the method is highly promising for targeted drug 
development. Nevertheless, it has some drawbacks. Optimization of 
crystallization conditions is time- and material-consuming and often 
very demanding. It is usually impossible to crystallize protein parts that 
are too flexible, which may require the preparation of adopted con
structs. In addition, for some proteins, it is not possible to produce 
crystals of sufficient quality for X-ray measurements. 

2.3.4. High-resolution images of galectin-ligand complexes from cryogenic 
electron microscopy 

If NMR spectroscopy and X-ray crystallography fail to determine the 
structure of galectin-ligand complexes, the relatively novel method of 
cryogenic electron microscopy (cryo-EM) might solve the problem (Yip 
et al., 2020; Zhang et al., 2020). In electron microscopy, a beam of 
electrons focused by magnets is applied to the measured sample 
(Fig. 4C). A magnification of 100,000 times is possible. Cryo-EM is a 
form of transmission electron microscopy (Ryu, 2017) where a specimen 
is frozen at cryogenic temperatures; this keeps the molecules in their 
intact and native state. Treatments of the samples that could alter their 
constitution are not necessary and the acquired data can be converted 
into high-resolution images. The best results are obtained with sym
metric particles and homogeneous samples. Bertuzzi and coworkers 
(Bertuzzi et al., 2021) presented one example of the use of cryo-EM with 
galectins and their ligands. They observed the aggregation of Gal-1 and 
Gal-3 with LacNAc-HPMA copolymers and were able to examine 
different degrees of aggregation. Cryo-EM also allowed the detection of 
self-assembled micro-ribbons of Gal-1 with lactose- and galactoside- 
carrying ligands (Qi et al., 2018). The glycans were coupled to 
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Rhodamine B dye, which dimerized spontaneously. The glycan- 
Rhodamine B dimers bound one CRD of the dimeric Gal-1 per sugar 
unit; the other Gal-1 CRD could further interact with another glycan- 
Rhodamine B dimer. Thus, micro-ribbons were formed that were visu
alized by cryo-EM and prove the interaction of Gal-1 with the Rhoda
mine B-coupled glycan ligand. If no ribbons were formed, no interaction 
between galectin and ligand had occurred. Although cryo-EM produces 
high-resolution images, the method has its drawbacks. The analyzed 
molecules or complexes should preferably be homogeneous and sym
metrical. If they are too small, it may be difficult to obtain the data; 

however, too large macromolecular complexes tend to increase linear 
magnification distortions, which limits the resolution of the method. For 
protein-ligand complexes, these conditions are sometimes not easy to 
fulfill. 

2.3.5. In silico modeling of galectin-ligand complexes 
Two different approaches are used to study the interaction between 

galectins and potential ligands in silico: molecular docking and molec
ular dynamics (Salmaso and Moro, 2018) (Fig. 4D). Molecular docking is 
used to predict the behavior of a protein with an interacting small 

Fig. 5. Functional assays monitoring the effects of galectins on human cells. Assays related to (A), inflammation and immune response; (B), cancer; (C), cardio
vascular diseases and cardiac fibrosis; (D), metabolic disorders. MMP, matrix metalloprotease; Glc, glucose. 
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molecule such as a ligand or inhibitor, or to perform a virtual screening 
for potential ligands (Meng et al., 2011; Morris and Lim-Wilby, 2008). It 
proposes the best pose of the ligand within the binding site of the protein 
and considers the degree of flexibility of both binding partners. For 
docking, the conformation of the ligand and its position within the 
binding site of the protein must first be predicted; then the binding af
finity between protein and ligand is estimated. Corresponding computer 
programs use sampling algorithms and scoring functions to forecast the 
binding of the ligand to the protein. While docking investigates the 
interaction and is based on a relatively rigid system, molecular dynamics 
examines the conformational changes in the dynamic systems (Leach, 
2007; Salmaso and Moro, 2018). It simulates that the ligand-lectin 
complex is in motion and calculates the surface energy as a function 
of time. Both approaches require knowledge about the structure of the 
complexes to be analyzed, e.g., from X-ray crystallography or modeling 
of the protein. Vašíček and coworkers (Vašíček et al., 2020) used the 
crystal structures of Gal-3 (PDB ID: 5OAX) and Gal-1 (PDB ID: 3OYW) 
for docking and investigation of newly prepared ligands – 3,3’-O/N- 
disubstituted TDG derivatives. In silico docking provided results that 
allowed predictions for each ligand studied. A similar approach was 
used with Gal-8N (PDB ID: 3AP7) and methyl β-D-galactomalonyl phenyl 
ester ligands in docking experiments for structure-based drug design 
(Patel et al., 2020). Molecular docking often serves as a basis for mo
lecular dynamics calculations. For example, molecular dynamics simu
lation of binding of selected 3,3’-O/N-disubstituted TDG derivatives to 
Gal-1 and Gal-3 revealed a dynamic equilibrium between binding, un
binding, flipping, and switching of binding modes within the galectin 
binding site (Vašíček et al., 2020). Molecular dynamics also allows us to 
find the preferred and most stable binding modes. Analyzes of, e.g., Gal- 
3 (Boza-Serrano et al., 2019; Bumba et al., 2018; Zetterberg et al., 2018) 
and Gal-4 (Bohari et al., 2018; Bum-Erdene et al., 2015; Rustiguel et al., 
2016a; Rustiguel et al., 2016b) with new ligands by molecular dynamics 
were exemplified in the literature, presenting some notable conclusions 
for future research. 

Nilsson and coworkers performed pioneer work in the area of 
galectin-ligand interactions using molecular dynamics. They were able 
to explain the selectivity of 3N-aryl galactosides for the C-terminal and 
3N-aryl gulosides for the N-terminal domain of Gal-9 (PDB ID: 3WLU) 
(Mahanti et al., 2020). Additionally, using molecular modeling tech
niques, they discovered (Dahlqvist et al., 2019) a unique subsite of Gal-3 
(PDB ID: 3ZSL) that enabled the construction of highly selective and 
effective inhibitors. 

The in silico analysis of galectin-ligand complexes is a helpful tool for 
the prediction of potential galectin ligands and drug design. However, a 
crystal structure of the particular galectin is required, at best in complex 
with a ligand of similar nature, which may not always be available. In 
larger screening sets, only simple docking studies are usually feasible 
due to the immense demand on time and computational capacity for 
molecular dynamics studies. Galectins are relatively difficult species for 
molecular modeling due to the shallow character of their binding site 
and often a relatively wide range of possible ligand positions. Still, in 
silico methods can pre-select promising compounds and provide direc
tion for drug design, as in the case of a completely novel family of 
galectin inhibitors based on aminopyrimidine substitution (Dahlqvist 
et al., 2019). 

3. In vitro assays in cell cultures 

Galectins are multifunctional molecules and affect various disease- 
related processes in parallel (Sciacchitano et al., 2018). Galectin bind
ing to cell surface glycans influences cellular signaling and cell-cell 
interaction processes; in particular, cancer-related events, develop
ment of fibrosis, immune response, and inflammation. Therefore, cell- 
based assays provide valuable information on the effect of particular 
galectins and their inhibitors. While binding/ inhibition studies 
described in Section 2 provide a deeper insight into the affinity of 

candidate compounds to the isolated galectin protein, functional cell 
assays reveal the efficiency of these compounds in the cellular envi
ronment including their biological consequences. In contrast to in vivo 
assays, cell-based in vitro assays are non-invasive and do not require 
animal testing. In this section, we specify cell-based functional assays 
that take advantage of in vitro or ex vivo cell lines (mainly mammalian or 
murine) to study the effect of galectins and their potential carbohydrate 
inhibitors on disease-related cell processes (Fig. 5). 

3.1. Binding and inhibition assays in cell cultures 

To elucidate the interaction between galectins and their glycan cell- 
surface binding partners – glycoproteins or glycolipids – flow cytometry 
or fluorescence-activated cell sorting (FACS) is the method of choice. 
This method allows cell counting and takes advantage of fluorescent 
labels (Bonner et al., 1972). Usually, labeled galectins or galectin- 
specific antibodies are used for this aim. Depending on the choice of 
the particular cell line, galectins bind specifically to cells depending on 
the presented glycans. Not only binding but also inhibition of galectin 
binding to the cells can be evaluated as demonstrated by applying car
bohydrate inhibitors – e.g., synthetic lactosides – that competed with the 
binding process (Roy et al., 2017). The stronger the inhibitor, the lower 
the amount of galectin that binds to the cells and the weaker the signal 
detected by flow cytometry. Vašíček and coworkers (Vašíček et al., 
2020) performed binding inhibition experiments with galectin- 
overexpressing human embryonic kidney (HEK293) cells, Gal-3 and 
Gal-1, and a range of 3-O-substituted TDG inhibitors. 

Visualization of galectin-cell complexes can be challenging because 
direct fluorescent labeling can inactivate the lectin activity of galectins. 
Another option, direct chemical biotinylation, often leads to a mixture of 
biotinylated products that are poorly defined and may also compromise 
lectin activity (Bumba et al., 2018). Therefore, the introduction of a so- 
called AVI-tag (GLNDIFEAQKIEWHE) for well-defined biotinylation of 
recombinantly produced galectins was established (Bumba et al., 2018). 
The AVI-tag contains a lysine that is specifically biotinylated by the 
biotin ligase (encoded by another plasmid) co-expressed during the 
production of the galectin construct in the recombinant E. coli strain. 
The distribution of the AVI-tagged galectin on the cell surface is detected 
by FACS using a fluorescently labeled streptavidin, which firmly binds 
the AVI-tagged biotinylated galectins. This method of fluorescent 
galectin labeling is reliable and does not influence the bioactivity of the 
proteins. Furthermore, since the streptavidin is bound to the bio
tinylated AVI-tag after galectins bind to the cells, the interaction be
tween the galectin and the cell is not affected. 

Besides monovalent inhibitors, scavenging of AVI-tagged Gal-3 by 
multivalent neo-glycoproteins carrying 3-O-substituted LacdiNAc mi
metics was demonstrated with human adenocarcinoma DLD-1 cells 
using FACS (Heine et al., 2021). Filipová et al. (Filipová et al., 2020) 
detected the inhibition of bonding of AVI-tagged Gal-3 to the surface of 
HEK293 cells by various poly-LacNAc-decorated glycopolymers. Besford 
and coworkers (Besford et al., 2017) demonstrated an alternative 
approach, targeting PC3 prostate cancer cells with fluorescently labeled 
lactose-bearing nanoparticles. The binding of labeled nanoparticles was 
demonstrated by flow cytometry and the authors inferred that the 
nanoparticles target galectin presented on the cell surface. 

Fluorescence microscopy is an alternative method to flow cytometry 
to closely follow the fate of labeled galectins and/ or their inhibitors 
within the cell or on its surface. Labeled ligands or galectins are incu
bated with specific cell lines; if they enter the cells, they are visible 
under the microscope; if they remain in the extracellular space, they are 
washed away unless they bind to the cell surface. The potential of the 
compounds to penetrate into the cells indicates their possible use as 
extracellular or intracellular galectin inhibitors. For example, human 
serum albumin-based neo-glycoproteins have been found not to specif
ically penetrate DLD-1 cells (Heine et al., 2021). In a study by Besford 
and coworkers (Besford et al., 2017), confocal microscopy showed the 
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attachment of lactose-decorated glycogen nanoparticles to the surface of 
PC3 cells, thus indicating the localization of Gal-3 on the cell surface. 

The above-described methods provide the first insight into the 
binding of ligands to galectins and their effect on specific human cell 
lines. Nevertheless, galectin-related processes in diseases are much more 
complex than just interaction and transport. Hence, functional assays in 
cell cultures are crucial to complete the picture, considering the physi
ology and modus operandi of specific cell lines. 

3.2. Functional assays 

The involvement of galectins in cellular processes has been studied in 
a range of functional assays in cell cultures, monitoring, e.g., apoptosis, 
angiogenesis, proliferation, migration, agglutination or adhesion. 
Functional cell-based assays provide clues as to how galectins may affect 
signaling and differentiation processes associated with a particular dis
ease, helping to predict a suitable design of an in vivo assay or to pre- 
select the most promising candidate compound for such assays. In 
particular, Gal-3 and Gal-1 are intensively studied in terms of their ef
fects on tumor growth and development (Ruvolo, 2016; Thijssen et al., 
2015), immune response, inflammation (Brinchmann et al., 2018; 
Parsonage et al., 2006), pathological fibrotic processes (Suthahar et al., 
2018), and other disorders (Pugliese et al., 2015; Sciacchitano et al., 
2018). Simple binding/inhibitory potency of compounds is combined 
with other prerequisites, such as the ability to penetrate the cell mem
brane, biocompatibility, bioavailability, and the general ability to 
trigger or inhibit the targeted processes in a highly complex environ
ment of the cell culture. Typically, mammalian cell lines (in vitro – 
immortalized cell lines representing a specific type of cells; ex vivo – cell 
lines obtained directly from living organisms), are incubated with the 
galectin. Then either the interaction with the cells or the effect on the 
cellular mechanisms is evaluated by the assays described in this section. 
Using cell lines with knocked-down galectin genes, the pure effect of 
externally applied galectins can be investigated. Thus, the respective 
galectin-negative cell line can be obtained as a negative control or to 
selectively monitor the effect of one particular galectin; thus, endoge
nous galectins do not interact with exogenously applied recombinant 
galectins. While in vitro cell lines are more stable, affordable, and easier 
to obtain, ex vivo cell lines are physiological and more truly represent the 
conditions in the living organism. To test the influence of galectins, both 
types of cells are used. 

The complexity of the biological pathways makes a reliable assess
ment of galectin inhibitors as potential therapeutics a complex task, 
often requiring a combination of several functional assays. It must be 
noted that the array of human disorders accompanied by the changes in 
galectin production is much broader than the one listed herein. In this 
review, we focus on the up-to-date available functional cell assays that 
investigate the effect of galectins on selected biological processes. It can 
be expected that the range of available assays will steadily increase 
along with the ever-expanding field of knowledge on the pathological 
functions of galectins and their potential pharmacological targeting. 

3.2.1. Inflammation and immune response 
Responses of the immune system occur in practically all galectin- 

related diseases, such as cancer, heart failure, rheumatoid arthritis, 
and metabolic disorders (Elola et al., 2018; Girotti et al., 2020; 
Parsonage et al., 2006; Sundblad et al., 2017). Assays investigating the 
associated role of particular immune cells (T-cells and macrophages) are 
described in this section (Fig. 5A). 

T-cells are critical for the cellular immune response and play a role in 
the protection against cancer. Galectins, such as Gal-3, bind to their cell- 
surface receptors, inducing apoptosis of T-cells (Ahmed and AlSadek, 
2015; Xue et al., 2016), which weakens the immune response and allows 
cancer cells to proliferate and spread. Conversely, this means that 
scavenging of Gal-3 by glycomaterials protects immune cells and sup
ports the elimination of cancer cells. 

For studying the apoptosis and agglutination of T cells, the immor
talized T cell line of Jurkat cells is often used. Apoptosis is followed by 
staining of the apoptotic marker Annexin V and FACS analysis. To test 
the anti-apoptotic effect of glycomaterials, Jurkat cells are incubated 
with the glycomaterial and externally added galectin, and the extent of 
the anti-apoptotic effect is observed (Filipová et al., 2020; Heine et al., 
2021; Vrbata et al., 2022). HPMA-based glycopolymers and the neo- 
glycoproteins were able to scavenge Gal-3, and thus protect Jurkat 
cells from apoptosis. Agglutination of Jurkat cells is considered an early 
sign of apoptosis. Restuccia and coworkers showed that LacNAc- 
decorated nanofibers effectively protected Jurkat cells from Gal-1- 
mediated agglutination (Restuccia et al., 2015). Multivalent nano
fibers were more efficient than monovalent lactose and TDG. A pre
ventive effect was also observed. Agglutinated and stained cells were 
examined microscopically. 

Galectins are known to induce the expression of pro-inflammatory 
cytokines, which potentially promote cell cancer progression and 
metastasis (Ahmed and AlSadek, 2015). Therefore, upregulated 
expression of inflammatory markers can be used to assess the inhibitory 
effect of compounds on the interaction between galectins and 
mammalian cells. Expression levels are determined by reverse tran
scription of the cellular RNA into DNA. The amount of recovered DNA 
provides information about the up- or down-regulation of the respective 
genes, and thus about the corresponding processes. When breast cancer 
cells (SUM159) were incubated with Gal-8, they strongly overexpressed 
IL-8, IL-1β, and IL-6. In contrast, the expression of inflammatory markers 
was suppressed in cells incubated with Gal-8 and glycemic inhibitors 
(methyl β-D-galactomalonyl phenyl ester) (Patel et al., 2020). 

3.2.2. Cancer 
Cancer-related processes are most studied in the field of pharmaco

logical galectin inhibition, specifically targeting processes like metas
tasis, cancer cell migration, cell survival, tumor angiogenesis, and many 
more (Ahmed and AlSadek, 2015; Campo et al., 2016). As described in 
Section 3.2.1, cancer progression is closely related to the apoptosis of T 
cells and the production of pro-inflammatory markers. Here we give a 
structured overview of the methods used to investigate these processes 
and the effects of tested glycomaterials (Fig. 5B). 

Gal-3 provides a protective microenvironment for cancer cells 
(Ruvolo, 2016), protecting cancer cells from the recognition by the 
immune system and, hence, preventing their death (Ahmed and AlSa
dek, 2015). Cancer cell apoptosis was observed when SU-DHL-6 lym
phoma cells were deprived of the protective extracellular Gal-3 layer by 
incubation with TF-antigen-presenting gold nanoparticles. With an 
increasing concentration of the nanoparticles, apoptosis of the cancer 
cells increased (Biswas et al., 2015). Importantly, this effect was not 
observed in Gal-3-negative cells (RAJI cells) used as negative controls. 

The proliferation of cancer cells is associated with tumor survival; 
inhibition of proliferation leads to stagnation of tumor development. 
Cancer cell proliferation is promoted by Gal-3 (Califice et al., 2004). The 
effect of glycomaterials on this process can be analyzed in cell viability 
assays such as cell counting (Filipová et al., 2020; Paz et al., 2018; 
Vrbata et al., 2022) or the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl-2H-tetrazolium bromide (MTT) assay (Besford et al., 2017; Sun 
et al., 2017). MTT is incubated with treated cells and imported by 
endocytosis. The compound is reduced to the purple insoluble formazan 
by NADPH-dependent cellular oxidoreductase enzymes in mitochon
dria, endosomes, and lysosomes (Kuete et al., 2017). As a result, dead 
cells show no response to MTT. To exclude the negative effect of MTT on 
living cells (Lü et al., 2012) and prove the positive effect of galectins on 
cancer cell proliferation, a galectin-negative control should always be 
included. 

Migration of cancer cells is a step that follows proliferation and leads 
to metastasis and, ultimately, to the uncontrollable spread of the tumor. 
In scratch assays, tumor cells (e.g., DLD-1, PC3) are first grown on multi- 
well plates to a confluent layer and then disrupted with a scratch; 
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migration of cells can be observed under the microscope when the 
scratch gap is closing in the cell layer in time. Thus, the positive effect of 
galectins on the migration of cancer cells can be detected. Moreover, the 
inhibition of migration by trapping galectins with glycomaterials in
dicates the efficacy of the anti-metastatic potential of the particular 
glycoconjugate (Filipová et al., 2020; Freichel et al., 2020; Vrbata et al., 
2022). Cell migration can be detected not only in scratch assays but also 
in trans-well assays. Cells are grown in plates with pores to allow 
migration, using the upper chamber with the medium void of serum. The 
lower chamber is filled with medium containing serum to attract the 
cells. After a while, the cells from the upper chamber are removed and 
cells from the lower chamber are stained with crystal violet and solu
bilized. The cell extract collected from the bottom chamber is then 
analyzed spectrophotometrically; the higher the absorption, the more 
cells migrated. Although not yet performed to study the effect of galectin 
inhibitors on cell migration, this assay may be useful for such studies 
(Fan et al., 2018a, 2018b). 

Angiogenesis is crucial for the metabolic supply of tumors by the 
formation of new blood vessels. This process is induced in tumors by 
eliciting growth factors such as the vascular endothelial growth factor 
(VEGF) and the release of galectins, which cluster the VEGF-receptor on 
endothelial cells. Besides the proliferation and migration of cells, tube 
formation is another indicator of angiogenesis that can be investigated in 
vitro (Aanhane et al., 2018; Stryker et al., 2019). In the chicken embryo 
chorioallantoic membrane (CAM) assay, fertilized chicken eggs were 
opened, and the chorioallantoic membrane was treated with galectins 
(Aanhane et al., 2018). After several days, the membrane was observed 
under the microscope to determine the effect of the treatment on 
vascularization. Although this assay was in vivo, it allowed comparison 
to in vitro experiments such as tube formation assays. In tube formation 
or sprouting assays, HUVEC cells are seeded in a matrix (Matrigel) and 
incubated with galectins and/ or potential inhibitors (Aanhane et al., 
2018; Guha et al., 2013). Under the influence of Gal-3, HUVEC cells 
align and build tubular structures. By applying TF-antigen-containing 
glycopeptide inhibitor and lactose, tube formation was decreased 
since both carbohydrates served as Gal-3 inhibitors (Guha et al., 2013). 
A decrease in the extent of tube formation stimulated by intrinsic Gal-3 
was also detected upon addition of HPMA-based glycopolymers carrying 
Gal-3-inhibiting glycomimetics (Vrbata et al., 2022). The outcome of the 
tube formation assay is examined microscopically. Optionally, the up- 
and downregulation of angiogenetic genes can be determined by PCR 
with the RNA from the treated HUVEC cells (Varinská et al., 2020). As 
also described in Section 3.2.1, RNA is isolated from the cells and 
reverse-transcriptase PCR is performed. The amount of so-produced 
DNA indicates the expression of specific angiogenetic markers. Gal-8, 
for example, had a positive effect on the formation of new capillaries 
in the presence of VEGF in the CAM assay. Furthermore, the Gal-8/ 
VEGF combination led to an increased expression of these genes 
compared to VEGF only, to Gal-8, or the control (Varinská et al., 2020). 
In the frame of these assays, Aanhane and coworkers found that the Gal- 
9 isoforms – C-terminal domain, N-terminal domain, and complete 
galectin – have different effects on angiogenesis (Aanhane et al., 2018). 
Notably, tube formation and CAM showed different results in this study; 
while all Gal-9 isoforms stimulated the formation of tubes in the tube 
formation assay, they inhibited this process in the CAM assay. This in
dicates that in vitro assays may not exactly mirror the conditions of in 
vivo studies. The tube formation assays can be modified by using not 
only galectins but also glycan ligands for co-incubation to test their 
inhibitory effect on the galectin-induced tube formation. 

Homotypic aggregation of cancer cells is another process in cancer 
metastasis that is induced by Gal-3. It leads to the accumulation of 
malignant cells into aggregates and, later on, to metastatic formation 
(Glinsky et al., 2003). The effect of glycomaterials on the Gal-3-induced 
cell aggregation is tested and observed microscopically in homotypic 
aggregation assays. Glycomaterials are first incubated with Gal-3 and 
then with the cells; aggregates are monitored under the microscope. 

LacNAc-presenting poly(amidoamine) dendrimers were able to either 
enhance or inhibit cancer cell aggregation, depending on the generation 
and, thus, the number of terminally presented LacNAc units (Ennist 
et al., 2018). While dendrimers of a low generation inhibited Gal-3- 
induced aggregation of cancer cells, dendrimers of higher generations 
tended to promote aggregation in the presence of Gal-3. This is probably 
because the larger dendrimers more efficiently crosslinked the cells by 
binding higher amounts of Gal-3 and built Gal-3-dendrimer aggregates 
while the smaller dendrimers only bound low amounts of galectin, and 
hence did not promote crosslinking and aggregation. This shows that the 
results of individual assays must always be interpreted with great care to 
reveal the exact processes present. 

The phenomenon of Gal-3 accumulation around disrupted lysosomes 
is a process that can be used to study carcinogenic processes. In cancer 
therapy, lysosomotropic agents (e.g., glycyl-L-phenylalanine 2-naphthy
lamide) cause disruption of lysosomes, the release of hydrolases, and 
eventual apoptosis of affected cancer cells. In addition to enzymes, ly
sosomes or vesicles also release unique glycans that are not found in the 
cytoplasm and, hence, can be targeted by various galectins (Aits et al., 
2015). When lysosomes rupture, Gal-3 accumulates around them and 
can be determined by immunocytochemical staining and confocal mi
croscopy, quantifying the accumulation of Gal-3 as “puncta per nucleus” 
(Stegmayr et al., 2019). Inhibition of Gal-3 accumulation by carbohy
drate inhibitors (TDG and galactose derivatives) was found to cause a 
decrease in Gal-3 puncta per nucleus. In contrast, pectins and gal
actomannans showed no direct effect on galectin accumulation in this 
type of assay (Stegmayr et al., 2016). 

3.2.3. Cardiovascular diseases and cardiac fibrosis 
Galectins are closely related to the pathological processes leading to 

or associated with heart disease and failures, such as pulmonary hy
pertension and cardiac fibrosis (He et al., 2017; Suthahar et al., 2018). 
Exogenous and endogenous galectins might have different effects on the 
different kinds of cells located in the walls of blood vessels and the heart 
muscle. In hypertension and fibrosis, galectins act in favor of fibrosis of 
cardiac cells (cardiomyocytes), vessels, and organs. Cardiomyocytes are 
smooth-muscle cells responsible for the contraction of the heart. If they 
are damaged by disease or injury, cardiac fibroblasts are activated and 
differentiate into myofibroblasts. These cells are responsible for wound 
healing but also for fibrosis formation (Hall et al., 2021). Both effects, 
death of cardiomyocytes and differentiation of cardiac fibroblasts, are 
supported or even induced by galectins and result first in wound healing, 
and then in fibrosis. Extensive fibrosis can lead to stiffening and hy
pertension of organs, in this case, the heart, and can finally cause heart 
failure. These processes are accompanied by increased production of 
α-smooth muscle actin and collagen (Yu et al., 2013). 

Gal-3 was reported to diminish the survival of cardiomyocytes. 
Overexpression of Gal-3 led to the increase in apoptosis and to the in
duction of cell cycle arrest as detected by cell count and flow cytometry 
(Li et al., 2018) (Fig. 5C). Cell cycle arrest is generally detected with 
propidium iodide, which interacts with DNA, visualizing the amount of 
DNA present in cells during flow cytometry. Depending on the cell cycle 
phase, the cell contains a varying amount of DNA and can be distin
guished from cells with an impaired cell cycle. 

In fibroblasts, Gal-3 evokes a range of effects (He et al., 2017). 
Exogenous and endogenous Gal-3 enhanced the proliferation of fibro
blasts. MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 
2-(4-sulfophenyl)-2H-tetrazolium), an MTT analog, was used (Luo et al., 
2017) to test the proliferation of rat primary adventitial fibroblasts 
induced by recombinant Gal-3 (Fig. 5C). LacNAc was able to inhibit the 
effect of the galectin and reduce proliferation to the level of non-treated 
cells. Gal-3 also induced the increase in the amounts of α-smooth-muscle 
actin and collagen III, which can be detected by specific fluorescently 
labeled antibodies using microscopy. These phenomena can be exploited 
to test glycomaterials as inhibitors of galectin-induced effects on cardiac 
cells. Extra- and intracellular glycan inhibitors can be applied to 
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investigate the interaction with galectins and their effect on cardiac fi
broblasts (Luo et al., 2017; Yu et al., 2013). The effect of LacNAc on Gal- 
3-mediated cardiac remodeling was investigated with different kinds of 
fibroblasts (human dermal fibroblasts and primary adventitial fibro
blasts). The fibroblast phenotype was confirmed by immunohistological 
staining of α-smooth-muscle actin, collagen, and vimentin (the fibro
blast intermediate filament) (Luo et al., 2017; Robinson-Bennett and 
Han, 2005). Although treatment with Gal-3 did not lead to an increase of 
vimentin in the fibroblasts, and hence the application of LacNAc did not 
inhibit this effect, this method can be used to determine the profibrotic 
activity of other galectins. In contrast, the expression of α-smooth 
muscle actin and collagen was decreased, compared to the control level, 
by the application of LacNAc (Luo et al., 2017). Furthermore, the same 
studies revealed a Gal-3-mediated increase of expression of genes 
involved in the production of collagen and α-smooth-muscle actin. These 
genes were downregulated when LacNAc was applied as an inhibitor. 

Gal-3 acts as a pro-fibrotic compound and it increased the secretion 
of the matrix metalloproteases (MMPs) in cardiac fibroblasts (Hall et al., 
2021; Martínez-Martínez et al., 2015) (Fig. 5C). MMPs are expressed in 
various cardiac conditions and play a role in ‘pathogenic remodeling’, 
such as tissue disintegration and remodeling (Papazafiropoulou and 
Tentolouris, 2009). MMPs were secreted into the medium of human cell 
cultures and were detected by a fluorescently labeled peptide substrate 
(Carmona et al., 2009). MMPs activity was measured by an increase of 
fluorescence in the medium. 

3.2.4. Metabolic disorders 
In recent years, the issue of galectin involvement in metabolic dis

orders, such as diabetes and obesity, attracted interest (Pugliese et al., 
2015). Gal-1 and -3 were identified as the main players (Marin-Royo 
et al., 2018; Mukherjee et al., 2015). Related changes in cell physiology 
are commonly detected by PCR (upregulation of disease-related 
markers) and western blot (detection of disease-related proteins in 
cells, on cell surfaces, and in the medium) (Fig. 5D). A high-fat diet led to 
the increased expression of galectins in adipose tissues of rats. When 
adipocytes in cell cultures were treated with TDG, accumulation of fat 
and expression of adipogenic markers were reduced, which correlated 
with the inhibition of Gal-1 by TDG (Mukherjee et al., 2015). Gal-12 
initiated the differentiation of 3TL-L1 cells to adipocytes (Lo et al., 
2018), as reflected on the upregulated adipogenic markers. In contrast, 
the deficiency or inhibition of Gal-12 improved the sensitivity to insulin, 
which may be applied in the therapy of diabetes. Treatment of 3TL-L1 
cells with recombinant Gal-3 in in vitro assays led to an increased 
expression of inflammation markers and an enhanced production of 
ECM components (collagen), as evaluated by western blot of the cell 
extracts with specific antibodies (Martínez-Martínez et al., 2016). The 
effect of Gal-3 on insulin sensitivity in obesity was detected by the up
take of glucose in cells. The 3TL-L1 cells were incubated with recom
binant Gal-3, insulin, and 2-deoxy-D-glucose; the uptake of the glucose 
derivative was determined by HPLC analysis of the metabolic successor 

of 2-deoxy-glucose, 2-deoxy-glucose-6-phosphate, from the cell lysate 
(Li et al., 2016). Furthermore, insulin signaling is inhibited by Gal-3, 
which was determined in the study on the downregulation of the cor
responding markers on the genetic level. A Gal-3 inhibitor, a 1H-1,2,3- 
triazol-1-yl thiodigalactoside derivative (Salameh et al., 2010), was able 
to improve uptake of glucose and, hence, to inhibit binding of Gal-3 to 
insulin receptors (Li et al., 2016). All these effects can be exploited to 
test the efficiency of putative galectin ligands on cell physiology. 

4. Galectin-specific biosensors 

Recent years have seen huge progress in the development of assays 
for the analysis of galectin-carbohydrate interactions, such as ELISA- 
binding assays, fluorescence-based methods, or NMR (Section 2). 
Here, the focus is on the examination of binding potencies and kinetic 
characterization of galectins to large libraries of carbohydrate ligands. 
In the clinical environment, the methodical application of galectin- 
carbohydrate binding events is receiving increasing attention. The cur
rent methods of early-stage diagnosis and monitoring of various disor
ders like cancer or heart failure focused mostly on Gal-1 and Gal-3 as 
biomarkers due to their increased expression level in human blood and 
sera samples from patients (Table 3) (Felker et al., 2012; Grandin et al., 
2012; Hara et al., 2020; Kuo et al., 2011; Martinez-Bosch et al., 2018; 
Verschuere et al., 2013). 

In invasive tumor diagnostics, tumor tissue biopsies are linked to 
molecular diagnostic methods such as PCR or immunohistochemistry 
(Marshall et al., 2013). In addition, the need for trained and experienced 
personnel, time-consuming multistep analysis, and complex sample 
preparation usually hinder bedside and point-of-care applications. 
Therefore, advanced diagnostics of biomarkers from body fluids, whole 
blood or serum samples require robust, selective, and sensitive bio
sensors (Giljohann and Mirkin, 2009; Marshall et al., 2013). Early dis
ease diagnosis and monitoring of clinically relevant tumor biomarkers 
that meet hospital-specific requirements are of particular interest. 

Biosensors are biotechnical tools consisting of four different modules 
for the quantitative determination of information about biological 
binding events (Fig. 6A). In this process, an analyte of interest binds to a 
biorecognition element that acts as a receptor for the selective binding of 
an analyte. The biorecognition element itself is connected to a trans
ducing element (amperometric, electrochemical, optical). This element 
is capable of translating the biological binding event into a measurable 
signal that is directly proportional to the concentration of the analyte 
bound to the biosensor platform. The resulting signal is further pro
cessed by an electrical detector and gives a user-specific visualization 
output (Belický et al., 2016). 

For the detection of lectin-glycan interactions, a wide variety of 
biosensors have been published (Belický et al., 2016). These biosensing 
tools are based on electrochemical, microcantilever, quartz crystal mi
crobalance, and optical detection methods. They are supposed to be 
efficient recognition tools for a diversity of analytes such as viral/ 
antiviral proteins, lectins, cancer-related tumor markers, or for the 
profiling of stem cells. An example, which can be transferred to galec
tins, is the development of a label-free localized surface plasmon reso
nance glycan biosensor revealed binding constants of the plant lectin 
GSII from Griffonia simplicifolia in nanomolar ranges to GlcNAc glyco
polymer brushes in a flow-through configuration (Rosencrantz et al., 
2016). Glycopolymer brushes were further modified by surface-located 
two-step enzymatic synthesis, affording the Galili-trisaccharide (α-D- 
Gal-(1→3)-β-D-Gal-(1→4)-β-D-GlcNAc-R), which enabled the binding of 
the Clostridium difficile toxin receptor-binding domain in concentrations 
suitable for clinical application (2.5 ng/mL). This disposable biosensor 
platform offers a tailor-made synthesis of glycan structures based on 
multiple glycosyltransferase reactions for the detection of clinical ana
lytes of interest. In the galectin field, specific antibodies are applied as 
biorecognition elements in biosensors (Primo et al., 2018; Tang et al., 
2018; Yola and Atar, 2020). Also, a molecularly imprinted polymer- 

Table 3 
Disease-related serum concentrations of biomarkers Gal-1 and Gal-3.  

Disease Biomarker Serum concentration 
[ng/mL] 

Reference 

Pancreatic cancer Gal-1 21.6-37.3 (Martinez-Bosch 
et al., 2018) 

Lung cancer Gal-1 3.1 (Kuo et al., 2011) 
High-grade 

glioma 
Gal-1 4-18 (Verschuere et al., 

2013) 
Heart failure Gal-3 17.8-25.0 (Primo et al., 2018) 
Breast cancer Gal-3 23.5  
Gastro-intestinal 

cancer 
Gal-3 20.0  

Lung cancer Gal-3 21.7 (Iurisci et al., 2000) 
Melanoma Gal-3 35.1  
Ovarian cancer Gal-3 36.0   
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based biosensor was developed for selective capturing Gal-3 from serum 
samples (Cerqueira et al., 2021). 

Only a few examples of specific carbohydrate-based biosensors have 
been published focusing on targeting human Gal-1 and Gal-3 as cancer- 
related biomarkers (Table 4). The biosensors display lactose as a bio
recognition element. An interesting example of a label-free selective 
non-invasive screening of the tumor marker Gal-1 consisted in lactose- 
functionalized gold nanorods (GNRs) with unique SPR properties 
(Zhao et al., 2016). The lactose-gold nanorods (Lac-GNRs) were easily 
functionalized using sulfhydryl lactose ligands for the selective capture 
of Gal-1 (Fig. 6B). The resulting SPR signal relied on the aggregation of 
Lac-GNRs, which is induced by the binding of homodimeric Gal-1. 
Interestingly, the biosensor distinguished between sera of healthy and 
cancer patients by capturing trace amounts of Gal-1 from human serum 
samples of different cancer patients with a limit of detection (LOD) in 
low nanomolar ranges (10-13 M). Furthermore, a simplified application 
method was presented using these Lac-GNRs with a microplate reader 
and a readout at 770 nm. The significant color differences of the serum 
samples of healthy and cancer patients enabled a visual detection of Gal- 
1, which is attractive for clinical serological cancer diagnosis. A label- 
free in-solution amperometric biosensor based on Cu2O@Au nano
composites was designed for the point-of-care detection of Gal-1 (Long 
et al., 2019). Lactose-functionalized cuprous oxide nanocrystals covered 
with gold nanoparticles (Cu2O@Au) were produced and coated on a 
glass carbon electrode. The excellent signal amplification properties of 

this particular biosensor resulted in high sensitivity with a linear 
response of Gal-1 binding in the range between 0.1 pg/mL and 10 ng/mL 
as demonstrated by cyclic voltammetry and differential pulse voltam
metry (DPV) measurements. However, it remains to be investigated 
whether this biosensor is selective for Gal-1 detection and covers clinical 
application demands, such as the compatibility with serological samples 
and re-usage, as well as the critical LOD. The electrochemical biosensor 
platform appears to be promising for the sensitive detection of cancer 
biomarkers due to its economic production and exceptional signal 
amplification features. A gold nanoparticle-based electrochemical 
biosensor was used for specific sensing of Gal-3 by coupling lactose- 
ferrocene building blocks (Fc-Lac) to disulfide-functionalized reactive 
groups on gold nanoparticles (AuNPs), to enable the production of a 
multivalent ligand-presenting biosensor platform (AuNP@Fc-Lac) 
(Martos-Maldonado et al., 2020). The response of Gal-3 binding was 
monitored by recording the signal variations in optical (UV-VIS) and 
DPV measurements induced by the formation of cross-linked complexes 
between the galectin and the lactosyl ferrocenylated-gold nanoparticles. 
The AuNP@Fc-Lac based biosensor displayed a high electrochemical 
sensing ability for the detection of Gal-3 at nanomolar concentrations 
(the LOD of 160 nM). However, specificity for Gal-3 over Gal-1 has yet to 
be demonstrated. 

In summary, several promising highly sensitive biosensor devices 
have been published specifically for the early detection of Gal-1 and Gal- 
3 in various disease states. The majority of the proposed biosensors were 

Fig. 6. Biosensor for galectin detection from blood samples. (A), The principle of analyzing lectin-carbohydrate interaction by a biosensor; (B), Gal-1 biosensor based 
on lactose-functionalized gold nanorods. 

Table 4 
Overview of galectin-specific biosensors LOD: limit of detection; the lowest concentration of galectin that can be reliably measured by the biosensor device (Armbruster 
and Pry, 2008).  

Reference Analyte Biorecognition element Backbone Transducer LOD Linear range Response time Serum tested 

(Long et al., 2019) Gal-1 Lactose Cu2O@Au Nanocomposites Amperometric  0.1 pg/mL -10 ng/mL  no 
(Zhao et al., 2016) Gal-1 Lactose Gold nanorods Optical 10-13 M  60 min yes 
(Martos-Maldonado et al., 2020) Gal-3 Lactose-ferrocene AuNP and PAMAM-dendrimers Electrochemical 160 nM  10 min no  
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able to selectively bind and detect galectins from complex human serum 
or spiked serum samples, covering relevant serum concentrations. 
Glycan-based biorecognition of galectins was accomplished by multi
valently presented glycan ligands such as lactose taking advantage of the 
cluster glycoside effect. In contrast to immunosensors, glycan-based 
biosensors monitor "active" galectins. This may be an advantage for 
serum diagnostics. However, for these glycan-based galectin biosensors, 
selectivity must be demonstrated by the proper choice of the glycan 
ligand. In immune-biosensors, galectins are detected by highly specific 
antibodies. The transduction of the detection signal was mainly ach
ieved by using optical, amperometric, or electrochemical detection 
methods. Gold has emerged as a favorable material for the design of 
biosensing tools due to its outstanding optical and ligand functionali
zation properties. However, even though promising biosensors are 
available, there are still some challenges to focus on when it comes to 
application-based transfer from the laboratory to medical point-of-care 
and bedside use. The corresponding practical applicability of these 
biosensors could be improved by reducing the level and complexity of 
instrumentation for better accessibility of the measurement devices in 
hospitals. In addition, the development of simple handling protocols 
could obviate the need for specially trained personnel or costly training 
courses. In addition, there could be economic and environmental con
siderations, such as the commercialization of biosensors as disposable/ 
single-use or reusable devices. Considering all of the above, there are 
also regulatory issues in the approval of medical devices (for the country 
concerned), which have to be considered in the design and processing of 
biomedical biosensors targeting galectins. 

5. Outstanding questions and perspectives  

• Which route to clinically applicable galectin inhibitors is optimal in 
terms of price, speed, and reliability: direct in vivo assays or the 
gradual analytical sequence „inter-molecular interaction – cell cul
ture assays – in vivo assays“?  

• Are the results of a single affinity assay even relevant for the ranking 
or screening of compounds? Or should we always consider at least 
two different assays to draw trustworthy conclusions? 

• What properties are vital for galectin inhibitors intended for thera
peutic purposes? Is it high binding/ inhibition efficiency or their 
properties in vivo, such as bioavailability, compound metabolism, or 
biocompatibility?  

• Is the clinical impact of rare tandem-repeat galectins at all relevant 
and worth the search for selective inhibitors? Or will their influence 
always be overshadowed by the most abundant Gal-1 and/ or Gal-3? 

• What properties are required of a good ligand for diagnostic pur
poses, apart from high affinity? 

6. Conclusions 

Carbohydrate-based inhibitors of galectins have the significant and 
yet unappreciated potential for the diagnosis and therapy of a variety of 
diseases associated with galectin overexpression. Based on the func
tional mechanisms known to date, carbohydrate compounds primarily 
target the inhibition of extracellular galectins. Though current clinical 
research is mainly focused on Gal-3 and its application in anti-tumor 
therapy and pulmonary fibrosis (Laaf et al., 2019), basic research in 
this area is rapidly expanding to other galectins and disorders as evi
denced by the steadily growing number of patents and solved crystal 
structures (https://www.rcsb.org/). Fighting the COVID-19 pandemic, 
Gal-3 inhibitors are discussed for the treatment of COVID-19 by 
reducing the release of cytokines in the inflammatory response (cytokine 
storm) and by blocking the cell attachment of the SARS-CoV2 virus via 
the spike protein (Caniglia et al., 2020; Sethi et al., 2020). However, 
despite intense interest from the scientific public and extensive research, 
very few compounds have reached clinical evaluation so far (http:// 
clinicaltrials.gov/). 

The route to a potential candidate worthy of reaching this final stage 
of evaluation is usually quite complicated. The goal of this review is to 
define and classify important milestones along this path, which ranges 
from a simple assessment of inter-molecular interaction with the target 
galectin and goes over the understanding of its effects at the cellular 
level to the results of in vivo assays in animal models. As well known 
from in vivo experiments, a careful selection of the appropriate model 
and conditions can determine the success or failure of the whole 
concept. The previous screening procedures summarized herein should 
help minimize this risk and present strong and reliable background data, 
on which to build. A careful pre-screening of galectin-targeting candi
dates alone, starting with the assessment of intermolecular interaction, 
may avoid culs-de-sac like in the case of modified citrus pectin (Fan et al., 
2018a, 2018b; Stegmayr et al., 2016). 

Over the past twenty years, galectin-glycan research has shifted from 
galectin inhibition by simple disaccharides or undefined poly
saccharides to sophisticated multivalent systems and tailored glycomi
metics that are the result of collaborative interdisciplinary efforts of 
modeling specialists, crystallographers, organic and material chemists, 
and molecular engineers. The development of informative and versatile 
methods to study galectin-carbohydrate interactions should keep pace 
with this process, as only a wide range of tailored methods to identify 
potential candidates can lead to rapid translation of galectin-targeting 
carbohydrate-based tools from the laboratory to the bedside. 

Author contributions 

L.E., P.B., and V.K. conceived the project scope. C.D., V.H., and L.E. 
performed the literature search. C.D. and V.H. designed the figures. V. 
H., P.B., C.D., V.K., and L.E. drafted the manuscript, all authors 
contributed to the discussion, editing, and completion of the manuscript 
and all authors approved the final submitted version. 

Credit author statement 

Viktoria Heine and Carina Dey contributed equally. 

Declaration of Competing Interest 

The authors declare no conflicts of interest. 

Acknowledgments 

V.H., P.B., and V.K were supported by the Czech Science Foundation 
(grant project 20-00215S) and by the Ministry of Education, Sports and 
Youth of the Czech Republic (mobility projects LTC20069, LTC18041, 
and LTC20072). L.E. and V.K. gratefully acknowledge the financial 
support from the German-Czech joint project by the German Research 
Foundation (Deutsche Forschungsgemeinschaft, DFG, project no. EL 
135/12-1) and the DAAD-AVČR mobility project No. 20-04. The authors 
are thankful for mobility and networking support from the EU COST 
actions CA15135 MuTaLig, CA16225 EU-CARDIOPROTECTION, 
CA18132 GLYCONanoPROBES, CA18103 INNOGLY, and CA16122 
BIONECA. C.D. and L.E acknowledge support by the Collaborative 
Research Center (CRC) grant SFB 985 project C3 from DFG (Deutsche 
Forschungsgemeinschaft). 

References 

Aanhane, E., Schulkens, I.A., Heusschen, R., Castricum, K., Leffler, H., Griffioen, A.W., 
Thijssen, V.L., 2018. Different angioregulatory activity of monovalent galectin-9 
isoforms. Angiogenesis 21, 545–555. https://doi.org/10.1007/s10456-018-9607-8. 

Ahmed, H., AlSadek, D.M., 2015. Galectin-3 as a potential target to prevent cancer 
metastasis. Clin. Med. Insights Oncol. 9, 113–121. https://doi.org/10.4137/CMO. 
S29462. 

Aits, S., Kricker, J., Liu, B., Ellegaard, A.M., Hamalisto, S., Tvingsholm, S., Corcelle- 
Termeau, E., Hogh, S., Farkas, T., Holm Jonassen, A., Gromova, I., Mortensen, M., 
Jaattela, M., 2015. Sensitive detection of lysosomal membrane permeabilization by 

V. Heine et al.                                                                                                                                                                                                                                   

https://www.rcsb.org/
http://clinicaltrials.gov/
http://clinicaltrials.gov/
https://doi.org/10.1007/s10456-018-9607-8
https://doi.org/10.4137/CMO.S29462
https://doi.org/10.4137/CMO.S29462


Biotechnology Advances 58 (2022) 107928

19

lysosomal galectin puncta assay. Autophagy 11, 1408–1424. https://doi.org/ 
10.1080/15548627.2015.1063871. 
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Böcker, S., Elling, L., 2017b. Biotinylated N-Acetyllactosamine- and N,N- 
Diacetyllactosamine-Based Oligosaccharides as Novel Ligands for Human Galectin-3. 
Bioengineering 4, 31. https://doi.org/10.3390/bioengineering4020031. 
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