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Abstract:  

Multivalent carbohydrate-mediated interactions are key to many biological processes including 

disease mechanisms. In order to study these important glycan-mediated interactions at a 

molecular level, carbon nanoforms such as fullerenes, carbon nanotubes or graphene and their 

derivatives have been identified as promising biocompatible scaffolds that can mimic the 

multivalent presentation of biologically relevant glycans. In this minireview we will summarize 

the most relevant examples of the last few years in the context of their applications. 

 

 

1. Introduction. 

Carbohydrates are ubiquitous and heterogeneous molecules which are fundamental to many 

biological processes that build and sustain life.1 These include a myriad of relevant biological, 

physiological as well as pathological events, such as cell growth and differentiation, pathogen 

infection, tumor progression and metastasis, inflammation, and many others.2 These 

carbohydrate-mediated processes result from interactions with specific receptors, mainly 

proteins known as lectins.3 Carbohydrate–lectin interactions are often characterized by high 

selectivity and low affinity (typically in the mM to µM range) and in most cases require divalent 

cations (e.g. calcium). Nature compensates this low affinity by employing multivalent 

interactions resulting from the presentation of multiple copies of the carbohydrate epitopes and 

receptors, this effect is often refer to as multivalency.4, 5 These type of interactions allow the 

increase of both affinity and selectivity of the binding process, however, from the molecular 

point of view, the nature of this increment of affinity in multivalency is not completely 

understood due to the enormous complexity of this process. In fact, it is assumed that 

clustering, rebinding, chelation, etc. can all contribute simultaneously to the multivalent 

interaction, and dissecting the weight of each component separately is in most cases not 

possible.6 For these reasons and because of how important the fundamental understanding of 

protein-carbohydrate mediated processes is, the study of multivalent interactions is the topic of 

much research in the glycobiology field.  

In order to gain better insights of multivalent carbohydrate-mediated processes and their 

interactions with their corresponding receptors, surface functionalization of nanomaterials with 

different glycan has been exploited as a synthetic strategy and a wide range of novel 

nanoprobes that can present glycans in different multivalent 3D arrangements have been 

designed.7 Indeed, some of these multivalent architectures bearing carbohydrate ligands have 

been evaluated toward enzymatic interactions studies,8 drug delivery applications and in the 

development of anticancer therapies.9, 10 Not only multivalency, but also the shape and size of 

the probe, the nature of the surface coating and type of functionalization (e.g. conjugating 
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linker), play a pivotal role in the interaction of these materials with their biological target and 

thus it will influence both their in vitro and in vivo activity. In the search for innovative 

multivalent platforms, several authors have focused on less unexplored carbon nanostructures, 

such as fullerenes, nanotubes or graphene and their derivatives, as very attractive, promising 

and biocompatible 2D or 3D scaffolds for the multivalent presentation of sugars. All these 

multivalent carbon nanoform-based glycoconjugates will be discussed in this review, with an 

emphasis in their biological applications in the last recent years. 

 

2. Glycofullerenes. 

Among the many bioactive carbon nanoforms developed during the last few years, 

glycofullerenes are of particular interest. Particularly, in the search for innovative multivalent 

scaffolds, hexa-substituted glycofullerenes have attracted much attention owing to its 

octahedral symmetry and globular structure, which allow the 3D distribution of the sugars 

around the C60 core and make these scaffolds an interesting biocompatible carbon nanoplatform 

for the multivalent presentation of carbohydrates.11, 12 Moreover, [60]fullerene post-

functionalizable hexakis-adducts allow the simultaneous grafting of twelve groups which 

offers a clear advantage for the fast construction of dendrimers with regard to other carbon-

based platforms in which multivalent conjugation is much less defined.13  

 

2.1. Glycofullerenes as antiviral agents. 

One of the many strategies aimed to design glycoconjugates as antiviral agents against viral 

infections is based on the development of probes that mimic the carbohydrate cloak on the viral 

surface (generally of globular geometry) which can interfere with the infectious process by 

blocking the interaction with the corresponding cell-surface receptor. Within this context, 

glycofullerenes have been remarkably exploited during the last decade for the preparation of 

multivalent glycoconjugates.14, 15 

Rojo, Martin, Delgado et al. have developed a straightforward strategy based on the 

Copper (I)-Catalyzed Alkyne-Azide Cycloaddition (CuAAC) reaction to “click” 

simultaneously twelve glycoderivative-motifs to alkyne-substituted hexakis-adducts in a 

regioselective and efficient way and in few steps with good yields.16-18 In particular, their 

attention have been focused on the development of sugar-balls to inhibit viral infections of 

emergent viruses such as Ebola (EBOV), Zika (ZIKV) and Dengue (DENV). It is known that 

these kinds of viruses interact with DC-SIGN receptor, a C-type lectin present on the surface 

of immune cells.19-22 The main carbohydrate ligand recognized by DC-SIGN is the high-

mannose glycan with the mannosyl nonasaccharide Man9 being the main epitope to interact 

with this receptor.23 In 2016, the authors described the preparation of tridecafullerenes 1-3 

(Figure 1), so-called ‘superballs’,24 in order to dramatically increase the valency and the size 

of the fullerene derivatives, using a synthetic strategy they had previously reported.16-18 These 

superballs were coated with 120 peripheral mannose subunits, which were constituted by a 

central C60 scaffold in which the 12 alkyne groups were clicked to 12 mannose-containing C60 

units. The synthesis of these superballs was performed in good yields of 73-79% via CuAAC 

click reaction employing CuBr·S(CH3)2 as the catalyst and sodium ascorbate as the reducing 

agent in presence of a piece of metallic Cu in DMSO. 
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Figure 1. General structures of superballs 1-3. 

 

Although all tridecafullerenes contain the same number of sugars, in order to study the 

effect of the steric congestion on antiviral properties, two different linkers were used to obtain 

final products with different spacers between the peripheral sugar-functionalized fullerenes and 

the fullerene central core. The most flexible ethylene glycol-based linker could allow for the 

better accessibility and availability of the carbohydrates in the interaction with the 

corresponding receptor. Moreover, as negative control, a tridecafullerene coated with galactose 

(3) was also prepared, since DC-SIGN is not able to recognize galactose. In addition to those, 

glycofullerenes decorated with 12 and 36 mannoses were also included in these series to study 

the effect of multivalency presentation on the antiviral properties.18 

Despite the high molecular weights and complexity of these molecules, compounds 

could be well characterized by standard spectroscopic techniques (FTIR and NMR 
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spectroscopy) as well as dynamic light scattering (DLS), transmission electron microscopy 

(TEM) and X-ray photoelectron spectroscopy (XPS).  

The ability of these “giant” tridecafullerenes to inhibit the infection of Jurkat cells using 

Ebola virus glycoprotein (EBOGP) pseudotyped viral particles as infectious agents (Figure 2) 

was evaluated and the outcomes summarized in Table 1. 

 

 
Figure 2. “Giant” tridecafullerenes inhibiting the Ebola virus glycoprotein (EBOGP) 

pseudotyped viral particles infection of Jurkat cells. 

 
Table 1. Comparison of IC50 and RIP values of different 

mannosylated glycofullerenes. 

Compound Nº of Man IC50 (nM) RIP* 

1 120 0.667 1.58 x 104 

2 120 20.375 5.2 x 102 

4 36 300 1.17 x 102 

5 36 68,000 0.5 

6 12 2,000 53 

-methyl-D-

mannopyranoside 
1 1.27 x 106 1 

*RIP, calculated as (IC50)mono/IC50*valency ((IC50)mono, IC50 of 

the monovalent compound; IC50*valency, IC50 of the multivalent 

compound multiplied by the number of ligands present in the 

glycofullerene compound.  

 

Both tridecafullerenes functionalized with mannose moieties exhibited very strong antiviral 

activity at picomolar to nanomolar concentration range. Compound 1 (IC50 of 0.7 nM) was almost one 

order of magnitude more potent at inhibiting the infection process in comparison with the most compact 

tridecafullerene 2 (IC50 of 20). A multivalent effect could be observed when compared with 

glycodendrifullerenes coated with 36 mannoses 4 (long linker) and 5 (short linker), whose IC50 were of 

300 and 68000 nM, respectively. The IC50 values for tridecafullerenes surpassed by three orders of 

magnitude (two if the mannoses number is taken in account) in comparison with glycofullerene 6 

endowed with 12 mannoses. These data revealed that the valency number, as well as the length and the 

flexibility of the linker unit between the core and the peripheral sugars, were important factors involved 

in the affinity of multivalent ligands towards antiviral infections. The importance of the length of the 

linker in glycofullerenes in biomedical applications were previously confirmed by NMR spectroscopy 

studies.25 

More recently, some of us have reported the synthesis of groundbreaking mannobiosylated 

tridecafullerenes, so-called ‘nanoballs’, with up to 360 sugar functionalities.26 Interestingly, nanoballs 

were decorated with α(1,2)mannobiosides instead of mannose, since the presence of the disaccharides 

increase by 3-4 fold the affinity to DC-SIGN. In this case, the synthetic strategy employed was based 

on post-functionalizable hexakis adducts of [60]fullerene via metal-free click chemistry.27, 28 Symmetric 

and asymmetric hexakis-adduct of C60 functionalized with twelve cyclooctyne groups were used to 
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further carry out the strain-promoted azide-alkyne cycloaddition (SPAAC) reaction with the 

corresponding azide derivative.27 This methodology allowed for the efficient assembly of 

glycofullerenes functionalized with 12 galactoses (8, as negative control), 12 mannoses (9, as positive 

control) and 12 (10) and 36 (11) α(1,2)mannobiosides motifs. On the other hand, the synthesis of 

nanoballs coated with 120 (12) and 360 (13) α(1,2)mannobiosides residues was also accomplished in 

this manner. It is worth highlighting that the synthesis of C60-360ManMan (13) represents the fastest 

dendritic growth reported up to now in the literature. From a synthetic point of view, the SPAAC 

methodology offers several benefits in comparison with CuAAC version such as the absence of 

cytotoxic copper, easier purification, lower reaction times and higher yields. This represents a clear 

advantage when using sophisticated building blocks such as mannobiosides. 

In a similar way, the team evaluated the inhibitory effect of these molecules in a pseudotyped 

Zika and Dengue viral model employing Jurkat DC-SIGN cells. First, the efficiency of compounds 8-

13 to inhibit DC-SIGN was tested, showing dependence on the numbers of carbohydrates. Secondly, 

the antiviral activity of the three best ligands with 36 (11), 120 (12) and 360 (13) disaccharides (Figure 

3) was measured and their IC50s values are summarized in Table 2.  

 

 
Figure 3. General structures of nanoballs 11-13. 

 
Table 2. IC50 values for nanoballs in inhibition studies Zika and Dengue-presutotype virus 

Compound Nº of Man-Man ZIKA (IC50 nM) DENGUE (IC50 nM) 

11 36 8.35 7.71 

12 120 0.52 0.098 

13 360 0.067 0.035 

 

The three nanoballs 11-13 showed very strong antiviral activity at picomolar to 

nanomolar concentrations, with the ligand bearing 360 sugars (13) being the best one to inhibit 

the viral infection for both ZIKV and DENV in the picomolar range (IC50 of 67 pM for ZIKV 

and IC50 of 35 pM for DENV). Enhancement of one order of magnitude was observed with the 
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increase of the numbers of sugars, which reveals a clear multivalent effect. These data for both 

super- and nanoballs suggest that an increasement of valency of the systems turned out to 

achieve improved biological activity, validating the use of higher glycofullerene-based 

antivirals as effective probes to block carbohydrate receptors and inhibit the infection process. 

 

2.2. Glycofullerenes as enzymatic inhibitors. 

Owing to the enormous relevance of glycosidases in nature, these important carbohydrate-

modifying enzymes are considered attractive targets for the development of biomedical agents 

for the treatment of pathologies29, 30 such as viral infections,31 cancer and tumour metastasis,32, 

33 influenza,34 diabetes,35-37 Alzheimer disease,38 lysosomal storage disorders39 and as  

antimicrobial agents.40, 41 In this context, the search of new multivalent platforms as 

glycosidase inhibitor is a growing  area of interest in glycoscience that has emerged a few years 

ago and has led to the development of of inhibitors based on a wide range of core structures 

such as cyclodextrins,42-45 glucose,46 galactose,46 calix[4]arene,46 porphyrin,46 trehalose,46 

micelles,47 cyclopeptoid cores,48, 49 dextran polymers,50 nanodiamonds,51 among others. Of 

note is the use of iminosugar-fullerene conjugates with high valence displaying strong binding 

enhancements over the corresponding monovalent inhibitory motif (inhitope).52-54 

Mellet, Compain, Nierengarten et al.55-57 have reported the synthesis of C60-based DNJ 

glycoconjugates and sp2 iminosugar glycomimetics with potential ability to inhibit the activity 

of different glycosidases. In the present review, we will discuss the most recent developments 

in the synthesis of these important DNJ glycoconjugates and their applications. Glycofullerenes 

coated with DNJ iminosugars using the versatile CuACC strategy described above were 

prepared, namely fullerodendrimers 14-1555 and the superball 1656 (Figure 4). These 

nanoconstructs differ in the carbohydrate valency which is presented in a globular manner. As 

a structurally related monovalent control, DNJ iminosugar 17 and the corresponding 

iminosugarball 1858 decorated with 12 DNJ moieties were also included in the study for 

comparison.  
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Figure 4. General structures of glycofullerenes 14-16 and 18 and monovalent iminosugar 17. 

 

The inhibition profile of the C60-based DNJ glycoconjugates 14-16 were evaluated 

against a panel of commercial glycosidases including -glucosidases (from yeast maltase and 

A. niger amyloglucosidades), -glucosidades (from almonds), -galactosidades (from green 

coffee beans), -galactosidase (from E. coli) and -mannosidades (from Jack Bean -Man). 

However, Mellet, Compain, Nierengarten et al. focused their attention on Jack Bean -Man 

(JB -Man), being the most popular glycosidase for multivalent enzyme inhibitory (MEI) 

studies. Unlike other glycosidases, JB -Man possesses open, readily accessible catalytic sites, 

and is highly sensitive to weak inhibitory motifs presented as multivalent glycomimetic 

inhibitors.3 Due to this, inhibition potency enhancements well beyond that expected from a 

statistic effect were achieved. In this review, we discuss the results obtained from this enzyme 

topology. The inhibition constants (Ki) and relative inhibition potency on a DNJ molar basis 

(rp/n) are summarized in Table 3. 

 

Table 3. -Mannoside (JB -man) inhibitory activities (Ki) for 

monovalent DNJ derivative 17 and multivalent DNJ-fullerenes 14-

16 and 18. 

Compound Nº of DNJ sugar Ki (M) rp/n* 

14 36 0.064 88 

15 108 0.0072 262 

16 120 0.0018 944 
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18 12 0.099 172 

17 1 204 1 

*rp = Ki (reference)/Ki DNJ-fullerene, n = number of inhitope units 

relative to the number of inhitopes in the considered reference.   

 

First, a dramatic enhancement of the glycosidase inhibitory effect was observed of three 

orders of magnitude for first-generation fullerodendrimer 14 as compared to that of the 

corresponding monovalent model compound. Moreover, this compound showed similar Ki to 

the corresponding dodecavalent glycocluster 18. Second-generation fullerodendrimer 15, with 

108 DNJ motifs at the periphery, and 120-valent DNJ-coated superball 16, behave as very 

potent inhibitors of JB -Man with Ki values of 7.2 and 1.8 nM, respectively. A direct 

comparison with the corresponding first-generation fullerodendrimer 14, both compounds 

showed an additional binding enhancement of one order of magnitude. Remarkably, over a 

1,000000-fold increase was observed comparing giant iminosugar ball 16 to monovalent 

control 17 and a 55-fold enhancement in the inhibition potency when compared to the 

corresponding dodecavalent version 18, well over a statistic effect.  

In order to study the effect of MEI, the relative inhibition potency on a DNJ molar basis 

(rp/n) was analysed. In spite of both iminosugarsballs 18 and 14 showing a similar Ki, a 

normalized relative inhibition potency of 172 and 88 were obtained, respectively. This feature 

indicated that a higher inhitope density is slightly detrimental in this case in terms of relative 

potency. On the other hand, the rp/n values triple in the case of the 108-valent derivative 15 

when compared to the corresponding first-generation analogue 14, showing a clearly 

multivalent effect. It is worth noting that the MEI effect observed for 120-valent DNJ-coated 

superball 16 was comparable to the 108-valent compound 15 (e.g. similar Ki). That suggest that 

the inhitope density at the periphery of multivalent constructs is important, and that it also play 

an important role in the MEI effect. Interestingly, the inhibition activity was competitive in all 

cases except for 16, where a mixed-type inhibition was observed, that is, the superiminoball 

can bind to both the enzyme and the enzyme-substrate complex, preventing substrate 

hydrolysis in both cases. The uncompetitive component reveals for the first time that strong 

inhibition of -mannosidase can be reached by using multivalent inhibitors even when the 

active site is fully occupied. It is important to highlight that this feature has only been 

previously observed for fullerene derivatives homogeneously decorated with carbohydrates or 

heterogeneously functionalized with carbohydrates and sp2-iminosugar glycomimetics59-63 

against -galactosidase.49, 57, 64 

Vicent et al. have extended the concept of multivalent enzyme inhibition to other major 

class of glycosyl processing enzymes, namely glycosyltransferases65 by using multimeric 

glycoclusters based on fullerene as central scaffold.66, 67 In 2016, they reported the synthesis of 

unprecedent Kdo glycofullerenes 19-22 (Figure 5) and the enzymatic assays against 

therapeutically relevant bacterial heptosyltransferase I (WaaC).67 This transferase is an 

important bacterial glycosyltransferase that is involved in lipopolysaccharide biosynthesis, 

which catalyze the regio- and stereoselective transfer of a saccharide from a glycosyl donor to 

a glycan acceptor. 
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Figure 5. Structures of compounds 19-22 

 

The novel Kdo glycofullerenes displayed very potent inhibition activity in the 

submicromolar scale, being 19 the best inhibitor with a Ki = 0.14 µM. It is noteworthy that this 

inhibition level is rarely observed with glycosyltransferases. Moreover, they demonstrated that 

the inhibitory power of these glyconanomaterials depends on the absolute configuration of both 

C-1 and C-4 of the Kdo ligands, while the length of the spacer does not affect the affinity for 

WaaC. A direct comparison with the corresponding monovalent version clearly showed that 

no or modest multivalent effect was observed for glycofullerenes 19-22 (calculated by analysis 

of the affinity enhancement of a ligand when presented in a multimeric fashion, based on 

normalized IC50 values). These new discoveries have contributed to the design of a new 

generation of inhibitors of glycosidaseses employing [60]fullerene or others 3D carbon 

nanoforms as multivalent central core. The concept of multivalent enzyme inhibition could be 

applied to other kinds of enzymes which are exposed in cell or virus outer membrane.  

 

2.3. Glycofullerenes as anti-bacterial agents. 

Another example where [60]fullerene molecules have been employed as multivalent platform 

is in the field of anti-bacterial inhibition processes. In 2015, Buffet et al. reported the 

preparation of a series of water-soluble fucofullerenes 23-24 containing up to 24 fucose 

residues (Figure 6) against two bacterial lectins, namely LecB from P. aeruginosa and RSL 

from R. solanacearum.68 

 

 
Figure 6. Structures of compounds 23-24. 
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For both LecB and RSL, C60(Fuc)24 24 appeared to be the best inhibitor (KD in 

nanomolar range, measured by ITC experiments), showing an enhancement of the binding 

affinity when going from monomeric to multimeric ligands. Interestingly, comparison with a 

monomeric reference ligand and the efficiency per ligand epitope, showed the multivalent 

effect was by far more important for RSL when compared to LecB. This difference could be 

explained in terms of topology of both lectins, being indeed completely different. While in the 

case of RSL, six binding pockets are located on the same face of the protein, LecB has four 

binding pockets located quite far apart (which means large multivalent effects might not be 

observed). In the latter case, it is only possible the simultaneous bind two sugar units from the 

same fucofullerene to two different LecB proteins. The authors concluded that the multivalent 

effect observed can be attributed exclusively to aggregation effects, as confirmed by the 

aggregation observed at the end of the ITC experiments (Fig. 7A). For the RSL lectin, the 

authors proposed a chelate binding between fucofullerenes and this lectin is most likely 

responsible for the binding enhancement (Fig. 7B). However, it is foreseeable that only a small 

amount of the sugar epitopes is participating at the same time, probably owing to steric 

hindrance around the fucofullerene derivatives after binding two or more lectins. 

 

 
Figure 7. Schematic representation of the clustering resulting from the association of 

fucofullerene with LecB (A) and the simultaneous binding of two fucose units of fucofullerene 

to RSL (B). Image reproduced with permission from Royal Society of Chemistry.69 

 

It is important to highlight that compound 24, bearing 24 fucose units on the fullerene 

surface is one of the most potent ligands for both LecB and RSL lectins reported to date, 

showing the potential of glycofullerenes in anti-adhesive therapeutic applications.70-72 

 

2.4. Glycofullerenes as anticancer agents. 

Recently, Serda et al.73 have employed glycofullerenes as non-receptor tyrosine kinase 

inhibitors involved in pancreatic cancer. The glycofullerenes, decorated with D-glucosamine 

motifs bearing the free anomeric OH were conjugated via the C-2 amine to the central scaffold 

(Figure 8) and tested as potential inhibitors of non-receptor tyrosine kinases including the 

ABL1, BRK, BTK and Src family kinases (CSK, Fyn A, Lck, Lyn B and Src). Compound 25 

showed a higher inhibitory activity profile than 26 for Src family kinases, as well as ABL1, 

BRK, and BTK kinases. This glyconanomaterial 25 presented the lowest value of the IC50 

parameter for Fyn A and BTK proteins and being able to selectively modulate the activity of 

both enzymes. This selectivity was owing to the formation of a protein corona around 

derivative 25, confirmed by SDS-PAGE electrophoresis studies. Interestingly, both 25 and 26 

appeared to be non-toxic for the pancreatic cancer cell cycle (tested in two human pancreatic 

cancer cell lines: PANC-1 and AsPC-1). However, the molecules induced autophagy and 
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disrupted redox balance, triggering the upregulation of repair systems and influencing the 

changing of Fyn and BTK protein levels in both pancreatic cancer cell lines.  

 

 
Figure 8. Structures of glycofullerenes 25-26 

 

Previously, the same authors carried out internalization studies of C60(GlcNAc)6 25 in 

pancreatic stellate cells (PSCs) by co-localization studies,74 which are involved with the 

establishment of dense stroma regions in cases of advanced pancreatic adenocarcinoma. As 

depicted in Figure 9, compound 25 was predominantly accumulated in the nucleus of PSCs and 

displayed strong photodynamic cytotoxic behavior, when illuminated with blue and green light.  

 

 
Figure 9. Confocal micrograph depicting pancreatic stellate cells blue regions and magenta 

represents antibody-glycofullerene 25 conjugate. Reproduced with permission from Future 

Medicine.74 

 

These results represent the first example of [60]fullerene glycomaterials as selective 

non-receptor tyrosine kinases inhibitors, opening a new avenue for this kind of nanomaterials 

in the development of pancreatic cancer nanotherapeutics, as well as photodynamic therapy 

agents. 

 

3. Glycocarbon nanotubes (glycoCNTs). 

In addition to [60]fullerenes, other carbon nanostructures have also been developed for 

applications in the biological and medical fields.75-79 These carbon-based nanomaterials, 

carbon nanotubes (CNTs), namely single and multi-walled carbon nanotubes 

(SWCNTs/MWCNTs), have attracted significant interest mostly due to their attractive 

electrical, physical, mechanical and chemical properties. To that end, different strategies for 

their surface functionalization have been developed80-83 for different potential biological 

applications.84 Although, in recent years, CNT-based glycoconjugates77, 85-90 have received less 
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attention compared to [60]fullerene derivatives, CNT-based materials remain an 

unconventional and biocompatible platform that can help us study the multivalent effect in 

sugar-protein recognition processes. Here, we discuss the synthesis and biological applications 

of the most recent examples of CNT-based glycoconjugates.  

 

3.1. GlycoCNTs as antiviral agents. 

One of the most representative examples of nanocarbon-based glycoconjugates as multivalent 

inhibitors of viral infection, came from the group of Martin and co-workers,91 where 

multivalent glycoconjugates 27-30 were described (Figure 10A). CNTs were chosen as a 

platform for glycan presentation because these multivalent nanosized glycoconjugates could 

mimic the shape or surface of EBOV, since the elongated shape of CNTs resembles the 

filamentous structure of this virus (Figure 10B). Glycoconjugates 27-30 were prepared starting 

by the chemical functionalization of the surface of the CNTs whereby alkyne groups were 

introduced, followed by a one-pot deprotection/CuAAC click reaction with the corresponding 

azide-substituted glycodendron or glycofullerene. In this way, it was possible to access 

materials that allowed the team to study the biological effect of both glycodendrons and 

glycofullerenes presentation systems. 

 

A) 
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B) 

 
Figure 10. Structures of (A) glyconanomaterials 27-30 and (B) representation of filamentous 

structure of EBOV (left) and SWCNTs (right). 

 

Characterization of these hybrid materials can be challenging, techniques such as DLS, 

thermogravimetric analysis (TGA), Raman spectroscopy, Fourier transform infrared 

spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and transmission electron 

microscopy (TEM) were all applied to provide insights into the physicochemical properties of 

the materials. Moreover, the antiviral activity of the nanoglycocomposites decorated with 

mannose 27-30 was evaluated using pseudotyped viral particles which present EBOV 

glycoproteins on their surface in a similar way as described previously in section 2.1. It was 

found that the number of multivalent ligands was as important as the size and morphology of 

the scaffold used for their presentation. In particular, glycoconjugates based on 3D MWCNTs 

28 resulted to be potent inhibitors of EBOV infection (Figure 11), with no appreciable cytotoxic 

effects. These CNFs can be considered novel efficient multivalent platforms which tunable size 

and high biostability properties make of them very appealing materials for the development of 

antivirals and other biomedical applications. 
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Figure 11. 3D MWCNTs glycoconjugates such as 28 as potent inhibitors of EBOV infection. 

 

 

3.2. GlycoCNTs as anti-bacterial agents. 

Recently, CNTs-based glycoconjugates where the scaffolds are assembled via non-covalent92, 

93 and covalent94 bonds have been reported for anti-bacterial purposes. Khiar et al.92 have 

developed a mannose-based polymerized glyconanorings capable of self-assembly on the 

surface of SWCNT with  a non-covalent supramolecular fashion resulting  in an abacus-like 

geometry after ultraviolet irradiation.  

The water stable 1D-mannose-coated SWCNT 31 was characterized using conventional 

techniques used in material sciences such as NIR, TEM, AFM, DLS and Raman spectroscopy. 

First, the ability of 31 to specifically interact with Concanavalin A (ConA) lectin by the so-

called enzyme-linked lectin assay (ELLA) was determined. This study showed a significant 

cluster glycoside effect with 2340-fold enhanced relative binding potency in sugar molar basis, 

with respect to the monovalent methyl -D-mannopyranoside control. Importantly, this finding 

was validated in vitro using an agglutination assay of the enterobacteria E. coli type 1 fimbriae 

(Figure 12A).92  

 

 
Figure 12. Schematic representation of the Fim H adhesin promoted specific interaction of E. 

coli with 31 (A) and TEM images of E. coli strains ORN178 and ORN208 alone, and ORN 

with 31 (B). Reproduced with permission from Royal Society of Chemistry.92 
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For this purpose, two different E. coli strains with and without the mannose receptor 

FimH were used, namely ORN178 and ORN208, respectively. The manno-CNT 31 showed 

efficient and selective regulation of the agglutination and proliferation of FimH-presenting E. 

coli type 1 fimbriae strain, observing a fireball-like cluster by thousands of bacteria as shown 

by high resolution TEM (Figure 12B). As expected, in the case of the FimH-devoid strain, 

inhibition of bacterial growth was not observed. More recently, the Khiar group carried out the 

same study with glyco-CNTS where mannose and lactose residues were covalently attached to 

SWCNT.94 In a similar way, the mannose-coated SWCNTs were able to agglutinate and inhibit 

in an efficient and selective manner the bacterial growth of E. coli, while the corresponding 

lactose-coated 1D-carbon nanotubes showed no formation of bacterial aggregates as expected 

since lactose is not a ligand for FimH. These findings highlight the potential of sugar-coated 

1D-SWCNT as novel and effective antiadhesive drugs for the modulation of bacterial 

pathogenesis. 

 

3.3. GlycoCNTs as anticancer agents. 

Sugar-coated CNTs have also found applications as anticancer agents where the 

functionalization of MWCNT with the nonimmunogenic, biocompatible, biodegradable and 

noninflammatory hyaluronic acid (HA) was exploited.95, 96 The system, takes advantage of the 

overexpression of the HA-binding receptors e.g. cluster determinant 44 (CD44) on the surface 

of malignant cells. Therefore, HA-functionalized smart MWCNTs have been employed as 

anticancer drug nanocarriers to encapsulate doxorubicin (DOX) for targeted delivery to cancer 

cells.97 

In 2018, Richichi et al.98 reported the functionalization of MWCNT with GM3-lactone 

mimetic as an inhibitor of melanoma-associated metastatic events (Figure 13). For this purpose, 

the group investigated the effect of this nanosized glycoconjugate 32 on the metastatic-related 

events of A375 human melanoma cells, where they monitored cellular adhesion, migration and 

invasiveness properties. The in vitro results showed no toxicity for compound 32 and a great 

interference effect with A375 cell adhesion properties. Moreover, induction of strong inhibition 

on the migration and invasiveness of the melanoma cells was observed. These results taken 

together hold great potential for future applications of glyco-MWCNT against melanoma. 

 

 
Figure 13. Structure of glyconanomaterial 32. 

 

4. Glycographenes. 

Pristine graphene and its derivatives such as graphene oxide (GO)99 and reduced graphene 

oxide (rGO)100 similarly to CNTs have attracted wide scientific interest thanks to the high 

chemical stability, electrical conductivity and photoelectric properties. These, together with the 
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high biological tolerance exhibited by graphene derivatives have given rise to a plethora of 

applications as functional nanomaterials,101 in nanomedicine,102 microelectronics103 and in the 

development of wearable devices104 among others. 

The glycan functionalization of graphene platforms either via covalent binding or non-

covalent interactions has been adopted as a key strategy to increase the water solubility, 

colloidal stability and biocompatibility of these carbon-based nanomaterials. In most cases, the 

decoration of GO and rGO with glycoconjugates is achieved via π-π staking interactions 

between the graphene scaffold and a glycosidic derivative functionalized with an aromatic 

moiety. However, some studies have also explored novel structures where single sugars105 or 

polysaccharides106, 107 can be covalently bound to either pristine graphene or rGO. In this 

section, we will highlight the most recent advances on the synthesis and applications of glyco-

functionalized GO and rGO as biosensensors and as antimicrobial and anti-cancer agents. 

 

4.1. Glycographene derivatives for biosensing applications. 

Glycan-decorated graphene probes were developed to exploit the strong and specific 

multivalent interaction between carbohydrates and their corresponding lectin receptors and 

used to detect lectins and lectin-expressing cells both in vitro and in complex matrixes.108 For 

instance, the conjugation of glycosides to aromatic dyes led to the development of fluorescent 

glycoreporters adsorbed on the surface of graphene derivatives via π-π staking interaction. This 

strategy has been exploited for improving the water solubility and reducing the toxicity of some 

organic dyes applied in imaging and sensing studies.109 Glycographene derivatives have been 

evaluated most commonly in sugar/lectin models involving the use of glucose or 

mannose/ConA108 and galactose/peanut agglutinin (PNA) interaction pairs.110 These models 

served as preliminary in vitro studies to evaluate the efficiency and specificity of graphene 

glyconanocomposite prior to the study of more complex targets such as mannose receptors 

expressed on the surface of macrophages and dendritic cells, FimH protein expressed on the 

surface of E. coli and galactose-binding asialoglycoproteins expressed on the surface of 

hepatocytes, among others.111-113 

A major contribution to the field of graphene glycoprobes has come from He and co-

workers,114 which recently developed a fluorescent probe for the simultaneous detection of 

galactose and mannose binding proteins. Galactose and mannose derivatives were conjugated 

to either dicyanomethylene (λex = 460 nm, λem(max) = 620 nm) to furnish glycoconjugates 33 

and 34, respectively, or to aminocoumarin (λex = 420 nm, λem(max) = 500 nm) to give galactose 

and mannose derivatives 35 and 36, respectively. These sugar-dyes that can be simultaneously 

exited at 430 nm resulting in the emission of two distinct signals. The probes were grafted onto 

the GO platform which quenched the fluorescence of the dyes likely via Förster resonance 

energy transfer (FRET) as proposed by the authors, due to the GO’s broad adsorption band. 

Interaction between the protein receptor and the GO-glycan complex results in the dissociation 

of the protein/glycoside-dye complex from the GO structure, restoring the fluorescent 

properties of the dyes (Scheme 1). The system allowed for the orthogonal identification of 

mannoside and galactoside receptors with a LOD of 37 and 44 nM for ConA and PNA, 

respectively. 
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Scheme 1. Structure of galactose- and mannose-dye conjugates 33-36 used for the 

complexation with GO to form 37 then tested with ConA, PNA or a combination of both to 

detect with a single excitation the simultaneous emission of the dissociated glycosyl-dyes. 

 

Xie et al. have developed a graphene electrosensors for live cell sensing applications, 

in which glycan-probes adsorbed onto GO allowed for the selective detection of live cells and 

pathogens expressing mannose-binding proteins.112 Azide-functionalized mannosides were 

clicked with an antrhaquinone moiety via CuAAC ligation to give 38 which was then grafted 

onto a GO-coated electrode. A diffusion-to-surface redox process employing [Fe(CN)6]
3-/4- was 

used to monitor the interaction between a mannose binding protein such as ConA and live cells 

expressing mannose-specific lectins e.g. tumour associated M2 macrophages and E. coli 

(Scheme 2). The mannose-receptor binding event created a shield that hampers the diffusion 

of Fe to the electrode surface with great specificity and linearity over an increasing 

concentration of ConA. The sensor was able to specifically recognize E. coli and M2 

macrophages cells that express mannose-binding in complex matrices with a good linear 

response over a wide concentration range. 

 

 
Scheme 2. Structure of mannosyl anthraquinone 38 and self assembled complex on GO-cated 

electrode. After the interaction with mannose-binding cells and pathogens the diffusion to the 

surface of the redox probe [Fe(CN)6]
3-/4- changes with linear concentration-dependence of the 

mannose-binding species. 

 

These exciting results obtained from glycan-functionalized graphene and its derivatives 

suggest these materials are promising targets for further development as biosensors. Novel 
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fluorescent or electrochemical probes with very low LOD can find applications in the screening 

of complex matrices for the accurate and early detection of cancers and pathogenic infections.  

 

4.2. Glycographene derivatives for antibacterial applications. 

Due to the challenge posed by the emergence antibiotic-resistant microorganisms,115, 116 the 

inert antibacterial properties exhibited by graphene and its derivatives, combined with low 

mammalian cytotoxicity, have prompted the investigation of novel graphene-based 

antibacterial agents.117 Most graphite-based materials developed as antimicrobial agents owe 

their bioactivity to the combined effect of oxidative stress via the formation of superoxide 

radical anions  (O2
·-) and the destruction of the membrane integrity via graphene insertion and 

phospholipid extraction.118  

The functionalization of graphene derivatives with different glycosides can be exploited 

for the enhancement of the antibacterial effect, and to gain specificity toward different bacterial 

strains which are known to bind to specific glycans as the first step on the bacterial infection 

process.119 Recently, Chegeni et al. demonstrated how the mannose and glucose 

functionalization of GO resulted in enhanced antibacterial activity against two gram-negative 

bacteria, K. pneumoniae and E. Coli and two gram-positive bacteria, B. cereus and S. aureus.120 

Functionalization of GO with ethylenediamine gave intermediate 39 which was then decorated 

with unprotected sugars via reductive amination between the aldehyde function of the 

corresponding monosaccharide and the ammino function of 39 furnishing glycoderivative 40  

(Scheme 3). Antimicrobial studies showed enhanced antibacterial activity against all the 

bacteria species for the glycan-functionalized materials with respect to the non-functionalized 

ones, likely due to membrane destruction and oxidative stress. 

 

 
Scheme 3. Synthesis of glyco-GO derivative 40 via reductive amination of intermediate 39. 

 

Graphene-based materials possess unique IR-absorption properties that allow for the 

thermal conversion of near IR irradiation into heat. While laser irradiation in the near IR region 

is harmless for the majority of cells and tissues, graphene, rGO and thermally reduced GO 

(trGO) can absorb near IR radiation causing a localized increase of the temperature with 

consequent damage for the surrounding cells. Based on this mechanism, Seeberger and Haag 

reported the synthesis and application of a supramolecular mannose-functionalized trGO 

structure to be evaluated against E. coli.121 trGO was thus functionalized with a short PEG 

linker exposing a terminal adamantly moiety, which was used as an anchor point for the 

supramolecular assembly of heptamannosylated β-cyclodextrin 41 to give the glycosylated 

platform 42 (Figure 14). It was shown that the so formed trGO-cyclodextrin complex could 

efficiently wrap around E. coli via specific mannose-FimH lectin interactions favoring bacterial 

agglutination. 
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Figure 14. Structure of heptamannosylated β-cyclodextrin 41 (A), supramolecular assembly 

of cyclodextrin on adamantyl-functionalized trGO (42) and subsequent E. coli trapping and 

phototermal distruction (B), Thermal image of an E. coli sample incubated with 42 after 10 

minutes of NIR laser irradiation (0.5 W/cm2) (C), temperature evolution profiles of the E. coli 

samples with (red) and without (black) 42, respectively (D), images of E. coli bacterial colonies 

treated with 42 without and with treatment of NIR irradiation (E). Reproduced with permission 

from American Chemical Society. 121  

 

The strong IR adsorption of trGO was then exploited for the photothermal killing of E. 

coli. After irradiation at 785 nm for 10 minutes >99 % of bacteria were efficiently killed upon 

a temperature increase to ca. 70 °C. As negative control, non-irradiated bacteria could still form 
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large bacterial colonies after incubation with 42. The strategy showed great specificity and on-

demand bacteriostatic properties that could find further applications to help fight the antibiotic-

resistant bacteria. 

Graphene derivatives can interact with positively charged polysaccharides such as 

chitosan to form new composites materials with distinct physicochemical properties. Recent 

studies highlighted how the complexation of GO and rGO with chitosan strongly improve 

mammalian biocompatibility of graphene derivatives boosting at the same time the 

antibacterial properties of chitosan.122 The positively charge chitosan interacts causing the 

rupture of  negatively charged bacteria cells which makes of chitosan-based materials 

promising candidates for biomedical applications.123 In a recent example, Rostami et al. 

reported the preparation of a sharkskin mimicked GO/chitosan membrane. This novel material 

significantly reduced E. coli and S. aureus biofilm formation preserving high biocompatibility 

with no toxic effect on mammalian cells.124 In a recent study Rahnamaee et al. exploited the 

combined antibacterial properties of chitosan with the bacterial membrane rupture and 

oxidative stress provided by rGO to coat tintania nanotubes with rGO/chitosan to create a 

ternary nanocomposite. The chitosan coating promoted controlled drug release of vancomycin 

loaded titania nanotube promoting at the same time bone cell viability with the intrinsic  

chitosan antibacterial properties. Moreover, rGO decreased the adhesion of bacteria on the 

surface providing together with chitosan a synergistic effect for long term antibacterial 

properties.125 

 

4.3. Glycographenes derivatives for anticancer applications 

GO-based materials have also attracted significant attention as nanocarriers for targeted and 

controlled delivery of anticancer drugs and localized photothermal treatment of tumours thanks 

to their low mammalian cell toxicity. For example lactose126 and galactose127, 128 

functionalization of GO was exploited for the selective delivery of glycographene derivatives 

to hepatoma cells. These cells overexpress an asialoglycoprotein lectin receptor that binds to 

non-sialylated glycans for the removal of asialylated proteins (e.g. old immunoglobulins) from 

circulation. On the other hand, functionalization of GO and rGO with mannose derivatives 

produced probes used to target mannose receptors overexpressed in macrophages and dendritic 

cells for drug delivery applications.129, 130    

The tremendous potential of photothermal therapy in cancer treatment relies on the very 

low toxicity of the drug-loaded probes in the absence of NIR radiation. NIR can be applied 

with great topological specificity using a laser which triggers the cargo release and thermal 

cellular destruction.120-131 Nonetheless, in order to improve the biocompatibility of rGO, 

several research groups have found different ways to avoid the use of the toxic hydrazine 

hydrate as reducing agent for GO reduction, by replacing it with fucoidan132 or L-ascorbic 

acid,131 among others. Many nanoparticle-based drug delivery systems take advantage of the 

so-called enhanced permeability and retention effect (EPR) for the passive accumulation inside 

the leaky tumour vasculature.133 However, in order to improve the active specific targeting of 

cancer cells and tissues, the functionalization of the probes with glycopolymers such as HA 

was used to enhance the nanomaterial cellular internalization in malignant cells  that 

overexpress HA binding receptor CD44.  In a recent approach developed by Liang et al., 

magnetic Fe3O4-GO was coated with HA previously functionalized with β-cyclodextrin which 

was able to bind the GO layer via non covalent interactions, DOX was subsequently loaded 

and trapped inside the lipophilic cyclodextrin hole.134 The system allowed for the nanomaterial 
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cellular internalization via CD44-mediated endocytosis and the release of the DOX cargo was 

amplified by the photothermal temperature increase promoted by NIR irradiation.    

A different approach was proposed by Zhou and Huo using a temperature and redox 

sensitive HA-GO system.135 In this composite, HA was covalently attached to GO through 

redox sensitive disulphide linker (cystamine) followed by DOX loading (Figure 15). HA was 

initially functionalized via amide bond formation to give disulphide derivative 43, which could 

be covalently anchored HA on the GO surface via amidation between the free amines on the 

linker and the GO acidic residues. DOX was finally loaded on the GO surface via lipophilic 

interactions furnishing composite 44. The covalently attached HA granted the nanomaterial 

further chemical and colloidal stability increasing the circulation time in physiological 

conditions.    

 

 
Figure 15. Functionalization of HA to give redox sensitive glycopolymer 43 then attached onto 

GO surface via EDC/NHS promoted amidation and functionalization with DOX to give 

nanocomposite 44 (A), NIR irradiation‐controlled endo/lysosomal escape for tumor cytoplasm‐

selective delivery and GSH‐triggered rapid release of DOX in cytoplasm, which led to 

enhanced accumulation of DOX into nuclei for enhanced cancer treatment: a) accumulation of 

HSG‐DOX within the tumor site through passive and active targeting effects; b,c) receptor‐

mediated cellular internalization; d) HAase‐mediated HA degradation in endosomes and NIR‐

mediated endo/lysosomal escape; e) GSH triggered HA detachment and rapid DOX release in 

cytoplasm; f: accumulation of released DOX into nucleus for DNA damage‐mediated apoptosis 

and cytotoxicity (B), Ex vivo Cy7 fluorescence imaging of the tumor and normal tissues of the 

MDA‐MB‐231 tumor‐bearing nude mice after mice were euthanized at 36 h postinjection. 1, 
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tumor; 2, heart; 3, kidney; 4, spleen; 5, liver; and 6, lung (C), and Tumor growth curves after 

intravenous injection of different formulations at a DOX dose of 5 mg kg-1. **P < 0.01 (D). 

Reproduced in part with permission from Wiley. 135
  

 

The team showed the nanoparticle accumulated in tumour cells by the combined EPR effect 

and the interaction between HA and the CD44 receptor. The system was then internalized 

inside tumour cells in endo/lysosomes where hyaluronidase enzyme digested HA in small 

fragments. After NIR irradiation at 808 nm, the local heat generated by the photothermal effect 

(up to 72 °C measured in vitro) destroyed the endo/lysosomal membrane followed by 

cytoplasmic glutathione-promoted reduction of the disulfide bond in the cystamine linker. This 

cascade of events led to the cleavage of residual HA promoting DOX release into the 

cytoplasm. This system allowed for improved and controlled DOX release and cytotoxicity in 

both in vitro and in vivo in BALB/c mice bearing MDA-MB-231 xenograft models and 

noticeable tumour growth suppression was observed. 

 

5. Conclusions and Future Challenges 

In the search for new pathways to study disease-relevant carbohydrate-mediated processes, 

such as viral infection, cancer or antibacterial inhibition, the scientific community has focused 

in the last few years on the development of multifunctional probes to allow the study of 

carbohydrate-protein interactions and their multivalency. Within this context, carbon 

nanosized structures appear to be ideal candidates for the generation of probes that can present 

multiple copies of a glycan on interest with tunable characteristics. Fullerenes, nanotubes and 

graphene and their corresponding derivatives should be considered as very promising and 

biocompatible scaffolds for the globular multivalent presentation of sugars. Since not only 

multivalency, but also the size and shape of the carbon nanoplatform employed appear to be 

very important for the successful interaction of glycans with their corresponding cellular 

receptors, it becomes clear the careful choice of the carbon nanoform as scaffold is very 

important when designing multivalent nanosized glycoconjugates. For example, glycocarbon 

nanotubes or nanohorns can mimic the shape or surface of specific viruses, such as Ebola virus 

or HIV. The rapid growing field of carbon-based nanomaterials has led to the development of 

a great range of novel carbon nanoforms, such as carbon nanoonions, peapods, carbon nanotori, 

carbon nanobuds and more recently 2D graphene quantum dots (GQDs) and carbon quantum 

dots (CQDs) and 3D carbon dots (CDots),136-141 which could also be used as potential scaffolds 

for the multivalent presentation of carbohydrates. The control of the carbohydrate 

functionalization and distribution on a given nanostructures and their structural 

characterization still represent a future scientific challenge. On the other hand, taking into 

account the enormous variety of potential carbohydrates, both in terms of their structure (e.g., 

monosaccharides, disaccharides, polysaccharides, etc.) and surface presentation (e.g., defined 

dendrimers, degree of surface functionalization), a wide range of combinations of multivalent 

nanosized glycoconjugates can be prepared. In this context, methods to efficiently select the 

correct ligand(s) and adequate surface presentation on different scaffolds will eventually 

furnish a variety of lead hybrid molecules with high specificity and efficiency for bespoke 

applications. Considering the avant-garde developments in carbon nanoform chemistry, 

glycobiology and nanotechnology, a great progress is expected in the near future from their 

synergistic blend. 
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