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Abstract 
Carbohydrate-based materials offer exciting opportunities for drug delivery. They present readily 
available, biocompatible components for the construction of macromolecular systems which can be 
loaded with cargo, and can enable targeting of a payload to particular cell types through carbohydrate 
recognition events established in biological systems. These systems can additionally be engineered to 
respond to environmental stimuli, enabling triggered release of payload, to encompass multiple modes 
of therapeutic action, or to simultaneously fulfil a secondary function such as enabling imaging of target 
tissue. Here, we will explore the use of glycomacromolecules to deliver therapeutic benefits to address 
key health challenges, and suggest future directions for development of next-generation systems. 
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1. Introduction 

Drug delivery systems have much to offer in improving the treatment of disease. Effective drug delivery 
systems can selectively target therapeutics to an intended site of action, improving efficacy while 
minimising harmful side effects. Concurrently, they can protect drugs from environmental conditions 
and improve the bioavailability of poorly soluble drugs. Delivery systems can additionally provide control 
over the release profile of a drug, enabling sustained release which can simplify dosing regimes.1, 2 
Drug delivery systems often incorporate macromolecular components such as polymers, liposomes 
and nanoparticles. These macromolecular architectures possess many useful attributes. In addition to 
modifying the biodistribution profiles of drugs, their modular nature can enable the construction of 
systems which simultaneously deliver more than one drug, or combine therapeutic action with a 
secondary function such as enabling imaging. Through sustained research efforts, it is possible to 
design highly-targeted delivery systems which respond to external stimuli to enable triggered release 
of payload.3-5 
 
Meanwhile, our understanding of the diverse roles of carbohydrates in biology has advanced 
significantly.  In addition to fulfilling important functions in metabolism, and as structural materials, 
carbohydrates play crucial roles in enabling cellular recognition. Mammalian cells are decorated with a 
carbohydrate-rich layer known as the glycocalyx - a complex and diverse mixture of glycoproteins, 
proteoglycans and glycosaminoglycans - which acts as a cellular ‘barcode’ for identification.6 This 
recognition is key to crucial biological processes which maintain health, yet also underpins many 

mailto:clare.mahon@durham.ac.uk


diverse processes of disease. Many pathogens produce carbohydrate-binding proteins (lectins) which 
can interact with these complex sugar motifs to facilitate recognition,7, 8 interactions which often 
constitute a key step in the processes of infection or disease progression.9, 10 Characteristic changes in 
cellular glycosylation patterns, and altered display of cell surface lectins, associated with cancer can 
provide evidence of disease, and provide a targeting mechanism to direct drugs to these tissues. 
Consequently, the use of carbohydrates as components within macromolecular drug delivery systems 
is attractive (Fig. 1). Glycomacromolecular architectures can be accessed via naturally-occurring 
polysaccharides, or through the attachment of carbohydrates to nanoparticles, or polymeric scaffolds. 
Alternatively, carbohydrates can be incorporated into lipid bilayers, forming glycovesicles. 
Polysaccharides can be used to great effect as structural components, offering readily available, 
biocompatible building blocks for the construction of functional systems. Beyond their use as building 
blocks, the ubiquity of carbohydrate recognition can be exploited to target drugs to tissues or cell types. 
Many of these glycomacromolecules display therapeutic properties in their own right, as we will 
highlight. This factor presents opportunities for the design of multi-functional delivery systems which 
extend the therapeutic potential of the drug. 
 

 
Fig. 1 Selected glycomacromolecular architectures discussed in this review, and advantages presented 
by their use in drug delivery systems. Coloured circles represent monosaccharide units.11 
 
This review will explore the use of glycomacromolecules to deliver therapeutic benefits to address 
selected key challenges to human health. We will explore developments in drug delivery to cancer cells, 
where carbohydrates can act as effective targeting ligands to selectively deliver therapeutics to cancer 
tissue, presenting a route to the minimisation of side effects. We will next explore the use of 
glycomacromolecules in tackling bacterial biofilms which contribute to chronic infections and the 
growing problem of antibiotic resistance, which presents a huge challenge to human health. Finally, we 
will explore the use of glycomacromolecules in addressing illnesses caused by viruses which account 
for a major global burden of disease, mindful that the effective treatment of viral pathogens remains a 
major challenge in contemporary medicinal chemistry.  

2. Glycomacromolecular drug delivery systems to treat cancer 

Cancer is the second most common cause of death globally, estimated to account for 9.6 million deaths 
in 2018.12 Many cancer therapies cause debilitating side-effects which could be partially avoided 
through the selective targeting of therapeutics to cancer cells – via a ‘magic bullet.’13 This challenge is 
significant, since cancer cells bear many similarities to their healthy counterparts, enabling them to 
evade the  immune system. Excellent advances in immunotherapy and antibody-based targeting 
systems have been made, with several oncotherapies making it to market. This approach to targeted 
drug delivery has been well-reviewed elsewhere.14  
 
Much research effort is also expended on the design and development of alternative drug delivery 
systems to enable targeted delivery to cancer cells.2, 5 In general terms, facilitating the entry of drugs to 
mammalian cells can be challenging. The permeability of the mammalian cell membrane towards polar 
or charged molecules through passive diffusion is poor, and the entry of most species, including drugs 



and delivery systems, is typically achieved through receptor mediated pathways.15  Designed drug 
delivery systems offer many advantages for cancer therapy: they can facilitate the distribution of 
cytotoxic agents, which are typically poorly soluble, protect the drug from the biological environment 
until it reaches the desired site of action, and enhance localisation in tumour tissue.1 Macromolecular 
systems comprised of polymers, nanoparticles or supramolecular assemblies are particularly well-
suited to the delivery of anti-cancer drugs because of their ability to preferentially accumulate in tumour 
tissue, if their clearance by the reticuloendothelial system can be avoided. This behaviour is known as 
the enhanced permeation and retention (EPR) effect.16 Tumour tissue typically displays vasculature 
with defective architecture, enabling macromolecules to selectively ‘leak out’ and accumulate in the 
tissue.  
 
The first macromolecular drug carrier licenced for use was DOXIL®, a PEGylated liposome loaded with 
doxorubicin which enabled accumulation of the drug in tumours and extended drug circulation times.17 
Liposomes can, however, be recognised as foreign by the reticuloendothelial system, leading to 
clearance. In early studies, it was noted that incorporation of the mammalian ganglioside GM1 in 
liposomes significantly extended circulation times through membrane stabilisation effects.18 Beyond the 
EPR effect, targeting ligands can enhance the selective delivery of drugs to target tissue, with 
carbohydrate moieties often proving to be effective. Monosaccharides and oligosaccharides can be 
recognised by protein receptors that are overexpressed on the surfaces of cancer cells, enabling uptake 
through receptor-mediated endocytosis. A variety of glycosylated architectures have been explored for 
this purpose (Fig. 1), including glycopolymers and their assemblies,19, 20 polysaccharides,21, 22 vesicles,  
23-26 nanoparticles27-31 and biological scaffolds.32  
 

2.1 Transport and targeting of small molecule drugs 

Cancer cells typically display higher levels of metabolic activity than healthy cells, and often display 
significantly elevated levels of the glucose receptor GLUT1 on their surfaces.33, 34 This feature can be 
exploited to enable the preferential accumulation of glucosylated macromolecular architectures in 
cancerous cells.35, 36 Interestingly, GLUT1 has also been shown to recognise dehydroascorbic acid, a 
feature which has been employed to enable the accumulation of polymer micelles loaded with paclitaxel 
within tumour cells.37, 38 Interaction of dehydroascorbic acid with GLUT1 is proposed to proceed via an 
intramolecular rearrangement to yield a bicyclic hemiketal which bears structural resemblance to D-
glucose, highlighting opportunities for the use of glycomimietics39 as targeting ligands, as an alternative 
to carbohydrates. 
 
Other carbohydrate ligands also present opportunities for specific targeting. The galectin GAL1,40 which 
binds to galactose-terminated glycans, is often overexpressed in tumours,41 enabling targeting via 
galactose ligands. Similarly, the asialoglycoprotein receptor (ASGPR)42 is a C-type lectin that is 
commonly found on liver cell surfaces which recognises N-acetylgalactose- or galactose-terminal 
glycans. This receptor has been used extensively to selectively target hepatic cells by a range of 
systems.31, 32, 43-47 For example, galactosylated block copolymers20 generated via ring-opening 
polymerisation self-assembled into micelles, enabling the delivery of doxorubicin to HepG2 cells which 
display high levels of ASGPR, more effectively than ASGPR negative HEK293 cells.  
 
Some breast cancer cell lines display upregulation of the mannose receptor MRC248 which can be 
exploited to direct the delivery of drugs to cancerous cells. Gupta and coworkers23 used this recognition 
to enable targeted delivery of cargo to MDA-MB-231 cells using self-assembled nanocarriers of varied 
morphologies. A series of miktoarm star polymers containing branched caprolactone chains and 
glycosylated polypeptide arms were prepared with varying hydrophilic-hydrophobic ratio, resulting in 
self-assembly of polymerosomes, nanorods or micelles. Polymerosomes and nanorods were 
successfully taken up by cells via receptor-mediated endocytosis, and demonstrated no cytotoxicity at 
concentrations of up to 300 µg mL-1.  
 
Changes in cellular glycosylation patterns are characteristic of the cancer phenotype.49 Increased levels 
of fucosylated glycolipids, for example, have been observed in hepatoma cells.50 The upregulation of 
fucose-containing sialyl Lewisx and sialyl Lewisa antigens has also been noted in many types of 
cancer.51 Whilst the cellular uptake mechanism of fucose is not fully understood, cancer cells may be 
expected to uptake greater quantities of fucose than healthy counterparts, to satisfy the requirements 
of these altered biosynthetic pathways. With this idea in mind, Stenzel and coworkers19 prepared 
amphiphilic block copolymers that were decorated with carbohydrates including fucose, which self-
assembled into polymeric micelles. Fucosylated micelles demonstrated higher cell permeability than 



glucosylated counterparts in pancreatic cell lines, while simultaneously displaying low levels of 
internalisation in non-cancerous CHO cells. This approach appears highly promising for the 
development of drug delivery systems targeting pancreatic cancer, which is traditionally associated with 
poor clinical outcomes. Fucosylated liposomes have also been used to deliver cisplatin to pancreatic 
cancer cells.52 The same delivery system has also been used to deliver SN-38, a DNA topoisomerase 
inhibitor, to colorectal cancer cell lines.53 In both cases, the drug-loaded fucosylated liposomes 
effectively supressed tumour growth and prolonged survival with no apparent side effects. 
 
Cyclodextrins (Fig. 1) have been used extensively for pharmaceutical applications,54 and can be used 

in the construction of targeted drug delivery systems.55 Ghosh and coworkers21 have shown that -

cyclodextrin can interact with tubulin via molecular docking and FRET experiments. In addition to 

displaying preferential uptake in cancer cells and inhibiting tubulin polymerisation, -cyclodextrin could 

be loaded with curcumin, triggering  apoptosis upon delivery. Curcumin-loaded cyclodextrin displayed 
~60% cell killing efficiency compared to ~30% for curcumin alone, and was shown to inhibit tumour 

growth in a HeLa spheroid model. Lactose-modified -cyclodextrin loaded with doxorubicin22 was used 

to deliver the drug to B16 melanoma cells, which display high levels of the GM3 glycolipid. Interestingly, 
targeting was demonstrated to be a consequence of specific glycan-glycan interactions56 between 
lactose and GM3. This delivery system was shown to induce cell death in B16 cells whilst decreasing 
the proportion of cell death within two other cell lines compared to treatment with doxorubicin alone. 
 
Carbon-based nanomaterials have also been explored as potential drug delivery systems,57 with some 
systems employing carbohydrates to solubilise or stabilise the resultant material. Graphene oxide 
sheets58 were reduced and covalently modified with chitosan and dextran (Fig. 2) to produce colloidal 
graphene, which was further decorated with folate to provide a targeting ligand for cellular receptors. 
The carbohydrate coating stabilised the graphene, preventing aggregation, and the nanocomposite was 
demonstrated to be non-toxic. The system could be loaded with hydrophobic and hydrophilic drugs or 
dyes, enabling the simultaneous delivery of multiple cargo species, and enhancing the cytotoxic effects 
of drugs including doxorubicin and paclitaxel. Carbon nanomaterials can also be employed as templates 
for the construction of glycosylated drug delivery vehicles. Carbon nanotubes have been used59 to direct 
the assembly of diacetylene glycolipids, which were subsequently fixed in place through 
photopolymerisation. The resultant “glyconanorings” were loaded with campothecin, and demonstrated 
enhanced cytotoxicity to MCF7 cells compared to the drug alone. 
 

 
Fig. 2 Selected polysaccharides used as structural components in the construction of drug delivery 
systems. 
 
Virus-like particles present an attractive option for the construction of drug delivery systems, offering 
well-defined, biodegradable nanoarchitectures with excellent cell permeability in some cases.60 The 
tobacco mosaic virus (TMV),61 a plant pathogen which exists as a cylindrical capsid approximately 300 
nm in length, was modified32 with alkyne units and decorated with azido- derivatives of mannose or 
lactose. Cisplatin was subsequently loaded into the cavity, enabling sustained release of the drug in in 
vitro studies. Mannose-decorated TMV vectors exhibited enhanced endocytosis and cytotoxicity for 



MCF7 cells, while lactose-decorated TMV conjugated displayed specific cancer cell targeting ability for 
HepG2 cells, demonstrating the versatility of glycoconjugates in the development of drug delivery 
systems. 
 
Effective targeting systems may enable the repurposing of known drugs as anti-cancer 
chemotherapeutics. The anti-diabetes drug metformin, for example has been demonstrated to display 
an anti-proliferative effect on numerous cancer cell lines.62, 63 Long and coworkers27 have developed a 
drug delivery system to target metformin to MCF-7 breast cancer cells. Gold nanoparticles (AuNPs) 
were decorated with dextran, which was subsequently oxidised to enable the attachment of metformin 
via dynamic imine linkages. Dextran-coated AuNPs demonstrated improved cell permeability and 
enhanced the anti-proliferative effect of metformin on MCF-7 cells, whilst healthy cells treated with the 
conjugate displayed good cell viability. 
 

2.2 Stimuli-responsive glycomacromolecular drug delivery systems 

The advent of “smart” materials64, 65 has enabled the design of drug delivery systems capable of 
releasing their cargo in response to an environmental trigger,5 ideally after localisation at the desired 
site of action. Environmental stimuli that can be employed to induce release of cargo include changes 
in pH, with the tumour microenvironment typically displaying pH in the range 5.5-7.0,66 lower than that 
observed in healthy tissue, and reduction potential, with cytosolic glutathione (GSH) concentrations in 
the millimolar range, compared to micromolar concentrations in plasma.67 These strategies can enable 
more precise delivery of drugs to cancer cells, and show great promise for the development of next-
generation cancer therapies with improved side effect profiles. 

 
 
Fig. 3 Redox-responsive vesicles enable the delivery of doxorubicin to tumour cells, with release 
triggered by application of pH and redox stimuli.  Reproduced from ref. 25 with permission from The 
Royal Society of Chemistry. 
 



In one such example,25 a ferrocene carboxylic acid-capped pillar[5]arene was used to construct a host-
guest complex with a pyridinium-modified galactose derivative which subsequently self-assembled in 
the presence of doxorubicin to form redox-responsive vesicles (Fig. 3). Vesicles were shown to 
disassemble only upon addition of GSH in an acidic environment (pH 4). Doxorubicin release was rapid 
under model tumour conditions of reduced pH and high GSH concentration. Treatment of MCF7 cells 
displaying a complementary galectin yielded lower cell viabilities than treatment with free doxorubicin. 
In contrast, non-cancerous cells displayed higher viabilities when treated with doxorubicin-loaded 
vesicles compared to free doxorubicin. Liu and coworkers31 prepared AuNPs stabilised with thiol-
modified galactose residues and further modified via boronic acid formation with a disulfide-linked 
prodrug or imaging agent (Fig. 4). The nanoparticles were internalised by HepG2 cells, where high 
intracellular glutathione concentrations triggered an intramolecular cyclisation to release the payload, 
leading to cytotoxicity. The system displayed good biocompatibility for cell lines which do not display 
the ASGPR.  
 

 
 
Fig. 4 (a) A redox-responsive multivalent glyconanoparticle platform for drug delivery and imaging, 
prepared by Liu and coworkers.31 (b) Internalisation of glyconanoparticles in HepG2 cells, as 
determined by flow cytometry. (c) Cell viabilities of ASGPR-displaying HepG2 cells, and control cell 
lines, upon treatment with glyconanoparticles as measured using WST-1 assays. Reproduced with 
permission from reference 31, published by the Royal Society of Chemistry. 
 
Jayakannan and coworkers24 constructed vesicles using partially oxidised dextran modified with 
hydrophobic sidechains via ester linkages. Doxorubicin could be loaded within the vesicles or 
conjugated onto the dextran scaffold via imine linkages. The vesicles were responsive both to 
decreases in environmental pH and the presence of esterases. Complete release of payload could be 
triggered by the simultaneous application of both stimuli in in vitro conditions simulating the intracellular 
environment, whilst cell studies demonstrated penetration and improved cytotoxicity in MCF7 cells. A 
glucose modified peptide36 displaying a matrix metalloproteinase (MMP) sensitive sequence was used 
to transport PAMAM dendrimers into MCF7 cells through interaction with the GLUT1 receptor. Within 
the cell, the glucose targeting ligand was removed via the action of MMP, and a triphenylphosphine 
targeting ligand enabled intracellular trafficking of the dendrimers to mitochondria. Redox-triggered 
release of paclitaxel led to cytotoxicity, with improved suppression of tumour growth compared to free 
paclitaxel in a mouse model. 

 

2.3 Multi-functional delivery systems 

The use of macromolecular species or assemblies in drug delivery presents the opportunity to design 
systems with multiple modes of action. The term ‘theranostics’68 refers to materials that combine a 
diagnostic signal with a therapeutic effect. Systems that could enable imaging of tumour tissue 
combined with localised delivery of anticancer drugs are particularly attractive, and many excellent 



examples exploit carbohydrate targeting ligands to direct the theranostic to the site of action. 
Photodynamic therapy (PDT)69 is a non-invasive alternative to chemotherapy or radiotherapy which can 
currently be used effectively to treat some epithelial cancers. PDT involves the use of photosensitisers 
which, upon irradiation, generate reactive oxygen species such as singlet oxygen (1O2), which destroys 
surrounding tissue.  Improvements in delivery of photosensitisers to tumours, combined with two-photon 
approaches to activation70 which enable the use of lower energy light, which penetrates tissue to a 
greater extent, would expand the range of cancers PDT could be used to treat.  
 
In one such example, a lactose moiety was appended43 to a dicyanomethylene-4H-pyran (DCM) unit 
via a redox-responsive linker. The resulting amphiphile self-assembled to form spherical vesicles which 
could be loaded with doxorubicin to enable its selective delivery to HepG2 cells displaying the 
complementary ASGPR. Reduction induced cleavage of the amphiphile by intracellular GSH led to 
activation of the NIR-probe and facilitated delivery of doxorubicin. Demonstrating the versatility of glyco-
targeted PDT systems, He and coworkers45 incorporated galactose or mannose DCM derivatives into 
core-shell nanodots generated by the self-assembly of poly(3-hexylthiophene-2,4-diyl), a polymer 
commonly used in the fabrication of optoelectronic devices, and poly(styrene-co-maleic anhydride). The 
carbohydrate ligands enabled effective delivery to cells displaying a complementary cell surface 
receptor, with galactosylated nanodots shown to localise in HepG2 cells, while mannosylated nanodots 
displayed preferential uptake in MDA-MB-231 cells. Irradiation resulted in the death of targeted cell 
lines, while the nanodots were shown to be non-toxic to healthy cell lines, irrespective of irradiation. In 
a strategy44 combining receptor-targeted cell imaging, PDT and conventional anticancer 
chemotherapeutics, AuNPs functionalised with cyclodextrin were used to form nanocomposites with a 
galactose-modified naphthalimide through cyclodextrin-adamantane interactions (Fig. 5). 
Naphthalimide fluorescence was initially quenched through FRET to the proximal AuNPs, but was 
restored upon exposure to a galactose-binding lectin, or HepG2 cells displaying a transmembrane 
galactose receptor, enabling targeted imaging. The nanocomposites were loaded with the anti-cancer 
drug hydroxycamptothecin, and were shown to significantly enhance its cytotoxicity. Irradiation with 
light at 600 nm further enhanced the cytotoxicity of the nanocomposites through the production of 
reactive oxygen species, displaying dual therapeutic potential.  
 
 

 
Fig. 5 (a) Galactose-displaying nanocomposites produced by Hu et al.44 Upon exposure to galactose 
binding lectins or cells bearing the ASGPR, aggregation leads to enhancements in fluorescence 
emission and production of ROS. (b) Cell viabilities of ASGPR-displaying HepG2 cells, and control cells, 
upon treatment with hydroxycamptothecin (HCPT), HCPT loaded within nanocomposites, and HCPT 



loaded nanocomposites with irradiation at 600 nm. Reproduced with permission from reference 44, 
published by the Royal Society of Chemistry. 
 
Theranostic systems are particularly attractive for cancers which are difficult to treat, where early 
detection can significantly improve patient outcomes. Triple-negative breast cancers71 are one such 
example, with difficulties in providing targeted treatment arising as cells lack overexpression of three 
key cell surface receptors which can otherwise be used to direct uptake of anticancer drugs: the 
oestrogen and progesterone receptors, and the human epidermal growth factor 2. Some triple negative 
breast cancer cell lines have been noted to overexpress the mannose receptor CD206, enabling the 
delivery of mannose glycoconjugates via receptor-mediated endocytosis.55, 72 In one approach,73 
mannose-functionalised BODIPY dyes were incorporated into micelles, enabling selective uptake and 
imaging of triple-negative MDA-MB-231 cells. The cytotoxicity of the micelles was shown to be 
negligible in the absence of light, but irradiation led to the generation of 1O2 and subsequent apoptosis. 
In another recent example,74 two dimensional “glycoclusters” were generated through the assembly of 
MnO2 nanosheets with human serum albumins complexed with a mannose-functionalised DCM 
derivative, and chlorin e6, a tetrapyrrole-derived photosensitiser. Glycoclusters were selectively taken 
up by MDA-MB-231 cells, enabling imaging by fluorescence microscopy. Upon irradiation with light at 
660 nm, significant decreases in cell viability were observed, whilst the viability of HeLa cells which do 
not overexpress CD206 remained high. In a mouse xenograft model, the glycoclusters were shown to 
preferentially accumulate in tumour tissue, demonstrating promise as a theranostic system in vivo.  
 

2.4 Delivery of siRNA 

Short interfering RNA (siRNA) therapy can disrupt the biosynthesis of essential proteins by ‘silencing’ 
the expression of a gene with a complementary sequence, interfering with cellular pathways and 
presenting an attractive route to the treatments of many cancers. The in vivo efficacy of siRNA is 
restricted because of its instability to RNase enzymes in the bloodstream and its multiple negative 
charges, leading to rapid degradation.75 Achieving intracellular uptake, and subsequent intracytosolic 
release of siRNA poses a major challenge to its therapeutic use. Delivery systems incorporating 
polymers or liposomes which complex siRNA can enable significant improvements in function.76 
 
siRNA delivery systems commonly rely on interpolyelectrolyte complexation to form stable nanosized 
assemblies, commonly termed polyplexes. Many conventionally-used cationic synthetic polymers such 
as polyethyleneimine (PEI) display cytotoxic effects, however.77 Polysaccharides can present 
alternative, biocompatible building blocks for the construction of delivery systems, and can display 
similar ‘stealth’ properties to PEGs.78 Poly(D-glycoamidoamines) have been extensively investigated 
by Reineke and coworkers,79-85 enabling the formation of polyplexes with siRNA which are readily 
internalised by a range of cell types and can facilitate effective gene silencing. The first system to enable 
targeted delivery of siRNA in humans was developed by Davis and coworkers,86 based on a system 
that has been used previously to deliver plasmid DNA.87 Cyclodextrin-containing cationic polymers were 
complexed with siRNA to form polyplexes, with adamantane-modified PEG chains providing steric 
stabilisation.88-91 Incorporation of a transferrin-targeting ligand enabled targeted delivery to tumour 
tissue.92, 93 A Phase I clinical trial demonstrated that the polyplexes localised in tumour tissue and 
achieved specific gene inhibition, reducing the expression of the targeted protein, RRM2, an enzyme 
involved in DNA synthesis.94 
 



 
Fig. 6 A dual-action drug delivery system constructed by the complexation of lactose-modified redox-
responsive vesicles with siRNA. Glyconanofibres could be loaded with doxorubicin, with exposure to 
GSH inducing disassembly and release of both cargo. Reprinted with permission from Adv. Funct. 
Mater., 2017, 27, 1703083, Copyright 2017 John Wiley and Sons.  
 
Stimuli-responsive systems have also been designed to enable triggered release of siRNA. In one such 
example,95 a thiol-modified chitosan derivative was used to form complexes with poly(siRNA)s 
containing disulfide linkages, with intramolecular crosslinking leading to stable nanoarchitectures. This 
system enabled rapid cellular internalisation and effective gene silencing. Targeting the vascular 
epithelial growth factor (VEGF) gene lead to 80% reduction in tumour size in a mouse model. Combining 
siRNA-based gene silencing with conventional chemotherapy, Pei and coworkers46 prepared 
doxorubicin-loaded cationic glycovesicles through the self-assembly of a lactose-displaying amphiphile 
containing a redox-responsive ferrocenium unit (Fig. 6). Addition of siRNA led to interpolyelectrolyte 
complexation to yield glyconanofibres which could enter HepG2 cells and disassemble in response to 
high intracellular GSH concentration, releasing the cargo. Glyconanofibres displayed high transport 
efficiency, effective gene silencing and enhanced cytotoxicity in in vitro experiments, combined with 
effective tumour targeting in a mouse model. 
 
Synthetic glycopolymers offer an attractive approach to the development of delivery systems for siRNA, 
enabling precision design of the components of the system. Cationic glycopolymers have been used 
effectively in the delivery of plasmid DNA to mammalian cells.96-98 Advances in controlled/’pseudo-living’ 
polymerisation methods99-102 allow for the synthesis of highly tailored polymers, enabling the effects of 
structural features such as monomer composition and distribution (block- vs statistical copolymers) and 
particle size to be probed. Narain and coworkers103 prepared a selection of block and statistical 
copolymers of 2-aminoethyacrylamide (AEMA) and 2-lactobionoamidoethyl methacrylamide which 
were subsequently complexed with siRNA. The resultant polyplexes demonstrated comparable gene 
silencing of the tumour-associated epidermal growth factor receptor (EGFR) gene to a conventional 
PEI -based system. The effects of monomer distribution on cytotoxicity were explored, with polyplexes 
constructed using diblock copolymers displaying higher levels of cellular toxicity than the analogous 
statistical copolymers. In a subsequent study,104 hyperbranched polymers constructed using these 
monomer units, combined with an acid-sensitive crosslinker, were demonstrated to enable enhanced 
silencing of the EFGR gene whilst maintaining ~80-100% levels of cell viability 48 h after transfection. 
In related work by the same group,105 poly(glycidyl methacrylate) scaffolds were decorated with 
ethanolamine and a lactobionic acid derived aminosaccharide in differing ratios.  The effects of 



monomer composition on cytotoxicity and transfection efficiency were investigated in HeLa cells. 
Polymers with a higher degree of lactobiose incorporation displayed the highest levels of 
biocompatibility, but less effective gene silencing, an effect proposed to arise from the lower surface 
charge of these species, which may impede intracellular delivery. 
 
Most siRNA delivery systems employ electrostatic interactions to enable complexation with siRNA. In 
an elegant alternative strategy,47 polymer scaffolds were modified with N-acetylgalactose units to 
facilitate cellular targeting, and melamine moieties to enable complexation with nucleobases. 
Glycopolymers were demonstrated to form complexes with native and synthetically modified siRNAs, 
and to deliver siRNA to HepG2 cells bearing the complementary ASGPR. This system displayed low 
cytotoxicity and enabled highly effective silencing of the ApoB gene, with IC50 values in the low 
nanomolar range reported. 
 
In addition to facilitating cellular targeting, carbohydrates can also confer physical stabilisation on siRNA 

delivery systems. ,-D-trehalose, a disaccharide of glucose, and corresponding glycoconjugates have 

been observed to stabilise biomacromolecules to environmental stresses such as changes in 
temperature.106 Reineke and coworkers107 prepared diblock copolymers of AEMA and a 
methacrylamido- trehalose derivative via RAFT polymerisation, and complexed the polymers with 
siRNA. Polyplexes exhibiting multivalent display of trehalose allowed for effective delivery of siRNA and 
gene silencing in glioblastoma cells which overexpressed the GLUT1 receptor. Polyplexes could also 
be lyophilised and reconstituted without loss of function, addressing a key practical challenge in the 
realisation of siRNA therapeutics. 

3. Glycomacromolecular drug delivery systems for bacterial infections 

Bacterial infections present a major burden of mortality and morbidity, with the growing problem of 
antimicrobial resistance predicted to cause major challenges for healthcare systems and economies on 
a global scale.108 The development of effective drug delivery systems to combat bacterial infections is 
complicated by the diverse range of phenotypes presented by pathogenic bacteria. Infections may be 
intracellular, or extracellular, either in a planktonic (‘free-floating’) state or an adherent mode. Bacterial 
cells additionally present a diverse range of surface topologies and chemical features, with properties 
such as surface charge that vary between species and growth stages.109 

The importance of carbohydrate recognition in the progression of bacterial infections is increasingly 
recognised. Often glycan motifs displayed on the cellular surface are exploited by bacterial lectins to 
enable adhesion, or the entry of toxins.9 Multivalent glycoconjugates based on macromolecular 
scaffolds9, 39 have been explored as potential antiadhesive therapies,110 presenting the opportunity to 
develop new treatments that do not rely on antibiotic effects. Simple carbohydrate motifs can prove 
successful in binding to bacterial proteins, exploiting the cluster glycoside effect to enable high avidity 
recognition.111  Multivalent display of glucose on polymer nanoparticles, for example, has been 
demonstrated to induce the aggregation of E. coli and S. aureus, and nanoparticles could be loaded 
with ampicillin to exert a bactericidal effect.112 Mannosylated nanogels containing phosphodiester 
linkages have been used to deliver drugs such as vancomycin to the sites of MRSA infection in a  
zebrafish model.113 These nanogels can bind to mannose receptors on the surfaces of macrophages, 
enabling their transport to the site of an infected wound, where bacterial phosphatases then act to 
release the antibiotic. In another stimuli-responsive system, boronic acid functionalised halloysite 
nanotubes114 were loaded with pentoxifylline and incorporated into a starch hydrogel. Treatment of 
hydrogels with H2O2 to simulate oxidative stress led to release of the drug, demonstrating potential for 
use in wound dressings.  

The treatment of intracellular bacterial infections poses another set of challenges. Gluconamide, an 
acyclic carbohydrate bearing structural resemblance to regions within the Gram-negative 
lipopolysaccharide matrix, has been grafted onto the surface of SiO2 nanoparticles (SiO2-NPs).115 The 
carbohydrate coating avoided the formation of a protein corona around the SiO2-NPs and prevented 
their aggregation in serum. When glycosylated SiO2-NPs were loaded with tetracycline, a 5-fold 
decrease in MIC was observed. Glycosylated SiO2-NPs displayed no haemolytic activity in mammalian 
cell viability assessments, in contrast to uncoated SiO2-NPs, and were internalised by cells, presenting 
opportunities for to target intracellular bacterial infections. 



3.1 Targeting drugs to biofilms 

In many cases, initial colonisation by pathogenic bacteria can lead to the formation of biofilms: complex, 
often polymicrobial communities of bacteria typically associated with persistent infections. Biofilms are 
implicated in a diverse range of conditions,116 including chronic infections of wounds and around 
medical implants,117 and in persistent respiratory infections in patients with cystic fibrosis (CF).118  
 
Within a biofilm, bacteria are bound within a matrix of extracellular polymeric substances (EPS), which 
accounts for most of the mass of the biofilm.116 The EPS is comprised of secreted polysaccharides, 
proteins, lipids and extracellular DNA, which assemble into a crosslinked matrix which fulfils diverse 
functions for the microorganisms within, enabling resource capture, regulation of the physicochemical 
environment, and presenting a physical barrier to the delivery of antibiotics, often frustrating the 
treatment of these infections and contributing to the progression of antibiotic resistance.  
 
The architecture of the biofilm arises primarily through supramolecular interactions between 
components of the EPS, including hydrogen bonds and electrostatic interactions, such as those found 
between cationic polysaccharides and extracellular DNA.119 Disruption of the EPS matrix to enable 
effective delivery of drugs to bacteria within biofilms is an active area of research.120 More effective 
delivery of drugs to bacteria could enable improvements in the performance of existing drugs, reducing 
the need for the development of novel bactericidals. Precisely- targeted delivery to pathogenic bacteria 
could also potentially limit the extent to which other bacteria within a microbial community are exposed 
to the sub-lethal concentrations of antibiotics associated with the development of resistance. Owing to 
the polyanionic nature of extracellular DNA, a key component of the EPS, positively-charged 
polysaccharides such as chitosan have attracted interest for the disruption of biofilm architecture.121-123 
Chitosan is readily available through the deacetylation of chitin (Fig. 2) obtained from the shells of 
crustaceans, and has been demonstrated to itself display antimicrobial properties, though modest.124 

Chitosan is a useful building block in drug delivery systems.125-129 Birk and coworkers125 spray-coated 
chitosan to cap polymer microcontainers loaded with ciprofloxacin (Fig. 7). After an initial burst, 
sustained release of the drug was observed over a 28 h period in an in vitro study, compared to ~7 h 
for ‘open’ or PEG- capped ciprofloxacin-loaded microcontainers.  This release profile was proposed to 
be consistent with slow but constant diffusion of ciprofloxacin through a chitosan hydrogel. Chitosan-
capped microcontainers loaded with ciprofloxacin demonstrated an impressive bactericidal effect in P. 
aeruginosa biofilms, with 88.2 ± 5.3% of the biomass of preformed PAO1 biofilms attributed to dead 
cells after 24 h of treatment with microcontainers.  

 

Fig. 7 Microfabricated containers, (a) loaded with ciprofloxacin, (b) and capped with chitosan, (c), 
enable sustained release of the drug to P. aeruginosa biofilms, (d) significantly reducing the live 
population within the biofilms.125 Reproduced (adapted) from reference 125 with permission. 

One advantage of using composite systems is the opportunity to employ multiple strategies to disrupt 
the biofilm. Tan and coworkers126 used chitosan nanoparticles to simultaneously deliver an antibiotic, 
oxacillin, and DNAse to disrupt the EPS structural integrity. This system was demonstrated to inhibit 
biofilm formation of S. aureus at concentrations lower than those required for treatment with antibiotic 



alone, and effectively disrupt pre-formed biofilms, including in strains of clinical origin. A similar 
approach has recently been used to deliver alginate lyase,128 and enzyme targeting secreted 
polysaccharide, and ciprofloxacin to P. aeruginosa biofilms, reducing live cell density and biomass. 

In many species, the formation of biofilms may be regulated by nitric oxide (NO).130 NO-based therapies 
have proven useful in some cases, e.g. through topical application or inhalation, but applications are 
limited in scope because of difficulties in administering a gaseous drug, in addition to the instability of 
NO in biological media.131 The development of NO delivery vehicles is an active area of research,132 
and small-molecule NO donors have been incorporated onto macromolecular scaffolds such as 
polymers133-135 and dendrimers136 to enable its effective delivery to biofilms. Chitosans with molecular 
weights between 2.5-10 kDa, prepared via an oxidative degradation strategy, were modified to install 
N-diazeniumdiolate units, enabling the storage and release of NO.137 These oligosaccharides were 
demonstrated to eradicate P. aeruginosa biofilms without displaying toxicity in cell viability experiments. 
NO-releasing chitosan oligosaccharides were later shown to decrease the viscoelasticity of CF 
sputum,138 demonstrating a mucolytic action similar to commonly used therapeutics, suggesting that 
these systems could function as dual-action treatments for CF-related lung infections. 

Naturally-sourced chitin displays heterogeneity in structure, both in terms of its degree of polymerisation 
and the extent of deacetylation. Often, the precise composition of the material under study is often 
poorly defined or unknown, potentially presenting problems with reproducibility if chitosan-based 
systems were to be employed on a large scale. The degree of acetylation, for example, which varies 
according to the conditions used in the preparation of chitosan from chitin, will affect intermolecular self-
assembly processes. The effects of varying structural parameters of chitin have been largely 
underexplored, however, in favour of investigating the effects of chemical modifications to a pre-formed 
chitosan scaffold.139 One study140 has  investigated the effects of molecular weight  on efficacy using 
two chitosan oligosaccharides of varied degree of polymerisation (Mw 835 g mol-1, 1419 g mol-1), 
produced via a controlled degradation process. Streptomycin was attached to chitosan 
oligosaccharides via an imine linkage, and the conjugate was used to deliver streptomycin to P. 
aeruginosa biofilms. After 24 h, the mass of biofilm was found to be reduced by >70% in both cases. 
Interestingly, treatment with streptomycin-chitosan conjugates was observed to lead to downregulation 
of genes associated with the MexXY multi-drug efflux system, which is usually activated when P. 
aeruginosa  is treated with streptomycin.141 Additionally, downregulation in the expression of genes 
associated with exopolysaccharide production (pelA, algD) was observed, suggesting that the 
conjugates may damage the structural integrity of the biofilm, in addition to exerting a bactericidal effect. 
In this study, the conjugate constructed using the higher molecular weight oligosaccharide was shown 
to be more effective, suggesting that structural features of chitosan could be explored in order to 
optimise the efficacy of drug-delivery systems. Improvements in methods for the controlled preparation 
of oligo/polysaccharide materials through enzymatic142  or solid-phase143 approaches presents the 
opportunity to define structure-function relationships for these and other polysaccharide-based 
systems. 

3.2 Glycomacromolecular dispersive agents for biofilms 

In addition to enabling the targeted delivery of therapeutics to biofilms, polysaccharide species used in 
the construction of drug delivery systems can also display therapeutic benefits of when used alone, 
presenting exciting opportunities for the development of multi-action systems. Alginates are linear 

copolymers of -(1,4)-linked D-mannuronic and L-guluronic acid that can be obtained from natural 

sources such as seaweed.144 Alginates are non-toxic and display good biocompatibility,145 presenting 
an attractive option for biomedical use. In P. aeruginosa, alginates form an important structural 
component of mucoid biofilms.144 Low molecular weight analogues have demonstrated impressive 
potential in the dispersal of biofilms of P. aeruginosa  and other species.146-149 A 12-15mer alginate 
derived from plant biopolymers, OligoG, has been shown to reduce proliferation of a number of bacterial 
species including P. aeruginosa, Acineotobacter baumannii, Burkholderia spp. and Enterobactericae.146 
Preliminary studies demonstrated that OligoG inhibited biofilm formation and disrupted established 
biofilms, in addition to reducing by up to 512-fold the MIC’s of a number of antibiotics including 
azithromycin, oxytetracycline and ciprofloxacin. OligoG was subsequently shown to disrupt mucin 
networks in CF sputum, increasing the porosity of the matrix.148 The interaction of OligoG with mucoid 
networks were investigated using FTIR spectroscopy, AFM and rheological studies. The 
oligosaccharide was found to modify the rheological properties of CF sputum, decreasing its viscosity 



and elasticity. These changes in properties could make it easier for drugs to cross the mucoid barrier, 
improving the treatment of lung infections, in addition to facilitating better mucociliatory clearance. 
Further work demonstrated that OligoG could also facilitate a dose dependent reduction in P. 
aeruginosa biofilm volume and thickness, and enabling significant reductions in live cell density  (Fig. 
8).149 The mechanism for biofilm disruption by OligoG is proposed to arise from interactions between 
OligoG and components of the EPS matrix. In confocal microscopy studies,149 fluorescently-labelled 
OligoG was present throughout the biofilm, suggesting its effective diffusion within the network. Lectin 
staining experiments demonstrated that treatment with OligoG led to a reduction in the polysaccharide 
content of the biofilm, a key structural component. These observations suggest that OligoG may disrupt 
interactions between negatively charged exopolysaccharides and extracellular DNA with divalent 
cations such as Ca2+, which play a key role in maintaining the structural integrity of the biofilm.150 
Pleasingly, a Phase 1 clinical trial demonstrated that inhalation of OligoG was tolerated well, with no 
toxicity or adverse effects observed.151 A Phase 2b study is currently underway.152  

 
Fig 8 OligoG inhibition of P. aeruginosa biofilm formation,149 (a)  visualized by SEM ( scale bar 10 µm) 
and (b) confocal laser scanning microscopy with live/dead staining  (scale bar 20 µm). Reproduced with 
permission from reference 149. 

In some cases, carbohydrate-binding proteins associated with a bacteria of interest can be targeted to 
enable more specific action. Biofilm formation in P. aeruginosa, for example, is partially enabled through 
the action of a galactosyl-binding lectin, LecA, and a fucosyl-binding lectin, LecB.153 Multivalent 
dendrimers displaying galactose units have been demonstrated to recognise LecA with Kd’s in the 
nanomolar range,154 and inhibit biofilm formation in in vitro experiments, with MIC’s as low as 10 µM 
observed. Interestingly, expanding the dendrimer architecture from the second to the third generation, 
i.e. increasing the number of galactose units displayed from 4 to 8, did not lead to enhancement in 
inhibition, and further expansion of the dendrimer structure resulted in loss of activity. Detailed 
crystallography and modelling studies suggested a complex mode of binding, with dendrimers bridging 



binding sites on adjacent lectins, an orientation which may not be easily accessible within the 
architecture of the biofilm. Previously, tetravalent fucose-decorated dendrimers were shown to display 
similar biofilm inhibition and dispersion properties through interaction with LecB.155 
Heteroglycodendrimers displaying both carbohydrate motifs were subsequently prepared on the same 
peptide scaffold,156 with the aim of disrupting the action of both lectins simultaneously. While levels of 
biofilm inhibition were comparable to  those observed with fucosyl- or galactosyl-dendrimers, impressive 
synergistic effects were observed when glycodendrimers were employed with antimicrobial peptides or 
tobramycin, an antibiotic commonly used to treat P. aeruginosa infections in CF patients, enabling 
biofilm inhibition and dispersal at sub-inhibitory concentrations of either compound. 

Multivalent glycoconjugates based on a calix[4]arene scaffold have been explored by Vidal, Imberty 
and coworkers as inhibitors of P. aeruginosa lectins. Attachment of carbohydrate units to the scaffold 
via CuAAC affords access to glycoclusters of designed molecular architecture and valency, enabling 
detailed investigation of the effects of these features. Tetravalent glycoclusters displaying galactosyl 
motifs were shown to bind to LecA with submicromolar Kd, as demonstrated by ITC.157 These 
glycoconjugates were also shown to inhibit the adhesion of LecA to galactosylated surfaces in surface 
plasmon resonance (SPR) studies. A later study158 investigated the binding mode of the glycoclusters 
to LecA using AFM, revealing that glycoclusters induced aggregative self-assembly to yield 
monodimensional filaments (Fig. 9). In subsequent work,159 the calix[4]arene scaffold was modified with 
either galactose or fucose units. Interactions with complementary lectins, LecA or LecB, were studied 
by isothemal titration calorimetry (ITC), revealing affinities in the submicromolar to nanomolar range. 
Tetravalent glycoclusters were demonstrated to interact with PAO1 surface lectins via aggregation 
assays and were shown to significantly reduce biofilm formation without influencing bacterial growth. 
The glycoclusters were additionally shown to confer protection against bacteria-induced lung injury in 
a mouse pulmonary infection model. The affinity of tetravalent galactoclusters based on a mannose 
scaffold towards LecA was investigated using a range of techniques including enzyme-linked lectin 
assays (ELLA), ITC and SPR, with Kd values as low as 157 nM observed.160 The presence of an 
aromatic aglycon unit was found to improve the affinity of the glycoclusters for LecA, in line with previous 
studies.161-163 The glycoclusters were found to disrupt the formation of P. aeruginosa biofilms, with 40% 
inhibition observed at 10 µM concentration. Single cell force spectroscopy, an AFM technique that 
quantifies interactions between binding partners immobilised on surfaces, was used to probe the effects 
of these galactoclusters on the adhesion of P. aeruginosa to epithelial cells.164 A human bronchial 
epithelial cell was attached to the cantilever, and interactions with a P. aeruginosa monolayer were 
investigated by quantifying the detachment force as the cell is withdrawn from the bacterial surface. 
The addition of glycoclusters to the P. aeruginosa monolayer disrupted interactions between cells and 
bacteria, with the detachment force decreasing by 21%. These studies demonstrate that high-affinity 
ligands for lectins can disrupt cell-cell interactions, exerting effective anti-adhesive functionality within 
complex biological environments. 



 

Fig 9 (a) 3D structure of LecA (1OKO.pdb), with calcium ions in binding sites shown in blue. (b) 
Calix[4]arene glycocluster. (c) Molecular model of LecA and glycocluster.157 (d) AFM imaging of 
filaments formed by LecA and glycocluster on a mica surface, with height profile. (e) Molecular model 
of 12 lectin tetramers connected by glycoclusters. Reproduced from ref. 158 with permission from The 
Royal Society of Chemistry. 

4. Glycomacromolecular drug delivery systems for antiviral drugs  

Viral pathogens, by their nature, present far fewer targets for the development of drugs. Many diseases 
caused by viruses have been eradicated or can be effectively supressed through vaccination strategies, 
such as smallpox, polio and measles, but the development of effective vaccines for other viruses, 
notably HIV, has thus far proven elusive. Combined with the threat of the emergence of novel viral 
pathogens, as exemplified by the global impact of the SARS-CoV-2 pandemic (2019-),165 there is an 
urgent need to develop effective methods to combat viral disease, with drug delivery systems potentially 
playing a key role in improving therapeutic outcomes. Key stages in the viral lifecycle include attachment 
to and entry into the host cell, and release of viral progeny form infected wells. These processes can 
often be mediated by carbohydrate recognition, and multivalent glycoconjugates have attracted 
attention as inhibitors, and as candidates for the delivery of vaccines.9 Here, we will highlight some 
notable examples of glycomacromolecular systems which present opportunities for the effective 
delivery of existing antivirals, or in the development of new drugs to treat viral disease, focussing on 
key pathogens which present global impact. 

4.1 Human Immunodeficiency Virus (HIV) 

HIV has a substantial global impact, estimated to have accounted for 39 million deaths since its 
emergence, and more than 36 million people estimated to be living with the disease.166 HIV damages 
the immune system, leading to the development of opportunistic infections which can prove fatal. 
Susceptible cells are infected with the virus through binding of the viral envelope glycoprotein gp120 to 
a cell surface CD4 receptor, which triggers a series of conformational changes which culminate in 
membrane fusion and cellular entry of the virus.167 Within the cytoplasm, the viral RNA genome is 
reverse-transcribed.168 HIV is currently managed with a combination of reverse transcriptase inhibitors, 
commonly based on nucleotide analogues, and protease inhibitors. The intracellular nature of the 
infection renders treatment complex, with some tissues acting as viral reservoirs, preventing the 
complete elimination of the virus.169  



Some progress has been made in the development of drug delivery systems to improve the transport 
of antiretroviral drugs,170 with some systems employing polysaccharides as structural components. 
Azidothymidine triphosphate (AZT-TP) and chitosan were self-assembled via ionotropic gelation,171 
forming nanogels that could deliver AZT-TP, or the natural nucleotide ATP to macrophages, a key target 
for HIV treatment (Fig. 10). Radiolabelling studies indicated a twofold improvement in AZT-TP uptake 
compared to the free molecule. In a subsequent study,172 the incorporation of Fe3+ ions within the 
nanogel matrix led to enhanced nanoparticle stability and further improvements in cellular uptake. 
Chitosan-based nanogels173 loaded with another antiretroviral drug, saquinavir, were demonstrated to 
inhibit viral proliferation in T-cells. Another chitosan-based transport system174 was shown to deliver an 
AZT prodrug to the cerebrospinal fluid, which can act as a viral reservoir, via nasal administration in a 
rat model. In another study by Penadés and coworkers,175 glucose-capped nanoparticles were surface-
modified via partial ligand exchange to incorporate aliphatic ester prodrugs of abacavir and lamivudine. 
Drug-loaded glyconanoparticles displayed similar levels of viral inhibition in cellular assays to free 
drugs, with IC50 values of 1-8 µM observed.  

 

Fig. 10 (a) Preparation of nanogels loaded with ATP or AZT-TP.171 (b) Intracellular distribution of 
fluorescent ATP in J774 cells upon exposure to ATP (left) or ATP-loaded nanogel, imaged using 
confocal laser microscopy (scale bar = 20 µm). Reprinted (adapted) from Biomacromolecules, 2013, 
14, 737-742. Copyright 2013 American Chemical Society.  

Another key therapeutic target for HIV is the disruption of the interaction between gp120 and the C-type 
lectin DC-SIGN (dendritic cell-specific  intercellular adhesion molecule grabbing integrin),176 a 
mannose-binding receptor expressed on dendritic cells which enables their infection. Infected dendritic 
cells can trans-infect T-cells, enabling replication of the virus. DC-SIGN is a particularly attractive target 
as it is also implicated in a number of other viral infections, including Ebola, Hepatitis C and Dengue 
fever.176 A wide range of multivalent glycoconjugates and glycomimetics based on dendritic scaffolds, 
177-180 fullerenes and nanotubes,181-183 or nanoparticles184-186 have been explored as DC-SIGN inhibitors, 
with many displaying impressive inhibitory potencies, presenting opportunities for the development of 

multi-action systems. In elegant work by Becer and coworkers,187 for example, -cyclodextrin based 

glycoclusters were demonstrated to bind to DC-SIGN with IC50 values as low as 30 nM. The cyclodextrin 
cavity could be loaded with saquinavir mesylate, demonstrating promise as a dual-action therapeutic. 

4.2 Influenza 

Influenza presents significant challenge to global public health efforts, with seasonal epidemics 
estimated to be responsible for 650,000 deaths per year,188 and occasional pandemics which can have 
catastrophic impacts. The H1N1 ‘Spanish’ influenza of 1918, for example, is thought to have infected 
around one third of the global population, with an estimated death toll of 50-100 million.189, 190 Annual 



vaccination programmes are costly and rely heavily on the accurate prediction of circulating strains, 
required because of the large antigenic variation within influenza viruses.191 

Influenza infection is initiated by the binding of a surface glycoprotein, hemagglutinin, to sialic acid 
residues displayed by epithelial cells of the upper respiratory tract.192 This recognition process enables 
entry of the virus into cells via endocytosis, allowing for replication. The release of newly produced 
virions to infect other cells is also mediated by carbohydrate recognition. Newly-assembled viral 
particles are attached to the surface of the host cell, and released through the action of a second 
glycoprotein, neuraminidase, which cleaves sialic acid residues from cell surface receptors.193 Some 
currently used drugs e.g Tamiflu (oseltamivir), Relenza (zanamivir), successfully target this key step in 
the reproductive cycle, but given that future influenza pandemics are highly likely194 and some strains 
exhibit resistance,195, 196 there is a pressing need for the development of new therapies.  

Multivalent effects have been explored to increase the inhibitory potency of neuraminidase inhibitors, 
with promising results.197 Attachment of multiple copies of zanamivir to a poly(L-glutamine) scaffold,198 
for example, was shown not only to inhibit neuraminidase activity, and therefore the release of newly 
synthesised virions from infected cells, but also to inhibit the early stages of infection by interfering with 
intracellular trafficking of endocytosed viruses and virus-endosome fusion. These synergistic effects led 
to the polyvalent drug displaying a 1,000-10,000-fold improved potency compared to zanamivir, and 
importantly, the conjugated drug was shown to be effective against zanamivir and oseltamivir resistant 
strains.199  The influenza hemagglutinin is another key therapeutic target. A number of multivalent 
inhibitors have been designed on macromolecular scaffolds including polymers,200-203 nanoparticles,204, 

205 dendrimers,206 and virus-like particles,207, 208 exploiting cluster glycoside effects to enable 
improvements in potency. In some cases, these glycomacromolecules present promising new drug 
candidates, in addition to presenting the opportunity to develop multi-function drug delivery systems 
that could inhibit key therapeutic viral targets, and co-administer other therapeutics to infected tissue. 

The glycomacromolecules found in biological systems can provide inspiration for future directions in 
drug development and delivery. Within the innate immune system, mucin glycoproteins play a key role 
in preventing adhesion of viral particles to cells. These heavily glycosylated proteins display decoy cell 
surface recognition motifs, and intercept bacterial and viral pathogens for mucociliary clearance.209 
Bertozzi and coworkers210 have prepared a ‘model glycocalyx’ containing glycopeptide based mucin 
analogues anchored within a lipid membrane. The synthetic mucin mimics were found to frustrate the 
binding of influenza with underlying glycolipid receptors and slow the kinetics of membrane fusion, 
providing mechanistic insights into the innate immune response and highlighting opportunities for the 
development of multivalent glycoconjugates as therapeutics. Polyglycerol sialosides211 were used to 
construct nanogels of varying degrees of conformational flexibility which were shown to bind to the 
surface of a H3N2 influenza strains by TEM and TIRF microscopy. The most flexible nanogels 
demonstrated impressive inhibitory potency in cell infection assays, with an apparent IC50 value of 2.3 
pM observed, demonstrating the potential of multivalent glycoconjugates in the development of 
prophylactics for influenza infection. Godula and coworkers212 used a lipid-bearing RAFT agent to 
produce sialylated polymers which could insert themselves within the H1N1 viral envelope to produce 
a mucin-like layer which could be visualised by TEM. While glycopolymer-coated virions were able to 
infect MDCK cells through action of surface neuraminidases on the sialylated polymers, when 
glycopolymers were used in combination with oseltamivir the H1N1 virus displayed up to 80% 
decreased ability to infect cells (Fig. 11). The system was also cleverly adapted to function as a novel 
screening platform for inhibitors of influenza infection, which better mimics the environment of the upper 
respiratory tract, revealing previously overlooked compounds that provided similar levels of inhibition to 
potent neuraminidase inhibitors such as oseltamivir. 



   

Fig. 11 (a) Synthetic glycopolymers which mimic the architecture of mucin glycoproteins can insert into 
the H1N1 viral envelope using a phospholipid tail.212 (b) Used in combination with neuraminidase 
inhibitors, mucin-like glycopolymers form a mucus-like barrier around virions, preventing infection. (c) 
Relative infection rate determined as the ratio of viral activity of modified virions 24 h after inoculation 
in the presence or absence of oseltamivir. Reprinted (adapted) from ACS Cent. Sci., 2016, 2, 710-714. 
Copyright 2016 American Chemical Society. 
 
Similarly inspired by the anti-adhesive action of mucin glycoproteins, Olsen and coworkers213 
synthesised brush polymers displaying peripheral 6-sialyllactose units, via ring-opening metathesis 
polymerisation (ROMP)214 of glycosylated norbornenes. ROMP, a living polymerisation technique, 
enables precise control over the dimensions and ligand density of the resultant polymer brushes,215, 216 
allowing for the investigation of the effects of these structural features during the process of inhibitor 
design. A densely sialylated brush glycopolymer with backbone length approximately 100 nm was found 
to be most effective, with an inhibition constant (Ki) of 0.24 µM observed in an agglutination assay. This 
brush glycopolymer was also shown to be more effective than a bovine mucin in preventing infection of 
mammalian cells by influenza. In subsequent work203 by the same group, mucin-like architectures were 
constructed by the recombinant expression of homopropargylglycine enriched peptides and 
subsequent attachment of mannosyl-, lactosyl- or sialyosyl- azides. These glycoconjugates displayed 
similar inhibitory potencies to those observed for brush glycopolymers, and present a more 
biocompatible scaffold for development of new therapeutics and glycosylated drug delivery systems. 

5. Outlook 

The benefits of using carbohydrates in macromolecular drug delivery systems are clear. They can be 
used with great effect as structural components to construct stable, biocompatible macromolecular 
architectures which present pathways for metabolism or biodegradation. Additionally, the carbohydrate 
recognition processes which impact the onset or progression of disease can be harnessed to facilitate 
specific targeting of drugs to particular cell types, or pathogens. Many of the glycomacromolecular 
systems highlighted in this review have demonstrated therapeutic potential in their own right, presenting 
exciting opportunities for the development drug delivery systems with multiple, distinct modes of action.  

Challenges remain, however, before glycomacromolecular drug delivery systems can be employed to 
their full potential. The polysaccharides used in the construction of drug delivery systems are derived 
from natural sources, and consequently display varying degrees of structural heterogeneity. The effects 
of structural parameters such as molecular weight, extent of branching and dispersity on the 
performance of the resultant delivery system have not often been explored. Further investigation of 



these parameters could improve the construction by design of drug delivery systems, enabling robust, 
reproducible performance.  

Another key issue is that of specificity. Most glycomacromolecular drug delivery systems designed to 
date have employed relatively simple carbohydrate species, predominantly monosaccharides, or 
readily available disaccharides such as lactose. Effective avidities are realised through the cluster 
glycoside effect, but the challenge of achieving specific recognition in the complex biological arena 
remains. Many lectins will recognise multiple monosaccharides with similar affinities,217 which could be 
expected to lead to off-target effects in vivo. Exploring the use of more complex carbohydrate structures 
which better reflect the complexity of glycans found in nature, facilitated by advances in synthetic 
methodology such as automated glycan assembly143 and advances in chemoenzymatic methods,142 
could open up new exciting possibilities for the development of next generation drug delivery systems. 
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