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Abstract

Bacterial infections constitute an increasing problem to human health in response to build-up of
resistance to present antibiotics and sluggish development of new pharmaceuticals. However, a
means to address this problem is to pinpoint the drug delivery to - and into - the bacteria. This
results in a high local concentration of the drug, circumventing the increasingly high doses
otherwise necessary. Combined with other effectors, such as covalent attachment to carriers,
rendering the drugs less degradable, and the combination with efflux inhibitors, old drugs can be
revived. In this context, glyconanomaterials offer exceptional potential, since these materials can
be tailored to accommodate different effectors. In this feature article, we describe the different
advantages of glyconanomaterials, and point to their importance in antibiotic ‘revitalization’.
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Bacterial infections

The success of combating bacterial infections relies to a large extent on the development of
efficient antibiotics. However, in response to the increasing problem of antimicrobial
resistance, many important drugs are no longer effective, resulting in a major public health
risk. This problem was recently highligthed by the World Economic Forum, describing
antibiotic resistance as “the greatest risk of hubris to human health” [1] resulting not only in
increasing human fatality rates but also accelerating health care costs.[2:3] Certain killer
bacteria show emerging resistance to even the strongest antibiotics,[4:5] and current drug
development in the field is slow. With the possible exception of the recently discovered
teixobactin,[6] there have been no successful discoveries of new classes of antibiotics since
1987.[71 As a consequence, alternative methodologies are warranted to avoid a scenario in
which all antibiotics would be rendered ineffective for treating even the most common
infections.
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Such methodologies should in principle address major causes for antibiotic resistance such
as mutational alteration in the targeted proteins, periplasmic p-lactamase action, decreased
drug uptake due to loss of membrane-bound porin, and drug extrusion via efflux
pumps.[8-111 A complementary approach involves increasing the drug titer at or inside the
bacterium, leading to higher therapeutic efficacy and lower systemic toxicity. This can in
principle be addressed using different drug delivery protocols, furnishing the active
pharmaceutical to the site of infection and creating a local concentration effect. This effect
can in principle also lead to a revival of the relative antibiotic potency of the drug.

Nanomaterials are in this context highly attractive, designed to carry therapeutic agents to
the specific disease sites while avoiding healthy tissue and cells.[!2] The efficacies of such
nanotherapeutics have been shown to be higher than for small molecule drugs, at the same
time lowering the off-target toxicities.[13-17] Nanomaterials can furthermore be tailored to
for example escape premature degradation and release of therapeutic agent, or to present
targeting entities and/or imaging elements enabling controlled delivery and
monitoring.[18:1%] Functional nanocarriers presenting specific targeting entities have been
shown to improve tissue specificity, leading to increased cellular uptake into target cells and
higher intracellular drug concentrations. In addition, nanotherapeutics have been shown to
overcome drug resistance due to the inability of efflux pumps to remove drug-nanoparticle
complexes.[20] These materials can also be designed in many different forms with tailored
properties, such as nanoemulsions, liposomes, virosomes, nanocrystals, polymer-based
materials, nanoparticles, nanocomplexes, etc, specially adapted for targeted entities. These
features have resulted in a wide range of applications, where more than 40 nanotherapeutic

formulations have reached the market, and over 200 new candidates are undergoing clinical
trials.[21-25]

Glyconanomaterials

Glyconanomaterials (GNMs) can be defined as nanomaterials incorporating carbohydrate
entities, typically presenting interactive carbohydrate/glycan functionalities at their surfaces.
As such, these materials mimic cell surfaces, which are generally decorated with different
glycolipids and glycoproteins that enable recognition of carbohydrate-binding proteins such
as lectins and antibodies, and thereby mediate a wide variety of cellular communication
events. [26.27] Some cells, such as certain bacteria and cells involved in endothelial tissue,
present a relatively thick “glycocalyx” layer at their surfaces involving carbohydrate-based
cell-adhesion molecules.[28-30] These coating layers play multiple roles, for example to
prevent adhesion and serving as sieves for specific molecules.

During the last decade, glyconanomaterials have become established as highly useful
platforms for a range of applications.[31-38] A variety of materials have been developed and
evaluated for various applications, where special focus has been put on inorganic
nanoparticles. Early accounts based on gold nanoparticles describe GNMs functionalized
with lactose and the LewisX antigen (Galp1-4(Fuca1-3)GIcNAcB1-R), monitoring
carbohydrate-carbohydrate interactions (“glycosphingolipid cluster mimics”) by SPR, and
controlling nanoparticle assembly.[3940] Since then, a wide array of core materials, such as
silver, iron oxide, silica, copper, bismuth, palladium, and platinum, have been used in
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addition to gold,[42-50] and miscellaneous cadmium/zinc chalcogen quantum dots have been
evaluated.[5] A major reason for the interest in these materials is their many attractive
physical features, such as plasmonic effects, luminescence, magnetism/magnetic
susceptibility, etc, which render them especially useful for both analysis and therapy.
However, organic materials have also witnessed increasing attention since early syntheses
and applications of glycosylated C60, poly-L-lysine, and dendrons/dendrimers.[52-54] The
range of carbon materials, such as fullerenes, carbon nanotubes, graphene, and
nanodiamonds have for example been functionalized with carbohydrate structures and used
in different situations,[3>-591 and glyconanomaterials based on organic polymer-type
materials have been continuously demonstrated, where both artificial and natural polymers
have been used. In this context, the development of glycodendrimers has perhaps proven
especially successful,[341 where the resulting entities are robust and structurally well defined.
Finally, different supramolecular constructs, such as amphiphilic aggregates, liposomes and
vesicles, virus-like particles, etc, have been reported.[69-63] Glycoliposomes and vesicles
mimic cell membrane surfaces and show especially attractive features in terms of synthesis
and biocompatibility. Their stability may however present an issue, and it can be difficult to
obtain high densities of surface-exposed carbohydrates in certain cases.[64]

High carbohydrate surface density is otherwise a major advantage of glyconanomaterials, to
some extent mimicking the carbohydrate landscape at cell surfaces. This feature leads to the
establishment of multivalent ligand presentation, which upon realization of optimal
geometries can result in very high binding affinities with carbohydrate-binding proteins
compared to the free ligands.[37:45:65-671 This affinity enhancement effect, which can be
several orders of magnitude, thus enables the use of very low concentrations of materials. In
consequence to this and to other attractive features, glyconanomaterials have thus been
tailored to act as integral binding entities in affinity-based methods.[31-38] For example,
analyses of the interactions between the materials and specific proteins and other entities
have been amply demonstrated for different systems, in part used to validate and optimize
the various methods developed. Model systems are thus used to evaluate the engineered
structures, and to further the understanding of intricate binding phenomena at the GNM
surfaces. The results from such binding assays are also of particular interest for the parallel
development of methodologies for sensing, imaging and diagnostics, where good results
often are dependent on strong and selective binding in combination with efficient monitoring
or signal transduction. These types of applications are obviously of very high importance,
generating high-quality analytical data, but given the importance of carbohydrates in biology
and medicine, the ultimate challenge for these materials lies in medical therapy.
Development in this area is ongoing, where the carbohydrate structures of the materials
often serve as targeting entities for delivery of therapeutic agents, as well as the materials
themselves, to the site of disease. Through selective interactions with specific determinants
at tissue and cell surfaces, improved therapy can be achieved.

Bacteria and glyconanomaterials

A wide range of nanomaterials have been applied to antibacterial activity, such as for
example metal- and other inorganic nanoparticles, carbon-based structures, polysaccharides,
nanoemulsions, liposomes, polymers and dendrimers.[68-701 Some metal salts and metal
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nanoparticles are well known to exert antibacterial properties,l72:72] where for example silver
nanoparticles have proven active towards both Gram-positive and Gram-negative

bacteria. [73-75] Also, different chitosan formulations have shown antimicrobial activity
towards various bacterial strains.[76] Many of these structures display antibiotic activities per
sethrough release of metal ions from the surface, generation of reactive oxygen species
(ROS), and interaction with, and disruption of, the bacterial membranes. Other nanoparticle
formulations such as liposomes and polymers act as more traditional carriers of encapsulated
antibiotic drugs, thereby stabilizing the compounds from premature degradation and
potentially resulting in controlled release. For example, different antitubercular drugs have
been delivered into human monocyte-derived macrophages using polymeric
nanoparticles.[7]

A variety of nanoparticle formulations have also been applied to delivery of antibiotic agents
to bacteria via surface conjugation.[9] This is especially the case for the vancomycin-family
of antibiotics, where different nanocarriers have been used. For example, vancomycin-
presenting gold nanoparticles have been applied as rigid polyvalent inhibitors of
vancomycin-resistant £nterococci (VRE) or E. colil8 and norvancomycin-conjugated
silver nanoparticles have been used to induce aggregation in £, coli cell walls.[”®]
Vancomycin-presenting, magnetic FePt-nanoparticles have furthermore been demonstrated
for detecting and capturing VRE and other Gram-positive and Gram-negative bacteria.[80.81]
Other antibiotics and small molecules have also been evaluated for direct conjugation; for
example, the /n vitro antibacterial properties of emulsified polyacrylate nanoparticles
conjugated with penicillin were evaluated against methicillin-susceptible and methicillin-
resistant forms of S. aureus,[82] and isoniazid-conjugated poly(lactide- co-glycolide) particles
were used for slow release to tuberculosis-affected bone tissue.[83] Combinatorial
presentation of conjugated small ligands (not antibiotics) on gold nanoparticles have also
been used to screen for antiobitic activity towards multiply drug resistant £. cofiand K.
pneumoniae.184]

Table 1 lists an overview of reports where glyconanomaterials of different type have been
applied to antibacterial action, where in some cases the more representative examples have
been selected. As can be seen, different classes of bacteria have been targeted, including
gram-positive- (Bacillus, Enterococcus, Listeria, Staphylococcus), gram-

negative( Chlamydophila, Escherichia, Francisella, Klebsiella, Legionella) and myco-
bacteria. Different strains of £. colihave been mostly studied with the materials, of which
fimbric £. coli strains expressing carbohydrate-binding adhesins have been especially
targeted. Already, a wide range of nanomaterial scaffolds have been used, with no apparent
preference for specific type. Thus, both inorganic particles and organic materials have been
applied to carbohydrate functionalization and further targeting of the microbes. In most
cases, the nanomaterials have been conjugated with derivatized monosaccharide structures,
linked to the GNM surfaces through suitable spacer units. However, disaccharides (trehalose,
galabiose),[85:86] oligosaccharides (maltoheptaose),[87] and polysaccharides (kocuran),[8]
have also been evaluated. Although monosaccharides show good effects in these systems, it
can be expected that more complex carbohydrate structures will be increasingly probed in
future developments. This will lead to both higher selectivities and enhanced affinities, of
importance for improved therapeutic potential of the materials.
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Targeting—One of the most attractive properties of glyconanomaterials is their targeting
potential, and this is one of the most studied effects to date. For example, a range of
materials have targeted fimbric, generally uropathogenic £. coli strains, which express pili at
their surfaces. These bacteria can adhere to carbohydrate determinants of tissue cells lining
the urinary tract, which may lead to subsequent infection and colonization of the
bladder.[10%] Nanomaterials presenting mannose- or glucose-units at their surfaces have thus
been evaluated for interaction with £. col/ strains expressing the FimH lectin at type 1 pili (£
coli strains ORN178, K12, DH5a, HB101 pPKL4, PKL1162).[42.46.56,61,87,94-101,103-108]
This adhesin is selective for mannopyranosyl units, and the glyconanomaterials can serve as
cell-surface mimics targeting the bacterial pili. This concept has proven highly efficient, and
the materials developed have indeed shown efficient binding to the bacteria. The Shiga
toxin-producing £. coli (STEC) strain O157:H7 has also been targeted.[86.92.102] This
pathogen can bind galabiose (Gala1-4Gal) structures at host cells through interaction with
the toxins’ pentameric B-unit. Nanomaterials functionalized with galabiose and galactose
can thus bind to the pathogen, shown for photocrosslinked diacetylene-based nanoparticles
and single-wall carbon nanotubes (SWCNTSs). Carbon nanotubes functionalized with
mannose- and galactose derivatives were also found to interact with Bacillus sp.
spores.[89.90.92] Calcium-dependent aggregation was observed in the case of galactosylated
nanotubes, as well as a reduction in colony-forming units. Since the spores express glycan
structures, the authors suggested aggregation dependent on carbohydrate-carbohydrate
interactions.

Targeting is the essential property for a wide range of applications involving analysis and
detection of bacteria, and the current development has shown very strong potential in this
area. Bacterial imaging has thus been demonstrated in several examples, either using the
optical properties of the nanomaterial cores themselves, such as quantum dots and
crosslinked polydiacetylene,[®6:87.101] o by introducing fluorescent labels in the

materials. [42:85.94.96] Fyrthermore, magnetic nanoparticles enable the use of magnetic
resonance imaging.[% These methodologies can thus in principle be used for detection and
diagnostics of bacterial infections, where high affinities are crucial for assay sensitivities.
Rapid and reliable diagnostic tools are of high importance not only to identify the infections,
but also to avoid overuse of antibiotic agents. In addition to their imaging properties,
magnetic nanoparticles have other potential advantages that can be employed. The particles
are thus susceptible to interactions with external magnetic fields, which can lead to
clustering and eventually removal of the bacteria from the solutions. Furthermore,
alternating magnetic fields can induce local heat generation at the site of the nanomaterials
(magnetic hyperthermia),[11% thereby causing damage to the surrounding microbial cells.

Carbohydrate-mediated targeting can also lead to growth inhibition effects, mainly exerted
by the core materials. This has for example been shown with mannosylated silver and gold
nanoparticles, interacting with fimbric £. coli strains.[97:98] Growth inhibition has otherwise
been evaluated with glyconanomaterials where the carbohydrate entities were more likely to
serve as stabilizing and solubilizing agents rather than targeting devices. For example, silver
nanoparticles capped with the polysaccharide kocuran were probed against a range of
bacterial strains, of which S. aurerus was affected the most.[88] Likewise, copper
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nanoparticles functionalized with glucosamine were primarily found to inhibit the growth of
B. subtilisand E. faecalis.[®!] In addition to the metal core, the glucosamine structure was in
this case expected to exert reactive oxygen species in the solution.

For all these applications, selectivity is an important factor that needs further attention. If the
materials are to be used /n vivo, it is essential that the affinities to endogenous receptors are
minimized. This will lower the clearance rate and ensure prolonged action time of the
materials.

In addition, the selection between pathogenic and benign bacteria is of utmost importance to
avoid unnecessary buildup of resistance. In light of the relatively simple systems developed
to date, it is however very likely that selectivity can be substantially improved with the use
of more complex carbohydrate structures in combination with other effectors.

Delivery—In combination with targeting, transport of potent antibiotic agents to the
bacteria is a highly appealing application of glyconanomaterials. As has been shown with
other nanocarriers, the drug substances can thus be protected from degradation and
premature release leading to low efficacies. The selective release of the antimicrobial
substances at the bacterial surfaces, or even potentially inside the bacteria, can thus lead to
more efficient antimicrobial action compared to separate administration of the drugs. The
localized release effect can furthermore result in relatively high local concentration of drugs
at the bacterial dwelling area, thereby exceeding the levels of antibiotic resistance displayed
by the microbial species. This effect can thus lead to ‘revitalization’ of otherwise less
efficient antibiotic species, especilly if combined with other means of action, such as efflux
inhibition, antimicrobial effects of the nanomaterials themselves, etc. Although this effect
may be temporary, where the bacteria may continue to evolve in response to the higher
efficacies witnessed, this can lead to prolongued effects of presently developed antibiotic
agents.

At present, only few examples of delivery using glyconanomaterials have been reported in
the literature. Using large (~1000 nm) mannosylated liposomes, Chono and coworkers for
example evaluated the delivery of ciprofloxacin to different bacterial strains involved in
respiratory intracellular parasitic infections.[9%! In this case, however, mannose-
functionalization served as a potential targeting device for delivery of the liposomes to
alveolar macrophages rather than the bacteria themselves. Nevertheless, it could be shown
that the delivery increased the effect of ciprofloxacin compared to controls. In another
example, we recently showed that trehalose-conjugated mesoporous silica nanoparticles can
be used to deliver isoniazid to M. smegmatis (submitted), thereby leading to increased
biocidal action compared to the free drug. In this case, the combination of the targeting
feature of these materials to the mycobacterial surfaces with nanomaterial-based drug
delivery, thus enhanced the isoniazid effect likely by resulting in higher local amount of drug
near the bacteria. These examples show that drug delivery using glyconanomaterials can
lead to improved antibiotic action of known drug substances, and it can therefore be
expected that this line of research will be much developed in the years to come.
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Internalization—Uptake of nanoparticles in eucaryotes generally occurs through
endocytosis, a well-established pathway based on encapsulation by the plasma membrane
followed by internalization into lysosomes or recycling to the cell surface. However, this
mechanism is not common to bacteria or archae and has only recently been suggested in
Planctomycetes, 111 a bacterial phylum that displays certain similarities, such as
compartmentalization, to eucorytic cells. Internalization in bacteria has however been
demonstrated for specific nanoparticles, thus following alternative mechanisms. Three
different pathways have in this context been suggested: uptake due to nonspecific cell
envelope disruption, nonspecific diffusion, and specific uptake. Of these, cell envelope
disruption has been proposed for certain, reactive nanomaterials as mentioned above, such as
silver nanoparticles and halogen-adsorbing structures.[75112] |nternalization through
nonspecific uptake appears relatively unlikely, owing to the size of the nanoparticles. It has
for example been shown that protein uptake in B. subtilis only occurs for structures <4 nm in
diameter,[113] whereas most nanoparticle structures are generally larger. This size exclusion
effect has been described to be due to so called crosslinked “tessera” structures in the
peptidoglycan layer, forming small pores that makes the layer permeable to small molecules
but not to larger entities.[114] For softer, elastic nanostructures, such as certain polymeric
structures and dendrimers, this route may however offer a potential possibility. The third
pathway, specific uptake, can in principle accommaodate larger structures, and the pore sizes
of certain holins, porins, permeases and secretins have been shown to be up to around 6 nm
in diameter.[115-118] Uptake of functionalized nanoparticles of core sizes <6 nm have also
been proposed.[87:119.1201 For example, Nadeau and coworkers reported that adenine- and
AMP-conjugated CdSe and CdSe/ZnS quantum dots were internalized in B. subtilisand E.
coli, presumably through purine-dependent mechanisms.[120] Furthermore, Yan and
coworkers showed that maltoheptaose-functionalized magnetic iron oxide nanoparticles
appeared to be internalized in E. coli, also suggesting that translocation through the inner
membrane is a major barrier.[87] Also, Chakrabarti er al. demonstrated uptake of
polyethyleneimine-functionalized ZnO nanoparticles in H. py/lori, however in this case
presumably by partial disruption of the cell envelope by formation of reactive oxygen
species.[119] In this context, it should be stressed that the analysis of internalization effect
presents a significant challenge. The methods generally used, 7.e. TEM and flow cytometry,
can not easily distinguish between internalized and surface-bound nanoparticles, and the
best method involves in this case cellular thin sectioning in combination with TEM. Recent
advances in super-resolved fluorescence microscopy may however offer an alternative.

Conclusions

Recent developments have shown that glyconanomaterials offer a viable route to detect and
combat various pathogenic bacteria. It has thus become well established that these materials
can selectively interact with bacteria, thus serving as efficient tools for pathogen detection
and diagnosis. Certain formulations furthermore show antibacterial activities, either through
targeted delivery of antibiotic agents, or through effects from the materials themselves, such
as formation of reactive oxygen species. In some cases, such targeted delivery can increase
the efficacies of the antibiotics, thereby lowering the dosage needed, and revitalizing
antimicrobial drugs to which the bacteria are otherwise resistant. In principle, the materials
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can also be infinitely varied, and be exclusively tailored in terms of size, shape, chemical
composition, cargo, and targeting entities. They may thus offer a means to continuously
address effects of antibiotic resistance, whereby the materials can be reoptimized towards
certain pathogenic strains. A number of challenges remain however, especially related to
delivery to and across the bacterial envelope. For example, efficient transport through
protective layers, such as biofilms and granulocytes, is a prevailing problem, and
internalization into the bacterial cytosol has proven difficult. Especially for antibiotic agents
that target cytosolic proteins and DNA, this needs additional attention. Selective distinction
between pathogenic and non-pathogenic bacteria is another challenge that needs to be
further addressed. Good selectivity can both reduce excessive uses of antibiotic agents and
thereby attenuate antibiotic resistance, and spare beneficial bacteria of for example the gut
microbiota. The biocompatibility and ADMET properties of the materials furthermore need
to be continuously evaluated. However, in step with the increasingly detailed knowledge of
bacterial structures and behavior, and in light of the rapid progress seen with these materials,
many of these challenges are likely to be met in the very near future.
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Table 1

Selection of glyconanomaterials applied to antibacterial action.

Bacterium Carbohydrate Nanomaterial? Application Reference
B. anthracis ManalR SWCNT interaction [89,90]
B. subtilis GlcN Cu growth inhibition [o1]
B. subtilis ManalR SWCNT interaction [89]
B. subtilis Mana 1R SWCNT binding, aggregation [92)

C. penumoniae Mana 1R Liposome delivery [93]
E. faecalis GIcN Cu growth inhibition [01]

E. coli ManalR Cellulose aggregation, imaging [94]
E. coli ManalR Au binding, aggregation [95]
E. coli Mana 1R Chitin aggregation, imaging [96]
E. coli (Glcal-4)sGlc SiO, binding, aggregation [87]
E. coli (Glcal-4)sGlc Fe30, binding/internalizatn [871
E. coli (Glcal-4)sGlc Si0,/Fe30,4 binding, aggregation [87]
E. coli (Glcal-4)sGlc Si0,/CdSe/CdS/ZnS  aggregation, imaging 871
E. coli Mana 1CRP Ag growth inhibition [97]
E. coli GlcalR ND aggregation, imaging [56]
E. coli Mana 1R ND aggregation, imaging [56]
E. coli Man SiO, aggregation, imaging [42]
E. coli Mana 1R Au growth inhibition (98]
E. coli ManalR SiO,/Fe30, aggregation, imaging [99]
E. coli Man aFe,03 aggregation, removal [46]
E. coli ManalR Au binding, aggregation [100]
E. coli Mana 1R Cds aggregation, imaging [101]

E. coli GalpiR SWCNT binding, aggregation [92,102]
E. coli Galal1-4GalBINRE PDA binding, detection [86]

E. coli ManalR Amphiphilic aggregates  aggregation, imaging ~ [61,103-105]

E. coli ManalR Polystyrene binding, aggregation [106,107]
E. coli Mana 1R Au binding, aggregation [108]
F. tularensis Mana 1R Liposome delivery [93]
L. monocytogenes Mana 1R Liposome delivery [93]
L. pneumophila Mana 1R Liposome delivery [93]
M. avium ManalR Liposome delivery [93]
M. intracellulare ManalR Liposome delivery [93]
M. smegmatis Trehalose Fe304 binding, aggregation [85]
M. smegmatis Trehalose Sio, aggregation, imaging [85]
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Bacterium Carbohydrate Nanomaterial® Application Reference

M. smegmatis Trehalose SiO, binding, delivery Submitted
M. tuberculosis Mana 1R Liposome delivery [93]
S. aureus Kocuran Ag growth inhibition (s8]

CSWCNT: single-wall carbon nanotubes; ND: nanodiamonds; PDA: polydiacetylene;
CC-egcoside;

DN-egcoside
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