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ABSTRACT 

 
 

Polyvalent interactions in biological systems have been of great interest 
recently; how nature creates high affinity polyvalent binding with low monomeric 
affinity, is yet to be clearly understood. We have created a bivalent lectin-
carbohydrate binding system using dendrimers as the carbohydrate mounted 
scaffold and Concanavalin A (Con A) as the mannose/glucose binding lectin to 
investigate this mode of interaction. The relative affinities of the utilized 
carbohydrates toward Con A are: mannose binds 4 times stronger than glucose, 
and galactose shows no affinity. With these relative affinities in hand and 
changing the ratios of mannose, glucose and galactose on the periphery of the 
PAMAM dendrimer scaffold, we have made a predictable and tuneable system 
with which to control the polyvalent binding relative affinity. By changing the 
carbohydrate presentation and varying the size of PAMAM dendrimer used, we 
can tune the affinity between two orders of magnitude. Although the relative 
affinities can be predictably altered, the clustering ability across the same 
generation dendrimer is not affected. In exploring more complex lectin : 
carbohydrate systems we have made a library of lactose, galactose and galNAc 
functionalized dendrimers to study binding to galectin-3. This lectin is implicated 
in numerous cancer related pathway, cellular proliferation and apoptosis. An 
ELISA based assay was developed to gain binding information of this intruiging 
interaction. The assay results suggest a reduced effect of binding association 
even with a large range of monomeric affinities, indicating a multivalent system. 
The monomer affinities did however affect the lectin recruitment to the 
dendrimers adsorbed onto a surface. The report here indicated a delicate 
interplay of modes of multivalent binding that dictate the biological behavior of 
this important galactose binding lectin. 
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CHAPTER 1 

 

MULTIVALENCY IN CARBOHYDRATE BINDING 

 
Introduction 

 
Many biological pathways involving carbohydrates rely on multivalency to 

impart specificity and selectivity. Multivalency, broadly defined, is the use of more 

than one binding epitope to increase the binding efficacy or to cause an event 

such as clustering or aggregation. Multivalency plays a role in biological 

processes such as cellular adhesion, viral and bacterial infection, fertilization, 

and cancer progression (Figure 1).1, 2 Elucidating multivalent effects is very 

challenging because the influences of the binding efficacy, clustering and 

aggregation are not consistent for different processes, and most likely a delicate 

interplay between these differing attributes is critically important. In other words, 

one overarching set of principles for how multivalency works is unlikely to 

emerge.  Binding efficacy can be paramount in an inhibitory process, clustering is 

useful in an effector role such as concentrating receptor ligands, and aggregation 

is more important when concentrating larger bodies such as in cellular 

aggregation and tumor formation.3 The delicate balance of these roles for 

multivalent biological recognition events make scaffolds with unique structural 

components very useful for a wide variety of biologically relevant interactions. 
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Figure 1 A schematic representation of biologically relevant multivalent 
carbohydrate recognition events. 

 

The phenomenon of multivalency has been recognized for some time,4 

and Y.C. Lee used the term “cluster effect” in a pivotal article in 1983 in reference 

to carbohydrates.5 Initially, multivalent enhancement was thought to be an 

additive effect and was considered to be a combination of binding constants.6, 7  

Since this discussion was introduced, attempts to quantify the multivalent effect 

have emerged. Different ways to consider multivalent effects are shown in Figure 

2. The statistical or proximity effect causes an increase in the effective 

concentration of the ligand, and occurs when multiple ligands are clustered 

around the binding site of a receptor.  Receptor clustering may occur subsequent 

to this. The chelate effect occurs because binding of a multidentate ligand to 

multiple binding sites on a multi-point receptor is more favorable than binding of 

multiple monodentate ligands to the same receptor.  Bivalent (or higher)  
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Monovalent binding Statistical effect

Chelate effect

Receptor Clustering

Bivalent interaction

and

vs

 
 

Figure 2 Schematic representations of various binding modes that are involved in 
multivalent interactions. 

 

interactions occur when multiple binding sites on a multi-point receptor are 

simultaneously occupied, either by the same carbohydrate-functionalized 
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platform or by multiple glycosystems.  All of these modes can proceed to higher 

order aggregates. Many factors including thermodynamic and kinetic effects, 

aggregation, clustering and effective concentration contribute to multivalent 

effects.  

In this chapter, innovative approaches to using multivalent carbohydrate 

scaffolds in practical ways such as cell targeting, magnetic imaging and immune 

response manipulation are highlighted. Scaffold structure and design are also 

discussed. 

 
Scaffolds 

 

A large number of different scaffolds are being developed for multivalent 

presentation of carbohydrates.  If the size of the system is of utmost importance, 

then frameworks ranging from small molecules to liposomes and viral capsids 

have been reported. When rigidity or flexibility is most important, systems 

spanning from fullerenes to polydisperse polymers to dendrimers are described. 

Self-assembling and disassembling natural and synthetic architectures are used 

when in situ formation or decomposition of the multivalent system is desired.  

This variety of scaffolds is required because of the wide variety of mechanisms of 

action with which biological multivalent carbohydrate interactions manifest 

themselves. For example, large polymers can bind very tightly and can cluster 

many targets, large spherical scaffolds can induce clustering and aggregation, 

small molecules can optimize statistical effects, self assembled molecules 
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(viruses, liposomes and synthetic vesicles) can form and then disassemble to 

reduce lifetime toxicity, and polyrotaxanes can optimize interactions based on 

movement along a backbone. The size of the scaffold and the presentation of the 

carbohydrate ligands often determine whether multivalent interactions with target 

receptors can occur or not.  Key advances in the development of multivalent 

frameworks for the display of carbohydrates are described in this section of the 

chapter. 

 
Polymers 
 

Polymeric scaffolds have a major advantage for many applications in that 

they are very flexible structures that can be synthesized over a large range of 

sizes.  Polymeric scaffolds enable the presentation of large numbers of 

carbohydrates and, accordingly, are able to induce strong binding interactions 

and to cause clustering/aggregating events. Although controlling the 

polydispersity of the glycopolymers is often challenging, improvements in 

polymer synthesis are allowing polymers to become a viable option for 

applications in multivalent research.  

Some time ago, glycoproteins were shown to inhibit influenza virus 

agglutinin only when polymerized into polyvalent displays, suggesting that 

synthetic polymers would be very effective platforms for multivalent carbohydrate 

presentations.8 An early example using a synthetic linear polymeric backbone 

was reported by Whitesides et al.; a polyacrylamide backbone conjugated with 

sialic acid derivatives was synthesized (Figure 3). These polydisperse 
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polymer:carbohydrate conjugates were shown to be up to a million times more 

effective than the monomer at binding influenza type A viruses.9 Roy et al. 

reported a less toxic polymeric backbone, polylysine, onto which the 

carbohydrate was conjugated post polymerization.10 Kiessling and co-workers 

synthesized a carbohydrate conjugated ROMP polymer, which provides a more 

rigid framework and has improved polydispersity (Figure 4).11 

 

 

Figure 3 Synthesis of Whitesides’ carbohydrate-conjugated acrylamide polymer. 
 

 

 

Figure 4 Synthesis of Kiessling’s carbohydrate-conjugated linear ROMP polymer. 
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Polydisperse polymers are difficult to characterize for therapeutic use, and 

most linear polymers are unfortunately somewhat polydisperse. Further 

complicating matters, the 3-dimensional shape of the linear polymers is generally 

undefined. Biocompatibility of the linear polymers can also be problematic. 

However, the inherent flexibility and efficacy of linear polymers can be greatly 

advantageous for applications involving receptor clustering and a large number 

of binding interactions. As characterization methods and synthesis strategies are 

improving, linear polymers are becoming increasingly important glycosystems. 

 
Gold Nanoparticles 
 

Gold nanoparticles have a very desirable feature in that control of the 

particle size is readily achievable. Since gold nanoparticles are relatively inert, 

these compounds have high potential for use in biological applications.  In most 

reported examples, the carbohydrate (or other) epitopes are attached to the gold 

nanoparticle using thiols. 

With carbohydrate bearing gold nanoparticles, Penades et al. have 

reported influencing a “first recognition step” as potential inhibitors of an 

experimental lung metastasis. These lactose bearing GNPs were shown in 

mouse models to significantly reduce the progression of experimental 

metastasis.12  

In a design that incorporates not only the carbohydrate but also the amino 

acid residues adjacent to the carbohydrate of a glycoprotein onto a GNP, Barchi 

and co-workers reported synthesis of a sixteen amino acid repeating unit in 
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mucin MUC4 (overexpressed in some cancers). To this backbone, Tf antigen 

carbohydrate epitopes were attached at the sixth and tenth amino acids; this 

whole structure was then attached via a thiol linker to a GNP (Figure 5). This is 

an excellent example of using the surrounding features of a carbohydrate antigen 

to enhance interactions.13 
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Figure 5 Gold nanoparticle prepared by Barchi with linker, mucin-based 
peptide, and Tf antigen 
 

Gold nanoparticles are appealing scaffolds for multivalent carbohydrate 

recognition events for several reasons. They are inert, can be made in discreet 

sizes, and have excellent potential for imaging applications. The disadvantages 

for the GNP scaffold are that characterizing the amount of surface functionality 

that is present is difficult and that the GNP is very rigid (although tethers can be 

very variable and can impart some flexibility to the surface region of the particle). 

 
Protein Based Scaffolds 
 

Protein based scaffolds include everything from small synthetic peptides 

to existing proteins. On these protein-based frameworks, carbohydrate ligands 

can be conjugated. Since the conjugation of carbohydrates to peptides has been 
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thoroughly covered in a recent review, only a few important examples will be 

highlighted here.14 

Kiick et al. reported polypeptide synthesis with defined spacing to 

complement the target receptors of the cholera toxin B5 (CT B5) subunit in a 

multivalent fashion.15 Optimal spacing of the epitopes required them to be at 

least 35 Å apart, and the efficacy of CT B5 binding was found to correlate with 

increasing hydrodynamic volume (assessed via GPC).  

Glycosylation of bovine serum albumin (BSA) is one of the most common 

approaches to formation of glycoproteins.  For example, Gildersleeve and co-

workers report the use of glycosylated BSA in glycan arrays.  These arrays are 

an important addition to the available glycan array technology because they allow 

for clustered presentation of glycans into close proximity.  Whereas other array 

platforms focus primarily on surface functionalization with monosaccharides, 

Gildersleeve’s surface labeling with glycosylated BSA allows for extensive 

evaluation and screening of ligand specificity through multivalent interactions in 

an array protocol.16, 17 Using a combination of scaffolds, Haddleton and co-

workers report the synthesis of glycopolymers followed by the covalent linkage of 

these systems to BSA. This conjugation appeared to have little affect on the BSA 

structure, and functional aspects of the protein remained, indicating that 

glycopolymers are compatible with proteins.18 

In a very innovative report, Davis et al. synthesized dendritic tethers which 

were then linked to a protein to mimic glycoproteins.19 The protein scaffold that 
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was used was a protease, which via attachment through the glycan (galactose), 

cleaved its target receptor, part of the bacterium pathogen Actinomyces 

naeslundii. A KD value of 1.4 x 10-7 M for the tetrameric galactose presenting 

synthetic glycoprotein was observed when tested against a galactose binding 

lectin in an ELLA assay (compared to ~10-3 M for dimeric ligands). When tested 

against the target receptor, Actinomyces naeslundii’s ability to co-aggregate with 

co-pathogen streptococcus oralis, the dimeric ligand presentation was more 

effective, with an IC50 value of 20 nM (106 times more effective than monomer 

lactose, and 103 times more effective than the protease). Davis et al. reported 

that for optimal inhibition, essential properties are i) multiantennary carbohydrate 

display, ii) protein degrading activity and iii) galactose presentation.  

Protein-based scaffolds are useful because they have the potential to be 

inert, as shown when BSA was used.  Alternatively, protein-based scaffolds can 

provide added function if proteins with enzymatic activity are used, such as the 

protease described above.  The very specific presentation of ligands that can be 

achieved via functionalization of protein side chains is also advantageous, 

although obtaining the appropriate spacings for the functional groups may require 

protein engineering. 
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Cyclodextrins, Polyrotaxanes, and Calixarenes  
 

Pseudopolyrotaxanes were synthesized by Stoddart and co-workers, and 

the binding of these pseudopolyrotaxanes to Galectin-1 was investigated.20 

Galectin-1 is a member of the galectin family of lectins and plays an important 

role in cancer cellular processes.  The reported pseudopolyrotaxanes are 

comprised of cyclodextrins that are tethered onto a polyviologen backbone, and 

migration of the cyclodextrins along the polymer chain can occur (Figure 6). The 

authors suggest that lower enthalpic penalties occur for this system than for other 

multivalent frameworks due to lack of strain; the carbohydrate ligands are able to 

adjust their position along the polymer in order to achieve optimal separation for 

multivalent binding.  

 
 

Figure 6 A schematic representation of Stoddart’s pseudopolyrotaxanes. 
 

The viologen backbone also has charged “speed bumps” that reduce 

translational motion of the cyclodextrins. In a T-cell agglutination assay, the 
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pseudopolyrotaxanes were able to prevent cellular aggregation caused by 

Galectin-1 more effectively than small dendritic structures and than the 

monomeric ligand were able to do. 

Calixarenes have been functionalized with carbohydrate ligands and have 

been shown to increase efficacy, presumably through a proximity effect, relative 

to monomeric carbohydrates. For example, Ungaro et al. showed that 

calixarenes bearing carbohydrates can self aggregate into larger glycocluster 

nanoparticles (GNP’s) of 4-6 units. These calixarenes also form larger 1:1 

aggregates with guanosine 5’-monophosphate and adenosine mono, di and 

triphosphates suggesting that these multivalent carbohydrate calixarene 

conjugates may be able to serve as non-viral gene vectors.15 As another 

example, Dondoni et al. studies reported a calix(4)arene with thiosialosides 

linked to both the upper and the lower rim of the oligophenol structure, making 

tetramers and octomers (Figure 7). These compounds showed almost two orders 

of magnitude binding enhancement over the monomeric sialoside in influenza A 

hemagglutination inhibition studies and also inhibited the “cytopathic effect” of the 

BK virus.21  

Calixarenes have an inherent structural rigidity that creates a well-defined 

structure upon which carbohydrates can be precisely displayed and have been 

shown to have self assembly properties. When polyrotaxane and 

pseudopolyrotaxane scaffolds are used, they allow for the presentation of 

multiple calixarenes in a dynamic manner.  Because the calixarene can move 
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along the backbone, studies with these compounds may lead to better 

understanding of requirements of ligand spacing, density, and other geometric 

factors for optimization of multivalent carbohydrate-mediated interactions. 

 

Figure 7 A carbohydrate-conjugated calix(4)arene; the ligands on the upper rim 
are farther apart than the ligands conjugated to the lower rim. 
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Dendritic and Large Spherical Structures 
 

Dendrimers and dendritic structures are among the most studied systems 

for multivalent carbohydrate presentation. Two reviews of glycodendrimers by 

Roy and Chabre and by Bezouska have recently been published.22, 23 An 

important focus of the former is the applications for which glycodendrimers are 

being developed, while a historical perspective is provided by the later. 
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Figure 8 a) G(2)-PAMAM dendrimer, b) polyester dendrimer with 2,2-
bis(hydroxymethyl)propionate repeating units. 

 
Both convergent and divergent synthetic routes for glycodendrimer 

synthesis have been described.  The smaller dendritic molecules have the 

advantage of being discrete structures but may be less effective if larger cross-

linking agents are required for multivalent effects to be realized. The larger 

molecules have low polydispersities relative to other polymeric systems but are 

not as homogeneous as the smaller frameworks.  Two popular dendrimers, the 

poly(amidoamine) (PAMAM) and the polyester dendrimer, are shown in Figure 8. 

Cloninger et al. reported optimization of carbohydrate density on the periphery of 
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PAMAM dendrimers in a mannose:Concanavalin A system. Functionalization of 

50% of the possible PAMAM dendrimer endgroups was  

 
 

 
 

Figure 9 (a) Mannose/hydroxyl functionalized dendrimers, (b) mannose-
functionalized G(4), G(5), and G(6)-PAMAM dendrimers with 50% loadings 

exhibited the highest activity in hemagglutination inhibition assays with 
Concanavalin A. 

 
found to be most effective on a per sugar basis. This study also suggested that 

larger generation dendrimers are of sufficient size to span multiple binding sites 

on the Concanavalin A tetramer.  Moving from a monovalent binding mode with 

small dendrimers to a bivalent binding mode with larger dendrimers increased 
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the interaction with Concanavalin A by 2-3 orders of magnitude.  In addition, 

statistical effects were shown to effectively increase glycodendrimer activity by 

approximately one order of magnitude (Figure 9).24 

Wong et al. synthesized mannose-functionalized dendrons to mimic the 

glycan of gp120, a glycoprotein HIV target, with the goal of developing anti-HIV 

vaccines.25 The proposed target is the gp120:DC-SIGN (dendritic cell specific 

intercellular adhesion molecule-grabbing nonintegrin) interaction, thought to be a 

key step in the dissemintation of HIV-1 cells.  The mannosylated dendrons 

exhibited increased affinity in a competition ELISA assay between DC-SIGN and 

glycan surface array, along with an immobilized gp120:2G12 (HIV antibody) 

competition assay. In the ELISA assay the glycoconjugate had an IC50 value up 

to 104 times better than the monomeric tether. The dendrons were evaluated for 

cellular surface DC-SIGN binding in a flow cytometry assay indicating the ability 

to bind to cell surface targets. The binding results suggest these mannosylated 

dendrons as candidates for carbohydrate vaccine formulation. 

 Dendrimers are highly promising scaffolds for biological applications in 

multivalent carbohydrate recognition because they can be very flexible, reducing 

the entropy cost associated with multivalent binding.  In addition, the size of the 

framework is easy to systematically alter by using different generations of 

dendrimers.  The degree of dendrimer functionalization can, in most cases, be 

readily evaluated using mass spectrometry.  Although nonheterogeneity of 
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dendrimers can be an issue, dendrimers are excellent synthetic frameworks for 

the multivalent display of carbohydrates. 

 
Self Assembled Scaffolds 
 

Self assembled scaffolds, viral capsids, liposomes and synthetic vesicles 

that present carbohydrate motifs have all been reported. Finn and co-workers, for 

example, have used carbohydrate-functionalized virus capsids. These capsids 

are easily functionalized with carbohydrates and, as expected, show greatly 

increased binding to lectins.  Inherently appealing in this strategy is the self 

assembly and disassembly that can occur with protein cages.26 

The formation of both cylindrical and spherical vesicles along with micelles 

of discrete sizes have been reported by Myongsoon Lee et al. (Figure 10).27 

When presenting carbohydrates, these structures showed increased binding 

compared to the monomer unit. Thoma et al. reported synthesis of self 

assembled particles create larger units through aromatic stacking, forming up to 

7100 kDa glycoconjugate nanoparticles. Binding assays suggested that 

aggregate particle size and efficacy are linked and can be controlled by the 

choice of size of the assembling subunit.28  Kim et al. reported the synthesis of 

vesicles with a diameter of 170±50 nm and with a thickness of 6±1 nm that 

form stable host guest complexes with polyamines in aqueous solutions.  
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Figure 10 Lee’s schematic representation of vesicles and spherical and 
cylindrical micelles.  
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These vesicles were evaluated using the mannose : Concanavalin A interaction 

using an SPR technique and showed binding enhancements of 3 orders of 

magnitude relative to the monomeric 1-O-methyl mannose.27 

Liposomes were used as scaffolds by Nagy et al., who studied the effects 

of varying the carbohydrates that were presented by the liposomes. Using sLex 

like carbohydrates, different functional groups were inserted at the 3-position 

including NH3
+, OH, COO- and SO3

2-. These liposomes were tested for binding to 

L, E and P selectins, and the sulfate was shown to be the most effective across 

all selectins. Evidence presented in this report suggests that the selectins may 

have a binding site that binds to both a carbohydrate and an ionic substrate.29 

Self-assembled systems, regardless of whether they are liposomes, virus 

capsids, synthetic amphiphiles or vesicles, have the definite advantage that they 

can disassemble into smaller, discrete components.  This may be highly 

desirable because their biological lifetimes and processing can benefit from 

disassembly. 

 
Prominent Fundamental Examples 

 

In 2002 Kiessling and co-workers published an intensive study of various 

architectures, low molecular weight molecules, PAMAM dendrimers, globular 

proteins, ROMP-derived linear polymers and polydisperse PEMA polymers to 

present multiple carbohydrate epitopes, and to understand how these different 

scaffolds may have varying utility.3 A key aspect of this study was to broadly 
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determine which scaffolds would produce a better effector and which frameworks 

could serve as better scaffolds for creation of an inhibitor. Effectors were found to 

be ”influenced not only by apparent affinities but also by alternate factors, 

including the ability of a ligand to cluster receptors”. The best inhibitors, however, 

were found to have “high functional affinities of multivalent ligand-receptor 

interactions”. The results of solid phase binding, turbidity, fluorescence 

quenching and precipitation assays suggested that globular scaffolds, proteins 

and dendrimers make better inhibitors but do not have the relatively good 

clustering capacity that is necessary for effectors. Linear polymers performed 

well both in clustering and binding, and ROMP polymers exhibited good 

clustering properties that suggest that these polymers are potentially good 

effectors.3 

In a remarkable example of binding efficacy and structural design 

optimization, Bundle and coworkers reported studies between a multivalent 

carbohydrate scaffold and shiga toxin.30 A crystal structure of the toxin was used 

to design a distance-specific scaffold, and sub-nanomolar dissociation constants 

were reported. Enhancements in binding affinity to shiga toxin of 1-10 million fold 

relative to the monomeric carbohydrate were observed for this glycosystem. This 

is one of the few examples where a system showed positive cooperativity for 

binding. 

In 1994, Whitesides et al. reported using a polyacrylamide scaffold 

bearing sialoside groups to target influenza virus.9 A number of optimization 
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strategies were employed, including placing a strongly binding epitope alongside 

a weaker binder, altering the tether length to assess potential steric factors, and 

altering the polymer synthesis by using different molar ratios of the radical 

initiator and by using different types of copolymer. This study suggested that high 

molecular weight polymers bearing sialic acid moieties prevented virion infection 

by a steric stabilization of the virus, rather than occupying a high fraction of the 

sialic acid binding sites, and this is sensitive to the structural features of the 

polymeric scaffold. 

In an innovative example of utilizing multiple components, Boons et al. 

synthesized a tumor associated T antigen and attached this to the C terminus of 

a synthesized T epitope lipopeptide. The lipopeptide enables the compound to be 

incorporated into liposomes, and the T-epitope peptide helps to induce a T cell 

dependent immune response that results in the production of IgG antibodies 

against the Tn antigen. The liposomes that were formed using this conjugate 

were used as an anti-cancer vaccine candidate and elicited a IgG and IgM Tn 

antigen immune response.31  

For an example of creating a predictable and tuneable multivalent system 

using Whitesides model, see chapter 2 in this manuscript. 

 
Carbohydrate-Carbohydrate Interactions 

 

Although protein-carbohydrate interactions are the focus of most of the 

research that has been reported with multivalent glycosystems, multivalent 
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carbohydrate-carbohydrate interactions have also been investigated. A 

comprehensive review was published by Penades,32 who with co workers 

reported the synthesis of carbohydrate (lactose and Lex) functionalized gold 

nanoparticles as mimics of cell surface glycan clusters that were formed in order 

to  study further carbohydrate interactions.33 Using TEM to monitor particle 

aggregation, a key component to these interactions was determined to be the 

presence of calcium ions. This binding interaction was tested using AFM and 

showed “that only specific binding events between Ca2+ ions and Lex molecules 

dictate the self aggregation”, indicating Lex to be a homophilic adhesion 

molecule. Wang and co workers described the synthesis of carbon walled 

nanotube scaffolds that were coated with galactose and mannose and were used 

to capture anthrax spores. This capture process was proposed to be mediated by 

a carbohydrate-carbohydrate interaction and a divalent Ca2+ cation.34 Basu et al. 

found that lactose functionalized PAMAM dendrimers underwent specific 

interactions with a GM3 functionalized monolayer. This carbohydrate-

carbohydrate interaction was reported to be CaCl2 dependent (experiments were 

done in 1 mM CaCl2), showing that there was an electrostatic component to the 

interaction. The size of the glycodendrimer was also important: generation 4 was 

active but generations 1, 2 and 3 were inactive.  This study indicated that 

multivalency is highly important for carbohydrate-carbohydrate interactions.35  

The most prolific researcher in the area of carbohydrate-carbohydrate 

interactions is Hakomori, who has reported multivalent clustering effects in a 
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GlcNAc : GM3 interaction.36 Glycosphingolipid mimics were synthesized, and 

glycans with five or six glcNAc residues showed enhanced binding and specificity 

to GM3 over other oligosaccharides. 

Because of the inherent complexity and prevalence of carbohydrates, 

carbohydrate-carbohydrate interactions are currently difficult to monitor, and the 

degree of specificity that is achieved by these interactions is often unclear. 

However, with improving technologies and further insight, these interactions may 

well be shown to be influential. 

 
Applications-Driven Examples 

 

Roy and co-workers synthesized a multivalent, carbohydrate-based flu 

vaccine by attaching a Haemophilus influenzae type b carbohydrate epitope to 

human serum albumin (Figure 11).37 This antigen had an average of eight 

repeating units of ribosylribitol phosphate, which was synthesized using a one 

pot condensation process that is scalable to >100 g batches. As a multivalent  
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Figure 11 An influenza type b vaccine synthesized by Roy et al. 
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vaccine, this conjugate has been made available to developing countries where 

Haemophilus influenzae type b is partly responsible for high infant mortality.  

In another study using human serum albumin as a scaffold, Kihlberg and 

coworkers synthesized a 3’-sialyllactose moiety covalently conjugated to HSA , 

designed to be an inhibitor of adenovirus AD37. 38 In a competitive cellular 

uptake assay, monitoring virion uptake relative to inhibitor concentration, these 

multivalent architectures provided binding enhancements of 100 fold relative to 

the 3’-sialyllactose monomer and demonstrated effectiveness as an inhibitor of 

the targeted virus. An advantage, shown in this study, of the HSA scaffold is the 

ease of biological utility.  

For bacterial detection, Seeberger et al. used a fluorescent Poly(p-

phenylene ethynylene) (PPE) backbone that was functionalized with 

carbohydrates after the synthesis of the polymer. The mannose-functionalized 

polymer was then added to E. coli cells that specifically bind mannose and due to 

the PPE backbone, fluoresce upon cellular aggregation of 30 to several thousand 

bacteria, indicating detection of a small bacterium.39 Any sugar motif can be 

added to the reported polymer, and, since only aggregates fluoresce, 

multivalency is essential for detection. Moreover, the experiments were 

performed in 15 minutes with as little as 10,000 cells, making this an attractive 

system for detecting multivalent processes. 

Kiessling and co workers reported a highly innovative approach for the 

activation of the immune response toward tumor cells using a multivalent 
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carbohydrate compound. 40 Taking advantage of a “pre-existing immune 

response that poses a major barrier to xenotransplantation”, Kiessling elicited an 

immune response by binding an RGD mimic to a cell surface integrin, αvβ3, for 

recognition (Figure 12). The RGD mimic was attached to a carbohydrate that 

causes an immune response resulting in cell lysis. This response appears to be 

mediated by the amount of carbohydrate presented on the cell surface; without a 

high enough integrin surface concentration, the multivalent interaction causing 

the immune response is inactive. The level of expression of αvβ3 integrin is 

elevated on invasive tumor cells and on the endothelium of the tumor 

vasculature. This work is a wonderful example of utilization of a strong  
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monovalent interaction for initial recognition coupled to the exploitation of a 

multivalent cell surface interaction. The multivalent process requires an effective 
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concentration, which induces a very specific immune response to mediate cell 

death. 

In 2009 Davis and co workers reported the synthesis of carbohydrate 

functionalized nanoparticles in which the nanoparticle is a “high iron content 

nanoparticular platform”.41 This platform is highly sensitive in MRI imaging. A 

SeLx carbohydrate ligand was synthesized, mainly using various glycosyl 

transferase enzymes, and with a highly adaptable S-cyanomethyl functional 

group tether that can easily be modified for specific amine attachment. The SeLx 

ligand was present so that it could specifically target CD62 transmembrane 

proteins that are upregulated in response to injury or disease and utilized by the 

brain. Since the brain uses these proteins, the authors demonstrated that they 

could be used as a biomarker to identify brain disease. Through in vivo animal 

studies, these SeLx glyconanoparticles were shown to have high specificity to 

the targeted endothelial markers E-/P-selectin (CD62E/CD62P) when compared 

to other glycans, LacNAc and sialyl lacNAc. The multivalent component, with the 

particle being decorated with 106 glycans, was shown to be absolutely 

necessary. Cross species immune responses to the glycan were shown to be 

negligible, and the iron scaffold has low toxicity and is in clinical trials for other 

uses. Thus, these carbohydrate functionalized nanoparticles showed remarkable 

MRI imaging, great improvements on existing technologies and an ability to 

detect brain disease and inflammation.  
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Methods of Analysis 
 

Good ways of monitoring the binding and activity of multivalent system are 

necessary if carbohydrate-driven multivalent effects are to be truly understood 

and mediated.  Currently, several techniques are applied to the study of 

multivalent interactions including the hemagglutination inhibition assay (HIA),42 

surface plasmon resonance (SPR),43 isothermal titration calorimetry (ITC),44 the 

enzyme linked immunosorbent assay and the enzyme linked lectin assay 

(ELISA/ELLA),45, the turbidity assay46, the precipitation assay47, fluorescence 

activated cell sorting (FACS),48 atomic force microscopy (AFM),49 back scattering 

interferometry,50 and quartz crystal microbalance (QCM-D).51 Toone et al. 

reviewed many of the available technologies and the inherent pros and cons 

associated with each process.52 In Kiessling’s article that compared various 

architectures, multiple assays were used to evaluate the differing physical 

attributes of each scaffold.3 Here, Kiessling reported that “no single assay can 

elucidate the contributions of ligand structure to multivalent binding 

mechanisms”, and we have observed this as well in our own experiments. 

Because so many techniques are used but each evaluates only some aspects of 

the multivalent binding interaction, a clear understanding of which scaffolds 

should be used for particular applications has not yet fully emerged. The 

understanding of how the nuances involved in multivalent interactions affect 

binding modes and influence biological processes is still evolving.  
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Summary and Discussion 
 

Some key examples describing the creative ways that carbohydrates have 

been displayed in order to study and to tune multivalent processes have been 

described in this chapter. Carbohydrates contain a remarkable amount of 

information and complexity within their structure, and nature uses this information 

in very subtle yet powerful ways. Understanding the roles of carbohydrates in 

complex systems is paramount for the discernment of many biological pathways. 

Carbohydrates have already been shown to be very specific ligands in disease 

therapy, magnetic imaging, and immune response induction, and many more 

applications will undoubtedly emerge. Since multivalency is a key process by 

which nature uses carbohydrates and enhances weak binding interactions, a 

critical step in improving the treatment of many illnesses and diseases will 

involve increasing our ability to utilize multivalent interactions with carbohydrates.
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CHAPTER 2 

 

GLUCOSE, MANNOSE AND GALACTOSE FUNCTIONALIZED DENDRIMERS: 
CREATING A PREDICTABLE AND TUNABLE MULTIVALENT SYSTEM 

 
 

Introduction 
 

Multivalent carbohydrate displays are involved in a myriad of biological 

recognition processes. 1, 53-55 A variety of glycopolymers have been developed to 

decipher the mechanistic details of binding processes with lectins. 56 

Glycoconjugates include linear polymers, virus cages, gold nanoparticles and 

dendrimers to name a few. 13, 20, 28, 31, 57-77 Multivalent compounds are now being 

tested for biological applications (see chapter 1).  

Synthetic multivalent molecules are generally optimized for their particular 

application in an empirical fashion. However, model systems have been used to 

more generally evaluate the parameters governing multivalent protein-

carbohydrate interactions. Concanavalin A (Con A) is the lectin that is used most 

commonly in model studies with glycopolymers. Con A is a plant lectin isolated 

from the jackbean, which exists as a homotetramer at pH 7. Each monomer unit 

has one sugar binding site. Con A has specificity for the α-pyranose forms of D-

mannose and D-glucose, and the four sugar binding sites are 65 Å apart. 78 In 

work that inspired our choice of the Con A model system for this report, Kiessling 

and co-workers compared Con A binding by various scaffolds,3  compared Con A 

binding by linear polymers bearing various glucose and mannose derivatives,79  
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and compared Con A binding by glucose-functionalized linear polymers of 

varying lengths. 80 In work that inspired our choice of the dendrimer framework, 

Roy and co-workers studied the binding of lactose-functionalized dendrimers to 

several lectins.81 

Nature augments weak monovalent protein carbohydrate interactions by 

using multivalency. Multivalency can be broadly described as many interactions 

that have a more than additive effect, making low affinity interactions (Kd ≈ 10-3 

M) into physiologically relevant affinities. 4, 52, 82 Glycoside clustering has been 

previously defined as "affinity enhancement achieved by multivalent ligands over 

monovalent ones that is greater than would be expected from a simple effect of 

concentration increase.” 83, 84 For the discussion this definition of glycoside 

clustering is adopted, but applied more specifically than it is sometimes used in 

the carbohydrate literature. 7 Here, multivalent binding (the ability of one  

sugar

dendrimer

lectin

proximity/statistical
effects

multivalent binding  

Figure 13 Proximity effects versus multivalent binding. 
 

dendrimer to bind to multiple lectin binding sites) and proximity/statistical effects 

(a ligand concentration effect) are defined as two related but distinct terms. 

These definitions are shown pictorially in Figure 13. 
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Efforts to quantify the effects one would expect from the multivalent 

presentation of ligands have been reported. Page and Jencks’ discussion of the 

chelate effect, 84 and Jencks’ presentation of a “connection Gibbs energy” 7 serve 

as an important introduction to this area. Jencks proposed that binding of a 

protein to a bivalent molecule could be described as the sum of the “intrinsic 

binding energies” of the component parts plus a “connection Gibbs energy” 

arising primarily from changes in the translational and rotational entropy upon 

bivalent binding. 7 Two more recent examples of efforts to quantify components 

of multivalency have been presented by Lees et al. 85 and by Reinhoudt et al.. 86 

Lees and co-workers describe a binding enhancement value for divalent, 

pentameric, and linear polymer systems, while Reinhoudt and co-workers relate 

the monovalent association constant to the multivalent association constant 

using an effective concentration value and a scaling factor.  Both these methods 

progress the discussion of how monovalent association constants effect 

multivalent interactions, but both suffer from the difficulty of determining the 

appropriate value for the effective concentration. 

In 1998, Whitesides et al. proposed a relationship between degree of 

multivalency and binding affinity with respect to the monomer (see equation 1 

and the discussion section below).4 In this equation N = number of interactions 

(bivalent = 2), and α represents cooperativity, when α > 1 the system is positively 

cooperative, when α = 1 the system is non-cooperative and when α < 1 the 

system is negatively cooperative. In this chapter results can be described well by 
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this model; changes in activity could be predictably introduced into a multivalent 

dendritic system. 87  

KN
poly = (Kmono)αN  (eq. 1) 

Con A exists as a tetramer at neutral pH, with four carbohydrate binding 

sites located 6.5 nm apart. 88 Previously, our group has showed that 

mannose/hydroxyl functionalized G(4) to G(6)-PAMAM dendrimers with 50% 

mannose incorporation showed the highest activity in hemagglutination assays 

with Con A. 24 The G(4), G(5), and G(6) dendrimers are large enough to bind 

divalently to Con A, so these generations were chosen to study the tunability of 

affinity for this report. Described here are the synthesis of mannose/glucose 

dendrimers and the results of hemagglutination assays with these dendrimers 

and Con A. 

 
Results 

 

Synthesis of Mannose, Glucose and 
Galactose Functionalized PAMAM Dendrimers 
 

To synthesize the carbohydrate tethers, a route was selected that 

maintains the anomeric integrity of the α sugar starting materials, as α-anomers 

have higher binding constants than β-anomers. Allylation of the anomeric 

hydroxyl of α sugar starting material, 89 peracetylation of the 2,3,4 and 6 

hydroxyls, 90 and thiol radical addition of Boc-protected aminoethanethiol 42 

afforded intermediate 1 (Scheme 1). Removal of the Boc group and addition of 

thiophosgene afforded the requisite mannose, glucose, and galactose 
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isothiocyanates 2a-c.Isothiocyanato carbohydrates 2a-c were sequentially added 

to the PAMAM dendrimers. MALDI-TOF analyses were performed 24 h after 

each addition to determine the degree of functionalization.  

O

OH
OH

HO
HO

HO
OH

HS
NHBoc

HCl(g) (75 %)1)
2) Ac2O, pyr, DMAP (70 %)

3)
AIBN, Tol, 

110 oC. (65 %)

O

O

OAc

AcO
AcO

AcO

S

NHBoc

1) TFA, CH2Cl2

2) Cl2CS, NEt3, CH2Cl2
        (55 %, 2 steps

O
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S

NCS

1b

2b

2a mannose
2b glucose
2c galactose
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Scheme 1 Synthesis of isothiocyanato carbohydrates. Glucose is shown; 

mannose (1a and 2a) and galactose (1c and 2c) syntheses are analogous.  
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Scheme 2 Synthesis of mannose/glucose-functionalized dendrimers, galactose 
additions were low, see text for details. Amounts for x and y are provided in 

Table 1. 
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The acetyl protecting groups were removed under Zemplen conditions. Since our 

previous work indicated that 50% mannose functionalization caused the highest 

activity in the hemagglutination assay, 50% of the dendrimers’ amino endgroups 

were functionalized with mannose and glucose,. 24 

After mixtures of mannose and glucose were added to the dendrimers in 

varying ratios to total 50% (as shown in Table 1), then galactose (which has no 

activity with Con A in the hemagglutination assay) was added. Although 

galactose additions of about 50% were intended, galactose addition was 

consistently low. Warming the galactose additions to 40 oC with both acetylated 

and deacetylated mannose/glucose-dendrimers and adding 

isothiocyanatoethoxyethanol 3 24 failed to cause higher loadings. 

 
Hemagglutination Inhibition Assay 
Evaluation of Dendrimers. 
 

Hemagglutination assays were performed to evaluate the relative activities 

of the carbohydrate-coated dendrimers 4–6 with Con A. 42 Control assays with 

PAMAM and galactose-functionalized dendrimers showed no non-specific 

dendrimer-lectin association. The relative activity numbers in Table 1 are on a 

per carbohydrate (glucose + mannose) basis and are relative to methyl mannose. 

As shown in Figure 14, the relative amounts of glucose and mannose induce a 

linear change in the relative activity in the hemagglutination assay for all three 

generations. 
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Table 1 Hemagglutination assay results. 

Compound # 
mannose 
residuesa 

# 
glucose 

residuesa 

Relative activity 
per active sugarb 

4a 30 0 3820 ± 1650 
4b 24 7 2660 ± 0 
4c 18 13 2260 ± 780 
4d 10 26 1090 ± 380 
4e 0 29 260 ± 110 
5a 44 0 4830 ± 2090 
5b 38 13 3040 ± 0 
5c 16 40 1270 ± 440 
5d 0 45 310 ± 130 
6a 53 0 5350 ± 0 
6b 34 35 3510 ± 1220 
6c 16 50 2150 ± 0 
6d 0 77 470 ± 0 

 

a# sugar residues was determined using MALDI-TOF MS data after 
deacetylation (MW = 168 g/mol for 4 Ac) and after addition of tethered sugar (MW 
= 507 g/mol per tethered sugar). bActive sugar = mannose + glucose. Standard 
deviation values are very large because of serial 2 fold dilutions. For standard 
deviation = 0, all inhibitory concentrations were equal. All values represent at 
least three trials. 
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Figure 14 Percent mannose of the glucose/mannose mixture versus relative 
activity (per glucose + mannose). 
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The difference in relative activity between glucose-functionalized and 

mannose-functionalized dendrimers in the G(4) series is 14.7, the difference for 

G(5) dendrimers is 15.6 and the difference for G(6) dendrimers 11.4. Using 

equation 1, and assuming a cooperativity constant α of 1, one would predict that 

exchanging mannose for glucose would cause a 42 or 16-fold reduction in 

binding to Con A, since the dendrimer-Con A association is a divalent interaction. 

The G(4) and G(5) differences (14.7 and 15.6) are very near 16, while the G(6) 

value (11.4) is slightly lower. Perhaps the larger size of G(6) allows for a 

compensatory effect due to increased sugar clustering around the binding sites. 

91 Alternatively, the curvature of the G(6) dendrimers may be different enough 

from G(4) and G(5) to change the shape complementarity between Con A and 

the dendrimer, which can significantly change the association motif. 92 

 
Conclusions 

 

The results reported here with two ligands (mannose and glucose) that 

vary by a factor of 4 in the strength of their monovalent associations to Con A 

indicate that multivalency can be influenced in predictable–and therefore 

tunable–ways. Monovalent differences are amplified by multivalent associations, 

and mixtures of low and high affinity ligands can be used to attenuate multivalent 

affinities. 

In summary, hemagglutination assays with Con A and mannose/glucose-

functionalized dendrimers 4–6 indicate that multivalent affinities can be predicted 
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based on monovalent association constants. The glucose and mannose 

monomers differ in binding strength only by a factor of 4; multivalent association 

amplifies this difference. Transposition of the observed relationship between 

monovalent and multivalent association constants into more complex systems 

(for example, polyvalent rather than divalent complexes and non-dendritic 

frameworks) should reasonably follow and is currently being explored. Further 

evaluation of mannose/glucose dendrimer–Con A complexes using the 

hemagglutination and precipitation assays is also underway. That multivalent 

affinity can be attenuated by mixing ligands of varying binding strengths provides 

an new element of control and predictability to the design of synthetic multivalent 

molecules for biological applications. 

 
Experimental Procedures 

 

General Methods 
 
General reagents were purchased from Acros and Aldrich Chemical Companies. 

PAMAM dendrimers were purchased from Dentritech. Concanavalin A (Con A) 

was purchased from Calbiochem. Methylene Chloride was purified on basic 

alumina, other solvents were used as received. 32-63µ “40 micron flash” silica 

gel for flash column chromatography purification was purchased from Scientific 

Adsorbants Incorperated. 
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Matrix Assisted Laser Desorption 
Ionization MS (MALDI)  
 
MALDI mass spectra were acquired using a Bruker Biflex-III time-of-flight mass 

spectrometer. Spectra of all functionalized dendrimers were obtained using a 

trans-3-indoleacrylic acid matrix with a matrix-analyte ratio of 3000:1 or 1000:1. 

Bovine serum albumin (MW 66,431 g/mol),Cytochrome C (MW 12,361 g/mol), 

and Trypsinogen (MW 23,982 g/mol) were used as external standards. An aliquot 

corresponding to 12-15 pmol of the analyte was deposited on the laser target. 

Positive ion mass spectra were acquired in linear mode and the ions were 

generated by using a nitrogen laser (337 nm) pulsed at 3 Hz with a pulse width of 

3 nanoseconds. Ions were accelerated at 19-20,000 volts and amplified using a 

discrete dynode multiplier. Spectra (100 to 200) were summed into a LeCroy 

LSA1000 high-speed signal digitizer. All data processing was performed using 

Bruker XMass/XTOF V 5.0.2. Molecular mass data and polydispersities (PDI) of 

the broad peaks were calculated by using the Polymer Module included in the 

software package. The peaks were analyzed using the continuous mode.  

To determine the number of carbohydrate residues of each type on the 

dendrimers, both the change in MW after each sequential addition and after 

deacylation were used. Starting MW for the PAMAM dendrimers was 13500 

g/mol, 25500 g/mol and 50000g/mol for Generation 4,5 and 6 respectively. To 

calculate the number of different residues on each dendrimer, the MALDI-TOF 

MS Mw change upon each addition was divided by the Mw of the isothiocyanate 

tethered carbohydrate (507g/mol) (#A). The total number of loaded carbohydrate 
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residues was determined by dividing Mw change upon deacylation by 168 (the 

loss of 4 acetyl groups per sugar) (#B). The % of each carbohydrate residue was 

determined by (A/∑A)*B (#C). The values C and A were then averaged. An 

example, using 4c data: (22900-13500)/507 = 18.5 (A); (34200-13500)/507 = 

40.8 (∑A); 18.5/40.8*100 = 45.4%; (34200-27700)/168 = 38.7 (B); 38.7*0.454 = 

17.6 (C); (17.6+18.5)/2 = 18.0 (determined # of mannose residues). 

 
NMR 
 
1H NMR spectra were recorded on Bruker DPX 300 (300MHz) and Bruker DPX-

500 (500MHz) spectrometers. Chemical shifts are reported in ppm from 

tetramethylsilane with the residual protic solvent resonance as the internal 

standard (chloroform: δ 7.25 ppm; dimethyl sulfoxide: δ 2.50 ppm). Data are 

reported as follows: chemical shift, multiplicity (s = singlet, bs = broad singlet, d = 

doublet, t = triplet, q = quartet, p = pentet, m = multiplet, app = apparent), 

integration, coupling constants (in Hz) and assignments. 13C NMR spectra were 

recorded on a Bruker DPX 500 (125 MHz) spectrometer with complete proton 

decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the 

solvent as the internal standard (CDCl3: δ 77.0 ppm) 
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Figure 15 Numbering sequence for carbohydrate NMR data. 

 

O

OH

HO

OH

O

OH

 

1-O-allyl-α-D-galactopyranoside. 1a. HCl(g) was bubbled through 100 mL of allyl 

alcohol at 0o C for 20 minutes, then 14.7 g (81.6 mmol) α-D-galactopyranoside 

was added. The reaction was warmed to room temperature and let stir for 3 

hours, or until the solution became clear. Solvent was removed in vacuo to afford 

12.5 g of crude material, which was used without further purification. 1H NMR 

(300 MHz, D2O) δ 5.98 (ddd, 1H, J = 17.1, 10.3, 6 Hz, OCH2CH=CH2), 5.26 (dd, 

1H, J = 17.1, 1.4 Hz, OCH2CH=CH2), 5.13 (d, 1H, J = 10.3 Hz, OCH2CH=CH2), 
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4.78 (d, 1H, J = 3.0 Hz, H1), 4.72 (s, 1H), 4.11 (dd, 1H, J = 13.0, 6.2 Hz, 

OCH2CH=CH2), 3.97 (dd, 1H, J = 13.0, 6.2 Hz, OCH2CH=CH2), 3.60-3.82 (m, 

5H, H2, H3, H4, H5, H6) ppm. As reported.89 

O

HO

O

OH

OH

HO

 

1-O-allyl-α-D-mannopyranoside. 1b. HCl(g) was bubbled through 300 mL of allyl 

alcohol at 0oC for 20 minutes, then 14.7 g (81.6 mmol) α-D-mannopyranoside 

was added. The reaction was warmed to room temperature and was stirred for 3 

hours. Solvent was removed in vacuo to afford 13.4 g of crude material which 

was used without further purification. 1H NMR (300 MHz, D2O) δ 5.88 (app ddd 

1H, J = 17.0, 10.1, 6.3 Hz, OCH2CH=CH2), 5.23 (dd, 1H, J = 17.0, 1.0 Hz, 

OCH2CH=CH2), 5.14 (app d, 1H, J = 10.1, OCH2CH=CH2), 4.78 (d, 1H, J= 1.5 

Hz, H1), 4.12 (dd, 1H, J = 13.1, 6.3 Hz OCH2CH=CH2), 3.96 (dd, 1H, J = 13.1, 

6.3 Hz, OCH2CH=CH2), 3.51-3.82 (m, 5H) ppm. As reported.89 

O

HO

OH

O

OH

HO

 

1-O-allyl-α-D-glucopyranoside. 1c. HCl(g) was bubbled through 100 mL of allyl 

alcohol at 0o C for 20 minutes, then 14.7 g (81.6 mmol) α-D-glucopyranoside was 

added. The reaction was warmed to room temperature and let stir for 3 hours. 
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Solvent was removed in vacuo and the product taken on without purification. 1H 

NMR (250 MHz, D2O) δ 5.85 (app ddd, 1H, J = 17.3, 10.4, 6.1 Hz, 

OCH2CH=CH2), 5.26 (app d, 1H, J = 17.3 Hz, OCH2CH=CH2), 5.15 (app d, 1H, J 

= 10.4 Hz, OCH2CH=CH2), 4.85 (d, 1H, J = 2.7 Hz, H1), 4.11 (dd, 1H, J = 12.8, 

5.3 Hz, OCH2CH=CH2), 3.96 (dd, 1H, J = 12.8, 6.1Hz, OCH2CH=CH2), 3.30-3.68 

(m, 5H, H2, H3, H4, H5, H6) ppm. As reported.89 

O

OAc

AcO

OAc

O

OAc

 

2,3,4,6-tetra-O-acetyl-1-O-allyl-α-D-galactopyranoside. 2a. 1a (6.8 g, 30 mmol) 

and acetic anhydride (16.2 g, 135 mmol) were combined in pyridine (200 mL) 

and cooled to 0o C. Catalytic DMAP (0.5 g, 4.1 mol) was then added and the 

solution was stirred for 4 hrs and warmed to room temperature. The reaction was 

added to cold water (100 mL) and extracted with ethyl acetate (3 x 50 mL). The 

organic layer was then washed with 1N HCl solution (2 x 50 mL), brine (50 mL), 

and dried over magnesium sulfate. The solvent was then removed en vacuo 

leaving a yellowish oily liquid, a 7 g portion of which was purified by silica gel 

column chromatography (1:1 hexane:ethyl acetate)to yield 6.1 g (15.7 mmol). 1H 

NMR (300 MHz, CDCl3) δ 5.84 (app ddd, 1H, J = 17.0, 10.2, 6.3 Hz, 

OCH2CH=CH2), 5.45 (d, 1H, J = 3.0 Hz, H4), 5.38 (m, 1H, H3), 5.30 (dd, 1H, J = 

10.2, 1.5 Hz, OCH2CH=CH2), 5.22 (d, 1H, J = 17.0 Hz, OCH2CH=CH2), 5.13 (m, 
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2H, H2, H1), 4.22 (app t, 1H. J = 6.2 Hz, H5), 4.18 (dd, 1H, J = 13.0, 6.3 Hz 

OCH2CH=CH2), 4.10 (d, 2H, J = 6.2 Hz, H6), 4.05 (dd, 1H, J = 13.0, 6.3 Hz 

OCH2CH=CH2), 2.16 (s, 3H), 2.14 (s, 3H), 2.13 (s, 3H), 2.11 (s, 3H) ppm. As 

reported.89 

 

O

AcO

O

OAc

OAc

AcO

 

2,3,4,6-tetra-O-acetyl-1-O-allyl-α-D-mannopyranoside. 2b. 1b (12.2 g, 55.2 

mmol) and acetic anhydride (32.4 g, 315.9 mmol) were combined in pyridine (300 

mL) and cooled to 0 oC. Catalytic DMAP (0.1 g, 0.8 mmol) was then added and 

the solution was stirred for 4 hrs and warmed to room temperature. The reaction 

was added to cold water (300 mL) and extracted with ethyl acetate (3 x 50 mL). 

The organic layer was then washed with 1N HCl solution (2 x 50 mL), brine (1 x 

50 mL), and dried over magnesium sulfate. The solvent was then removed in 

vacuo leaving a yellowish oily liquid. A 7.0 g portion of this was then purified by 

silica gel column chromatography (1:1 hexane:ethyl acetate) to yield 6.24 g (16.1 

mmol) of pure product. 1H NMR (300 MHz, CDCl3) δ 5.87 (app ddd, 1H, J = 

17.1, 10.3, 6.2 Hz, OCH2CH=CH2), 5.38 (dd, 1H, J = 10.3, 3.0 Hz, 

OCH2CH=CH2), 5.13-5.31 (m, 5H, H2, H3, H4, OCH2CH=CH2) 4.86 (d, 1H, J= 

1.5 Hz, H1), 4.29 (dd, 1H, J = 11.9, 5.4 Hz, H6a), 4.19 (dd, 1H, J = 13.2, 6.2 Hz, 

OCH2CH=CH2), 4.10 (dd, 1H, J = 11.9, 2.0 Hz, H6b), 4.01 (m, 2H, H5, 
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OCH2CH=CH2), 2.16 (s, 3H), 2.14 (s, 3H), 2.13 (s, 3H), 2.11 (s, 3H) ppm. As  

reported.89 

O

AcO

OAc

O

OAc

AcO

 

2,3,4,6-tetra-O-acetyl-1-O-allyl-α-D-glucopyranoside. 2c. 1c (12.2 g, 55.2 mmol) 

and acetic anhydride (32.4 g, 315.9 mmol) were combined in pyridine (300 mL) 

and cooled to 0o C. Catalytic DMAP (0.1 g, 0.8 mmol) was then added and the 

solution was stirred for 4 hrs and warmed to room temperature. The reaction was 

added to cold water (300 mL) and extracted with ethyl acetate (3 x 50 mL). The 

organic layer was washed with 1N HCl solution (2 x 50 mL), brine (1 x 50 mL), 

and dried over magnesium sulfate. The solvent was then removed in vacuo 

leaving a yellowish oily liquid. A 7.0 g portion of this was then purified by silica 

gel column chromatography (1:1 hexane:ethyl acetate) to yield 6.24 g (16.1 

mmol) of pure product. 1H NMR (500 MHz, CDCl3) δ 5.84 (ddd, 1H, J = 16.9, 

10.8, 5.7 Hz, OCH2CH=CH2), 5.47 (ap t, 1H, J = 9.9 Hz, H3), 5.27 (dd, 1H, J = 

16.9, 1.4 Hz, OCH2CH=CH2), 5.22 (dd, 1H, J = 10.8, 0.9 Hz, OCH2CH=CH2), 

5.07 (d, 1H, J = 3.7 Hz, H1), 5.03 (ap t, 1H, J = 9.9 Hz, H4), 4.85 (dd, 1H, J = 9.9, 

3.7 Hz, H2), 4.22 (dd, 1H. J = 12.8, 5.7 Hz, OCH2CH=CH2), 4.15 (dd, 1H, J = 

12.8, 5.7 Hz OCH2CH=CH2), 4.05 (dd, 1H, J = 12.3, 2.3 Hz, H6a), 4.00 (m, 2H, 

H5, H6b), 2.16 (s, 3H), 2.14 (s, 3H), 2.13 (s, 3H), 2.11 (s, 3H) ppm. 13C NMR 
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(500 MHz, CDCl3) δ 170.56, 170.05, 170.00, 169.53, 133.07, 118.08, 94.85, 

70.73, 70.15, 68.78, 68.57, 67.34, 61.87, 20.65, 20.62 (2), 20.55 ppm. As 

reported.89  

O

AcO

O

OAc

OAc

AcO

S

NHBOC

 

1-O-(6-t-Butylcarbamate-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl-α-D-

mannopyranoside. (1a) A solution of 4.80 g (12.4 mmol) 2,3,4,6-tetra-O-acetyl-1-

O-allyl-α-D-mannopyranoside, 10.21 g (57.6 mmol) 2-t-Butylcarbamate-

ethanethiol and 1.0 mL (0.5 g, 1.9 mmol) 1,1 Di(tert-butylperoxy)cyclohexane 

(50% w/v solution in mineral oil) in 100 mL of toluene was degassed with Argon 

and refluxed for 4 hrs. The solution was cooled and the solvent removed in 

vacuo. The remaining oily residue was then purified by silica gel column 

chromatography (1:1 hexanes:ethyl acetate) to give 4.41 g (7.81 mmol) of a 

yellow oil in 65% yield. 1H NMR (300 MHz, CDCl3) δ 5.21-5.30 (m, 3H, H2, H3, 

H4), 4.94 (bs, 1H, CH2NHCOOtBu), 4.80 (s, 1H, H1), 4.28 (dd, 1H, J = 12.1, 

5.2Hz, H6a), 4.11 (m, 1H, H6b), 3.98 (m, 1H, H5), 3.81 (dt, J = 9.5, 6.1 Hz, 1H, 

OCH2CH2CH2S), 3.53 (dt, J = 9.5, 6.1 Hz, 1H, OCH2CH2CH2S), 3.30 (m, 2H, 

CH2NHCOOtBu), 2.63 (app q, J = 12.3, 6.1 Hz, 4H, CH2CH2SCH2CH2), 2.13 (s, 

3H), 2.11 (s, 3H), 2.10 (s, 3H), 2.07 (s, 3H), 1.88 (m, 2H, OCH2CH2CH2SCH2), 

1.45 (s, 9H) ppm. 13C NMR (125 MHz, CDCl3) δ 170.46, 169.90, 169.74, 169.58, 
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155.70, 97.49, 79.19, 69.52, 69.01, 68.53, 66.37, 66.14, 62.43, 39.77, 32.13, 

29.00, 28.29, 28.22, 20.88, 20.73, 20.61, 20.55 ppm. HRMS (electrospray) m/z 

588.2105 (M+Na, calc. 588.2091 for C24H39NO12SNa) 

O

AcO

O

OAc

OAc

AcO

S

NHBOC

 

1-O-(6-t-Butylcarbamate-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl-α-D-

glucopyranoside. (1b) A solution of 0.4 g (1.0 mmol) 2,3,4,6-tetra-O-acetyl-1-O-

allyl-α-D-glucopyranoside,  1.5 g (8.4 mmol) 2-t-Butylcarbamate-ethanethiol and 

0.2 mL (0.1 g, 0.38 mmol) 1,1 Di(tert-butylperoxy)cyclohexane (50% w/v solution 

in mineral oil) in 20 mL of toluene was degassed with Argon and refluxed for 4 

hrs. The solution was cooled and the solvent removed in vacuo. The remaining 

oily residue was then purified by silica gel column chromatography (1:1 

hexanes:ethyl acetate) to give 0.42 g (0.74 mmol) of a yellow oil in 74% yield. 1H 

NMR (500 MHz, CDCl3) δ 5.39 (app t, 1H, J = 10.1 Hz, H3), 4.98 (m, 3H, H4, H1, 

CH2NHCOOtBu ), 4.80 (dd, 1H, J = 10.1, 3.7 Hz, H2), 4.19 (dd, 1H, J = 12.3, 3.9 

Hz, H6a), 4.03 (dd, 1H, J = 12.3, 2.2 Hz, H6b), 3.95 (ddd, 1H, J = 2.2, 3.9, 10.2 

Hz, H5), 3.74 (dt, 1H, J = 9.9, 6.1 Hz OCH2CH2CH2S), 3.45 (dt, 1H, J = 9.9, 6.1 

Hz, OCH2CH2CH2S), 3.24 (m, 2H, CH2NHCOOtBu), 2.57 (m, 4H, 

CH2CH2SCH2CH2), 2.03 (s, 3H), 2.00 (s, 3H), 1.96 (s, 3H), 1.94 (s, 3H), 1.83 

(app p, 2H, J = 6.5 Hz, OCH2CH2CH2SCH2), 1.37 (s, 9H) ppm. 13C NMR (125 



 48 

MHz, CDCl3) δ 170.53, 170.02 (2), 169.49, 155.72, 95.77, 79.33, 70.78, 70.13, 

68.58, 67.28, 66.57, 61.89, 39.77, 32.08, 29.01, 28.32, 28.09, 20.64, 20.59, 

20.52 ppm. HRMS (electrospray) m/z 588.2091 (M+Na, calc. 588.2091 for 

C24H39NO12SNa). 

O

AcO

O

OAc

OAc

OAc

S

NHBOC

 

1-O-(6-t-Butylcarbamate-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl-α-D-

galactopyranoside. (1c) A solution of 3.90 g (10.1 mmol) 2,3,4,6-tetra-O-acetyl-1-

O-allyl-α-D-galactopyranoside,  11.9 g (67.2 mmol) 2-t-Butylcarbamate-

ethanethiol and 1.0 mL (0.5 g, 1.9 mmol) 1,1 Di(tert-butylperoxy)cyclohexane 

(50% w/v solution in mineral oil) in 100 mL of toluene was degassed with Argon 

and refluxed for 4 hrs. The solution was cooled and the solvent removed in 

vacuo. The remaining oily residue was then purified by silica gel column 

chromatography (1:1 hexanes:ethyl acetate) to give 4.3 g (7.61 mmol) of a yellow 

oil in 76% yield. 1H NMR (300 MHz, CDCl3) δ 5.44 (app d, 1H, J = 3.0 Hz, H4), 

5.31 (dd, 1H, J = 3.0, 9.6 Hz, H3), 5.10 (m, 2H, H1, H2), 4.91 (bs, 1H, 

CH2NHCOOtBu), 4.20 (ap t, 1H, J = 6.5 Hz, H5), 4.08 (d, 2H, J = 6.5 Hz, H6), 

3.76 (dt, J = 6.0, 12.0 Hz, 1H, OCH2CH2CH2S), 3.50 (dt, J = 6.0, 12.0 Hz, 1H, 

OCH2CH2CH2S), 3.29 (m, 2H, CH2NHCOOtBu), 2.60 (app q, J = 6.3, 12.3 Hz, 

4H, CH2CH2SCH2CH2), 2.13 (s, 3H), 2.11 (s, 3H), 2.10 (s, 3H), 2.07 (s, 3H), 1.88 
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(app p, J = 6.6 Hz, 2H, OCH2CH2CH2SCH2), 1.45 (s, 9H) ppm. 13C NMR (125 

MHz, CDCl3) δ 170.60, 170.54, 170.38, 170.19, 155.95, 96.52, 79.64, 68.42, 

68.32, 67.83, 66.94, 66.58, 61.95, 40.01, 32.43, 29.36, 28.60, 28.46, 20.96, 

20.90, 20.84, 20.82 ppm. HRMS (electrospray) m/z 588.2094 (M+Na, calc. 

588.2091 for C24H39NO12SNa). 

O

AcO

O

OAc

OAc

AcO

S

NCS

 

1-O-(6-isothiocyanato-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-

mannopyranoside. (2a) 1.1 g (9.6 mmol) of trifluoroacetic acid was added to a 

solution of 1.0 g (1.8 mmol) of 1a in 10 mL of methylene chloride at 0o C and let 

stir for 12 hrs.  Solvent was removed in vacuo and 10 mL water added to the 

residue. The pH of the solution was then adjusted to ~12 with a solution of K2CO3 

(sat.) and extracted with methylene chloride (3 x 10 mL). The organic layers 

where combined and washed with brine (10 mL) and dried with sodium sulfate. 

The extract was filtered and the solvent removed. The resulting oily material was 

then dissolved in dry methylene chloride (10 mL) with 0.45 g (4.5 mmol) of 

triethylamine.  This was then added via syringe pump to a solution of 0.2 mL (0.3 

g, 2.6 mmol) thiophosgene in 30 mL of dry methylene chloride at 0o C over 1 hr 

and let stir for a further 2 hr. Water (30 mL) was added and extraction performed 

with methylene chloride (3 x 20 mL), the organic layers were then combined and 

dried over sodium sulfate. The extract was filtered and solvent removed in vacuo 
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to yield a reddish oily material. The product was purified via column 

chromatography on silica gel (2:1 ethyl acetate:hexanes) leaving 0.50 g (0.99 

mmol) of a yellowish oil in a 55% yield. 1H NMR (300 MHz, CDCl3) δ 5.21-5.30 

(m, 1H, H2, H3, H4), 4.80 (s, 1H, H1), 4.28 (dd, 1H, J = 12.3, 6.9Hz, H6a), 4.11 

(app d, 1H, J = 12.3Hz, H6b), 3.98 (m, 1H, H5), 3.81 (dt, J = 6.1, 10.0 Hz, 1H, 

OCH2CH2CH2S), 3.69 (t, 2H, J = 6.8 Hz, SCH2CH2NCS), 3.53 (dt, 1H, J = 6.1, 

10.0 Hz, OCH2CH2CH2S), 2.81 (t, 2H, J = 6.8 Hz, SCH2CH2NCS), 2.66 (t, 2H, J = 

7.0 Hz, OCH2CH2CH2S), 2.13 (s, 3H), 2.11 (s, 3H), 2.10 (s, 3H), 2.07 (s, 3H), 

1.88 (m, 2H, OCH2CH2CH2SCH2) ppm. 13C NMR (125 MHz, CDCl3) δ 170.49, 

169.95, 169.81, 169.61, 132.39, 97.53, 69.49, 69.01, 68.59, 66.25, 66.11, 62.45, 

45.17, 32.25, 29.05, 28.88, 20.79, 20.69, 20.63, 20.60 ppm. HRMS 

(electrospray) m/z 530.1112 (M+Na, calc. 530.1131 for C20H29NO10S2Na). 

O

AcO

O

OAc

AcO

S

NCSOAc

 

1-O-(6-isothiocyanato-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-glucopyranoside. 

(2b) 0.5 g (4 mmol) of trifluoroacetic acid was added to a solution of 0.42 g (0.74 

mmol) of 1b in 5 mL of methylene chloride at 0o C and let stir for 12 hrs.  Solvent 

was removed in vacuo and 5 mL water added to the residue. The pH of the 

solution was then adjusted to ~12 with a solution of K2CO3 (sat.) and extracted 

with methylene chloride (3 x 10 mL). The organic layers where combined and 
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washed with brine (10 mL) and dried with sodium sulfate. The extract was filtered 

and the solvent removed in vacuo. The resulting oily material was then dissolved 

in dry methylene chloride (10 mL) with 0.2 g (2 mmol) of triethylamine.  This was 

then added via syringe pump to a solution of 0.13 g (1 mmol) thiophosgene in 10 

mL of dry methylene chloride at 0o C over 1 hr. this was then let stir for 2 hr. 

Water (10 mL) was added and extracted with methylene chloride (3 x 10 mL), the 

organic layers were then combined and dried over sodium sulfate. The extract 

was filtered and solvent removed in vacuo to yield a reddish oily material. The 

product was purified via column chromatography on silica gel (2:1 ethyl 

acetate:hexanes) leaving 0.3 g (0.59 mmol) of a yellowish oil in an 80% yield. 1H 

NMR (500 MHz, CDCl3) δ 5.41 (app t, 1H, J = 10.0 Hz, H3), 5.01 (m, 2H, H4, H1 

), 4.82 (dd, 1H, J = 10.0, 3.7 Hz, H2), 4.21 (dd, 1H, J = 12.3, 4.5 Hz, H6a), 4.05 

(dd, 1H, J = 12.3, 2.2 Hz, H6b), 3.95 (ddd, 1H, J = 10.2, 4.5, 2.2 Hz, H5), 3.77 

(dt, 1H, J = 9.9, 6.0 Hz OCH2CH2CH2S), 3.66 (t, 2H, J = 6.7 Hz, CH2NCS), 3.48 

(dt, 1H, J = 9.9, 6.0 Hz, OCH2CH2CH2S), 2.78 (t, 2H, J = 6.7 Hz, SCH2CH2NCS), 

2.65 (t, 2H, J = 7.0 Hz, CH2CH2S), 2.05 (s, 3H), 2.02 (s, 3H), 1.99 (s, 3H), 1.97 

(s, 3H), 1.87 (app p, 2H, J = 6.5 Hz, OCH2CH2CH2SCH2), 1.37 (s, 9H) ppm. 13C 

NMR (125 MHz, CDCl3) δ 170.75, 170.27, 170.22, 169.71, 132.85, 96.02, 70.99, 

70.28, 68.78, 67.81, 67.55, 66.64, 62.11, 45.79, 45.40, 32.39, 29.83, 29.30, 

28.98, 20.89, 20.84, 20.77 ppm. HRMS (electrospray) m/z 530.1138 (M+Na, 

calc. 530.1131 for C20H29NO10S2Na). 
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O

AcO

O

OAc
OAc

S

NCSOAc

 

1-O-(6-isothiocyanato-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-

galactopyranoside. (2c) 0.5 g (4 mmol) of trifluoroacetic acid was added to a 

solution of 0.42 g (0.74 mmol) of 1c in 10 mL of methylene chloride at 0oC and let 

stir for 12 hrs.  Solvent was removed in vacuo and 10 mL water added to the 

residue. The pH of the solution was then adjusted to ~12 with a solution of K2CO3 

(sat.) and extracted with methylene chloride (3 x 10 mL). The organic layers 

where combined and washed with brine (10 mL) and dried with sodium sulfate. 

The extract was filtered and the solvent removed in vacuo. The resulting oily 

material was then dissolved in dry methylene chloride (10 mL) with 0.18 g (2 

mmol) of triethylamine.  This was then added via syringe pump to a solution of 

0.12 g (1 mmol) thiophosgene in 20 mL of dry methylene chloride at 0o C over 1 

hr. The reaction was then let stir for 2hr. Water (30 mL) was added and extracted 

with methylene chloride (3 x 20mL), the organic layers were then combined and 

dried over sodium sulfate. The extract was filtered and solvent removed in vacuo 

to yield a reddish oily material. The product was purified via column 

chromatography on silica gel (2:1 ethyl acetate:hexanes) leaving 0.28 g (0.55 

mmol) of a yellowish oil in a 75% yield. 1H NMR (300 MHz, CDCl3) δ 5.43 (d, 1H, 

J = 2.3 Hz, H4), 5.31 (dd, 1H, J = 10.1, 2.3 Hz, H3), 5.11 (m, 2H, H1, H2), 4.21 (t, 

1H, J = 6.4 Hz, H5), 4.10 (m, 2H, H6), 3.79 (m, 1H, OCH2CH2CH2S), 3.70 (t, 2H, 
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J = 6.8 Hz, SCH2CH2NCS), 3.52 (m, 1H OCH2CH2CH2S), 2.80 (t, 2H, J = 6.8 Hz, 

SCH2CH2NCS), 2.66 (t, 2H, J = 6.7 Hz, OCH2CH2CH2S), 2.11 (s, 3H), 2.06 (s, 

3H), 2.03 (s, 3H), 1.98 (s, 3H), 1.88 (m, 2H, OCH2CH2CH2SCH2) ppm. 13C NMR 

(125 MHz, CDCl3) δ 170.47, 170.39, 170.27, 170.09, 132.71, 96.44, 68.27, 

68.17, 67.67, 66.70, 66.48, 61.82, 45.36, 32.34, 29.33, 29.02, 20.89, 20.81, 

20.74, 20.71 ppm. HRMS (electrospray) m/z 530.1130 (M+Na, calc. 530.1131 for 

C20H29NO10S2Na). 

 

Representative procedure for the synthesis of heterogeneously functionalized 

PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl)- 2,3,4,6-tetra-O-

acetyl -α-D-galactopyranoside, 1-O-(6- thiourea-4-thiohexyl)- 2,3,4,6-tetra-O-

acetyl -α-D-glucopyranoside, 1-O-(6- thiourea-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl 

-α-D-mannopyranoside. (4-6) An aqueous solution of amine terminated Starburst 

G(4)-PAMAM dendrimer (2.478 g of a 17% w/w solution in water, 421.2 mg, 31.2 

µmol) was lyophilized to leave a foamy residue. 7.02 mL of DMSO was then 

added to this residue to give a 60 mg/mL solution. 0.047 mL of a 300 mM 

solution of 1-O-(6-isothiocyanato-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-

mannopyranoside (2a, 14.1 µmol, 6.84 mg) in DMSO was added to 0.5 mL of a 

60 mg/mL G(4) PAMAM dendrimer (30 mg, 4.40 µmol) solution. The reaction 

was stirred for 48 hrs at which point a 75 µL aliquot was removed for MALDI-TOF 

analysis. After MALI-TOF analysis indicated reaction completion 0.17 mL of a 

300 mM solution of 1-O-(6-isothiocyanato-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-
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D-glucopyranoside (2b, 49.4 µmol, 25.1 mg) was added. The solution was then 

stirred for 48 hrs. At this time a 75 µL aliquot was removed for analysis. After 

MALDI-TOF analysis indicated reaction completion, 0.19 mL of a 300 mM 

solution of 1-O-(6-isothiocyanato-4-thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-

galactopyranoside (2c, 56.9 µmol, 28.8 mg) was added and let stir for 48 hrs, 

when a 75 µL aliquot was removed for analysis. According to MALDI-TOF 

analysis the addition of 2c did not go to completion, so an additional spacer was 

added. 47.1 mg (30 µmol) of isothiocyanto-ethoxyethanol 3 in DMSO was added 

an let stir at room temperature for 2 days. Again MALDI-TOF analysis indicated 

no further addition. This step was repeated with mild warming (up to 40 ºC) and 

vigorous stirring. MALDI-TOF analysis again indicated no further addition, hence 

the product was taken forward. 

 
Table 2 Amounts of compounds that were used for the experimental procedure 

above. 
 
Compound 

# 
PAMAM 
(µmol) 

Mannose 
(µmol) 

Glucose 
(µmol) 

Galactose 
(µmol) 

Ethoxy 
ethanol 
(µmol) 

4a 2.2 71.1 0 57.0 30.0 
4b 2.2 56.9 12.6 57.0 30.0 
4c 2.2 35.6 32.4 57.0 30.0 
4d 2.2 14.2 51.0 57.0 30.0 
4e 1.5 0 47.3 49.3 30.0 
5a 1.2 58.8 0 45.0 30.0 
5b 1.2 47.1 10.5 45.0 30.0 
5c 1.2 11.8 42.6 45.0 30.0 
5d 0.7 0 39.5 49.3 30.0 
6a 0.6 50.2 0 42.0 30.0 
6b 0.6 25.1 22.5 42.0 30.0 
6c 0.6 10.0 36.3 42.0 30.0 
6d 0.4 0 33.5 49.3 30.0 
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4a: 1H NMR (500 MHz, d6-DMSO) δ  7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.4H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2) 5.32(m, 0.7H), 5.17 (m, 0.8H), 5.07 (m, 1.6H), 5.02 

(m, 0.8H), 4.92 (m, 1H), 4.84 (m, 0.5H), 4.21 (m, 0.7H), 4.10 (m, 0.9H), 4.00 (m, 

2.3H), 3.90 (m, 0.7), 3.80 (t, 0.8H, J = 6.5 Hz), 3.68 (m, 1.8H), 3.50 (m, 3.2H), 

3.14 (bs, 2.5H), 3.04 (bs, 3.9H), 2.81 (t, 0.5H J = 6.5 Hz), 2.56-2.64 (m, 11.4H), 

2.17 (bs, 4.8H), 2.08 (s, 3.2H), 2.07 (s, 3H), 2.00 (m, 9H), 1.90 (s, 3.5H) 1.79 (m, 

3.5H) ppm. MALDI-TOF (pos) m/z 34400. 

 

4b: 1H NMR (500 MHz, d6-DMSO) δ  7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.5H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2) 5.32(m, 0.8H), 5.17 (m, 0.8H), 5.07 (m, 1.1H), 5.02 

(m, 0.8H), 4.99 (m, 0.17H), 4.93 (m, 0.9H), 4.84 (m, 0.5H), 4.21 (m, 0.8H), 4.10 

(m, 0.8H), 4.00 (m, 2.4H), 3.80 (t, 1.1H, J = 6.5 Hz), 3.68 (m, 1.6H), 3.50 (m, 

3.8H), 3.14 (bs, 2.5H), 3.04 (bs, 3.9H), 2.81 (t, 1H J = 6.5 Hz), 2.56-2.64 (m, 

13H), 2.17 (bs, 5H), 2.08 (s, 4H), 2.07 (s, 2H), 2.00 (s, 3.5H), 1.99 (s, 3H) 1.98 

(s, 3H), 1.97 (s, 3H), 1.90 (s, 3.5H) 1.79 (m, 4H) ppm. MALDI-TOF (pos) m/z 

33800. 

 

4c: 1H NMR (500 MHz, d6-DMSO) δ  7.97 (bs, 1H, amide NH’s), 7.83 (bs, 1H, 

amide NH’s), 7.77 (bs, 1H, amide NH’s), 7.51 (bs, 1.8H, CH2NHC(S)NHCH2) 

5.32(m, 0.8H), 5.25 (m, 0.5H), 5.17 (m, 0.8H), 5.07 (m, 0.5H), 5.02 (m, 0.8H), 
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4.99 (m, 0.5H), 4.92 (m, 1.3H), 4.84 (m, 0.3H), 4.75 (m, 0.7H), 4.21 (m, 0.8H), 

4.09 (m, 0.8H), 4.00 (m, 2.6H), 3.80 (t, 1.1H, J = 6.5 Hz), 3.68 (m, 2H), 3.50 (m, 

4H), 3.13 (bs, 2.5H), 3.04 (bs, 4.7H), 2.81 (t, 1H, J = 6.5 Hz), 2.56-2.64 (m, 17H), 

2.17 (bs, 6.5H), 2.08 (s, 3.7H), 2.00 (s, 3H), 1.99 (s, 2H), 1.98 (s, 3H), 1.97 (s, 

3H) 1.96 (s, 2H), 1.90 (s, 3H) 1.79 (m, 4.7H) ppm. MALDI-TOF (pos) m/z 34200. 

 

4d: 1H NMR (500 MHz, d6-DMSO) δ  7.97 (bs, 1H, amide NH’s), 7.78 (bs, 0.8H, 

amide NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2) 5.32(m, 0.9H), 5.26 (m, 1H), 5.17 

(m, 1H), 5.02 (m, 0.8H), 4.99 (m, 0.8H) 4.92 (m, 1.6H), 4.76 (m, 1H), 4.21 (m, 

1.1H), 4.10 (m, 1H), 4.00 (m, 2.9H), 3.95 (m, 1H), 3.81 (t, 1.6H, J = 6.5 Hz), 3.68 

(m, 2.4H), 3.48 (m, 4.2H), 3.13 (bs, 3.2H), 3.04 (bs, 3.7H), 2.81 (t, 2.2H, J = 6.5 

Hz), 2.56-2.65 (m, 10H), 2.17 (bs, 4.7H), 2.08 (s, 3H), 2.00 (s, 3H), 1.99 (s, 1H), 

1.98 (s, 3H), 1.97 (s, 3H), 1.95 (s, 2H), 1.92 (s, 2H) 1.90 (s, 3H), 1.80 (m, 4.4H) 

ppm. MALDI-TOF (pos) m/z 36100. 

 

4e: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.3H, 

amide NH’s), 7.83 (bs, 0.3H, amide NH’s), 7.77 (bs, 1H, amide NH’s), 7.51 (bs, 

1.9H, CH2NHC(S)NHCH2), 5.32 (s, 0.5H), 5.25 (m, 0.6H), 5.14 (m, 1H), 5.02 (m, 

1H), 4.92 (m, 1H), 4.77 (m, 0.7H), 4.10-4.21 (m, 1.5H), 4.00 (m, 2.2H), 3.81 (t, 

1.3H, J = 6.5 Hz), 3.68 (m, 1.4H), 3.50 (m, 4.1H), 3.13 (bs, 2.7H), 3.04 (bs, 

3.4H), 2.81 (t, 1.3H J = 6.5 Hz), 2.56-2.64 (m, 10.5H), 2.37 (bs, 2.5H), 2.16 (bs, 
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4.8H), 2.07 (s, 2.7H), 2.00 (m, 9H), 1.90 (s, 2H) 1.79 (m, 3.6H) ppm. MALDI-TOF 

(pos) m/z 36300. 

 

5a: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.4H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2) 5.32 (m, 0.7H), 5.17 (m, 0.8H), 5.07 (m, 1.6H), 5.02 

(m, 0.8H), 4.92 (m, 1H), 4.84 (m, 0.5H), 4.21 (m, 0.7H), 4.10 (m, 0.9H), 4.00 (m, 

2.3H), 3.90 (m, 0.7), 3.80 (t, 0.8H, J = 6.5 Hz), 3.68 (m, 1.8H), 3.50 (m, 3.2H), 

3.14 (bs, 2.5H), 3.04 (bs, 3.9H), 2.81 (t, 0.5H J = 6.5 Hz), 2.56-2.64 (m, 11.4H), 

2.17 (bs, 4.8H), 2.08 (s, 3.2H), 2.07 (s, 3H), 2.00 (m, 9H), 1.90 (s, 3.5H) 1.79 (m, 

3.5H) ppm. MALDI-TOF (pos) m/z 63500. 

 

5b: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.5H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2) 5.32(m, 0.8H), 5.17 (m, 0.8H), 5.07 (m, 1.1H), 5.02 

(m, 0.8H), 4.99 (m, 0.17H), 4.93 (m, 0.9H), 4.84 (m, 0.5H), 4.21 (m, 0.8H), 4.10 

(m, 0.8H), 4.00 (m, 2.4H), 3.80 (t, 1.1H, J = 6.5 Hz), 3.68 (m, 1.6H), 3.50 (m, 

3.8H), 3.14 (bs, 2.5H), 3.04 (bs, 3.9H), 2.81 (t, 1H J = 6.5 Hz), 2.56-2.64 (m, 

13H), 2.17 (bs, 5H), 2.08 (s, 4H), 2.07 (s, 2H), 2.00 (s, 3.5H), 1.99 (s, 3H) 1.98 

(s, 3H), 1.97 (s, 3H), 1.90 (s, 3.5H) 1.79 (m, 4H) ppm. MALDI-TOF (pos) m/z 

65500. 
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5c: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.78 (bs, 0.8H, 

amide NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2) 5.32(m, 0.9H), 5.26 (m, 1H), 5.17 

(m, 1H), 5.02 (m, 0.8H), 4.99 (m, 0.8H) 4.92 (m, 1.6H), 4.76 (m, 1H), 4.21 (m, 

1H), 4.10 (m, 1H), 4.00 (m, 2.7H), 3.95 (m, 1H), 3.81 (t, 1.6H, J = 6.5 Hz), 3.68 

(m, 2.4H), 3.48 (m, 4.2H), 3.13 (bs, 3.2H), 3.04 (bs, 3.7H), 2.81 (t, 2.2H, J = 6.5 

Hz), 2.56-2.65 (m, 10H), 2.17 (bs, 4.7H), 2.08 (s, 3H), 2.00 (s, 3H), 1.99 (s, 1H), 

1.98 (s, 3H), 1.97 (s, 3H), 1.95 (s, 2H), 1.92 (s, 2H) 1.90 (s, 3H), 1.80 (m, 4.4H) 

ppm. MALDI-TOF (pos) m/z 67000. 

 

5d: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.3H, 

amide NH’s), 7.83 (bs, 0.4H, amide NH’s), 7.77 (bs, 1H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2), 5.31 (s, 0.4H), 5.25 (m, 0.4H), 5.16 (m, 1H), 5.02 (m, 

1H), 4.92 (m, 1.1H), 4.77 (m, 0.6H), 4.10-4.21 (m, 0.9H), 4.00 (m, 1.7H), 3.80 (t, 

0.5H, J = 6.5 Hz), 3.68 (m, 1.2H), 3.50 (m, 3.5H), 3.13 (bs, 2.6H), 3.04 (bs, 

3.2H), 2.81 (t, 0.5H J = 6.5 Hz), 2.56-2.64 (m, 9.2H), 2.37 (bs, 2.4H), 2.16 (bs, 

4.4H), 2.07 (s, 2.1H), 2.00 (m, 11H), 1.90 (s, 2H) 1.79 (m, 2.8H) ppm. MALDI-

TOF (pos) m/z 66000. 

 

6a: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.4H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2) 5.32(m, 0.7H), 5.17 (m, 0.8H), 5.07 (m, 1.6H), 5.02 

(m, 0.8H), 4.92 (m, 1H), 4.84 (m, 0.5H), 4.21 (m, 0.7H), 4.10 (m, 0.9H), 4.00 (m, 
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2.3H), 3.90 (m, 0.7), 3.80 (t, 0.8H, J = 6.5 Hz), 3.68 (m, 1.8H), 3.50 (m, 3.2H), 

3.14 (bs, 2.5H), 3.04 (bs, 3.9H), 2.81 (t, 0.5H J = 6.5 Hz), 2.56-2.64 (m, 11.4H), 

2.17 (bs, 4.8H), 2.08 (s, 3.2H), 2.07 (s, 3H), 2.00 (m, 9H), 1.90 (s, 3.5H) 1.79 (m, 

3.5H) ppm. MALDI-TOF (pos) m/z 113500. 

 

6b: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.83 (bs, 1H, 

amide NH’s), 7.77 (bs, 1H, amide NH’s), 7.51 (bs, 1.8H, CH2NHC(S)NHCH2) 

5.32(m, 0.8H), 5.25 (m, 0.5H), 5.17 (m, 0.8H), 5.07 (m, 0.5H), 5.02 (m, 0.8H), 

4.99 (m, 0.5H), 4.92 (m, 1.3H), 4.84 (m, 0.3H), 4.75 (m, 0.7H), 4.21 (m, 0.8H), 

4.09 (m, 0.8H), 4.00 (m, 2.6H), 3.80 (t, 1.1H, J = 6.5 Hz), 3.68 (m, 2H), 3.50 (m, 

4H), 3.13 (bs, 2.5H), 3.04 (bs, 4.7H), 2.81 (t, 1H, J = 6.5 Hz), 2.56-2.64 (m, 17H), 

2.17 (bs, 6.5H), 2.08 (s, 3.7H), 2.00 (s, 3H), 1.99 (s, 2H), 1.98 (s, 3H), 1.97 (s, 

3H) 1.96 (s, 2H), 1.90 (s, 3H) 1.79 (m, 4.7H) ppm. MALDI-TOF (pos) m/z 

115500. 

 

6c: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.78 (bs, 0.8H, 

amide NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2) 5.32(m, 0.9H), 5.26 (m, 1H), 5.17 

(m, 1H), 5.02 (m, 0.8H), 4.99 (m, 0.9H) 4.92 (m, 1.6H), 4.76 (m, 1H), 4.21 (m, 

1H), 4.10 (m, 1H), 4.00 (m, 2.6H), 3.95 (m, 1H), 3.81 (t, 1.6H, J = 6.5 Hz), 3.68 

(m, 2.4H), 3.48 (m, 4.2H), 3.13 (bs, 3.2H), 3.04 (bs, 3.7H), 2.81 (t, 2.2H, J = 6.5 

Hz), 2.56-2.65 (m, 10H), 2.17 (bs, 4.7H), 2.08 (s, 3H), 2.00 (s, 3H), 1.99 (s, 1H), 
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1.98 (s, 3H), 1.97 (s, 3H), 1.95 (s, 2H), 1.92 (s, 2H) 1.90 (s, 3H), 1.80 (m, 4.4H) 

ppm. MALDI-TOF (pos) m/z 115000. 

 

6d: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.4H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 1H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2), 5.32 (s, 1H), 5.25 (m, 1.1H), 5.14 (m, 0.5H), 5.02 (m, 

1.1H), 4.92 (m, 1.4H), 4.77 (m, 0.8H), 4.10-4.21 (m, 2.4H), 4.00 (m, 3.3H), 3.81 

(t, 2.5H, J = 6.5Hz), 3.68 (m, 2.1H), 3.50 (m, 4.6H), 3.13 (bs, 3.1H), 3.04 (bs, 

3.8H), 2.81 (t, 2.5H J = 6.4Hz), 2.56-2.64 (m, 10.5H), 2.37 (bs, 2.5H), 2.16 (bs, 

4.7H), 2.07 (s, 2.7H), 2.00 (m, 17H), 1.90 (s, 2H) 1.79 (m, 5.9H) ppm. MALDI-

TOF (pos) m/z 116000. 

 

General procedure for deacylation of dendrimers 4-6. To the lyophilized solid 

product of compounds 4-6 1 mL of 1:1 water:methanol was added, at which point 

the dendrimer would become a white precipitate solid. To this mixture was added 

0.2 equivalents of NaOMe (0.8 M in MeOH) for each peripheral carbohydrate, 

and let stir for 3 hrs. If, at this time, the mixture had not become a clear solution a 

further 0.2 equivalents of NaOMe (0.8 M in MeOH) was added and this step was 

repeated until the mixture became a clear and colorless solution. HCl(aq) (0.1M) 

was then added slowly until the pH was ~ 7. This neutralized solution was placed 

in a centrifugal filter device, diluted with 3 mL 1:1 H2O:MeOH and filtered at 

3500rpm for 30 mins. The filtrate was then removed and 3 mL H2O was added 
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and filtered for 30 mins at 3500rpm. This procedure was repeated 2 more times. 

At which point the remaining residue was taken up in Millipore water and 

lyophilized to give a white fluffy solid. 

 

4a: 1H NMR (500 MHz, d6-DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.89 (bs, 0.4H, 

amide NH’s), 7.83 (bs, 0.4H, amide NH’s), 7.76 (bs, 1.1H, amide NH’s), 7.52 (bs, 

1.9H CH2NHC(S)NHCH2), 4.67 (bs, 1.4H), 4.58 (s, 0.5H), 4.54 (m, 1.9H), 4.41 

(bs, 0.9H), 4.33 (bs, 0.3H), 3.65 (bs, 0.4), 3.59 (m, 2.2H), 3.54 (s, 1.6H), 3.39-

3.51 (m, 5.7H), 3.12 (bs, 2.7H), 3.02 (bs, 4.0H), 2.48-2.63 (m, 10.1H), 2.38 (bs, 

2.2H), 2.15 (bs, 5.1H), 1.73 (m, 2.9H) ppm; MALDI-TOF (pos) m/z 28000. 

 

4b: 1H NMR (500 MHz, d6-DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.5H, 

amide NH’s), 7.85 (bs, 0.6H, amide NH’s), 7.79 (bs, 1.2H, amide NH’s), 7.54 (bs, 

1.9H CH2NHC(S)NHCH2), 4.83 (s, 0.15H), 4.67 (s, 0.5H), 4.60 (s, 0.5H), 4.56 (m, 

1.5H), 4.43 (bs, 0.9H), 4.35 (bs, 0.3), 3.60-3.67 (m, 2.5H), 3.56 (s, 1.4H), 3.48 

(m, 2.7H),  3.34-3.44 (m, 6H), 3.13 (bs, 2.8H), 3.05 (bs, 5.1H), 2.60 (m, 10.9H), 

2.40 (bs, 2.5H), 2.17 (bs, 6H), 1.77 (m, 3.5H) ppm. MALDI-TOF (pos) m/z 27600. 

 

4c: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.5H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 1.2H, amide NH’s), 7.52 (bs, 

2H CH2NHC(S)NHCH2), 4.83 (s, 0.4H), 4.68 (m, 1.6H), 4.58 (m, 0.7), 4.55 (m, 

1.2H), 4.41 (bs, 0.9H), 4.33 (bs, 0.2), 3.60 (m, 2.4H), 3.46-3.55 (m, 3.8H), 3.40 
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(m, 3.1H),  3.12 (bs, 3.2H), 3.03 (bs, 5.7H), 2.60 (m, 11.1H), 2.39 (bs, 2.8H), 2.16 

(bs, 6.1H), 1.74 (m, 3.5H) ppm. MALDI-TOF (pos) m/z 27700. 

 

4d: 1H NMR (500 MHz, d6-DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s), 7.78 (bs, 1H, amide NH’s), 7.54 (bs, 

1.9H CH2NHC(S)NHCH2), 4.98 (s, 0.14H), 4.92 (s, 0.14H), 4.84 (s, 0.8H), 4.57-

4.75 (m, 2.8H), 4.43 (m, 1H), 4.43 (bs, 0.14), 3.48-3.77 (m, 5.2H), 3.36-3.48 (m, 

5H), 3.14 (bs, 3.4H), 3.05 (bs, 4.6H), 2.60 (bs, 9.7H), 2.40 (bs, 2.3H), 2.17 (bs, 

5.1H), 1.77 (m, 2.8H) ppm. MALDI-TOF (pos) m/z 30200. 

 

4e: 1H NMR (500 MHz, d6-DMSO) δ 8.09 (bs, 0.8H, amide NH’s), 7.92 (bs, 0.1H, 

amide NH’s), 7.62 (bs, 0.8H CH2NHC(S)NHCH2), 4.87 (s, 0.14H), 4.76 (s, 

0.14H), 4.66 (s, 0.8H), 4.57 (m, 2.8H), 4.45 (m, 1H), 3.36-3.77 (m, 12.6H), 3.14 

(bs, 1.2H), 3.05 (bs, 0.9H), 2.90 (bs, 1.7H), 2.57 (m, 2.1H), 2.46 (s, 1H), 2.30 (bs, 

1.6H), 1.77 (m, 1H) ppm. MALDI-TOF (pos) m/z 28900. 

 

5a: 1H NMR (500 MHz, d6-DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.6H, 

amide NH’s), 7.85 (bs, 0.7H, amide NH’s), 7.77 (bs, 1.2H, amide NH’s), 7.52 (bs, 

1.9H CH2NHC(S)NHCH2), 4.70 (bs, 1.4H), 4.60 (s, 0.6H), 4.56 (m, 1.9H), 4.41 

(bs, 1H), 4.33 (bs, 0.4H), 3.65 (bs, 0.6), 3.59 (m, 2.2H), 3.35-3.55 (m, 10.6H), 

3.12 (bs, 2.9H), 3.04 (bs, 5.1H), 2.48-2.63 (m, 11.1H), 2.38 (bs, 2.5H), 2.17 (bs, 

6.2H), 1.73 (m, 3.6H) ppm; MALDI-TOF (pos) m/z 51500. 
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5b: 1H NMR (500 MHz, d6-DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.5H, 

amide NH’s), 7.85 (bs, 0.6H, amide NH’s), 7.79 (bs, 1.2H, amide NH’s), 7.54 (bs, 

1.9H CH2NHC(S)NHCH2), 4.83 (s, 0.15H), 4.67 (s, 0.5H), 4.60 (s, 0.5H), 4.56 (m, 

1.5H), 4.43 (bs, 0.9H), 4.35 (bs, 0.3), 3.60-3.67 (m, 2.5H), 3.56 (s, 1.4H), 3.48 

(m, 2.7H),  3.34-3.44 (m, 6H), 3.13 (bs, 2.8H), 3.05 (bs, 5.1H), 2.60 (m, 10.9H), 

2.40 (bs, 2.5H), 2.17 (bs, 6H), 1.77 (m, 3.5H) ppm. MALDI-TOF (pos) m/z 51500. 

 

5c: 1H NMR (500 MHz, d6-DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s), 7.78 (bs, 1H, amide NH’s), 7.54 (bs, 

1.9H CH2NHC(S)NHCH2), 4.98 (s, 0.15H), 4.92 (s, 0.15H), 4.84 (s, 0.9H), 4.57-

4.75 (m, 2.8H), 4.43 (m, 1H), 4.43 (bs, 0.15H), 3.48-3.77 (m, 5.5H), 3.36-3.48 (m, 

5H), 3.14 (bs, 3.7H), 3.05 (bs, 4.9H), 2.60 (bs, 10H), 2.40 (bs, 2.5H), 2.17 (bs, 

5H), 1.77 (m, 2.8H) ppm. MALDI-TOF (pos) m/z 56000. 

 

5d: 1H NMR (500 MHz, d6-DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s), 7.78 (bs, 1H, amide NH’s), 7.54 (bs, 

1.9H CH2NHC(S)NHCH2), 4.86 (s, 0.7H), 4.76 (s, 0.6H), 4.66 (s, 0.5H), 4.60 (s, 

0.9H), 4.55 (m, 0.9H), 4.44 (m, 0.8H), 4.37 (bs, 0.5H), 3.35-3.77 (m, 10.8H), 3.14 

(bs, 3.4H), 3.05 (bs, 4.2H), 2.60 (bs, 9.7H), 2.40 (bs, 2.1H), 2.17 (bs, 5.1H), 1.77 

(m, 3.0H) ppm. MALDI-TOF (pos) m/z 54000. 
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6a: 1H NMR (500 MHz, d6-DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.89 (bs, 0.4H, 

amide NH’s), 7.83 (bs, 0.4H, amide NH’s), 7.76 (bs, 1.1H, amide NH’s), 7.52 (bs, 

1.9H CH2NHC(S)NHCH2), 4.67 (bs, 1.4H), 4.58 (s, 0.5H), 4.54 (m, 1.9H), 4.41 

(bs, 0.9H), 4.33 (bs, 0.3H), 3.65 (bs, 0.4), 3.59 (m, 2.2H), 3.54 (s, 1.6H), 3.39-

3.51 (m, 5.7H), 3.12 (bs, 2.7H), 3.02 (bs, 4.0H), 2.48-2.63 (m, 10.1H), 2.38 (bs, 

2.2H), 2.15 (bs, 5.1H), 1.73 (m, 2.9H) ppm; MALDI-TOF (pos) m/z 93000. 

 

6b: 1H NMR (500 MHz, d6-DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.5H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 1.2H, amide NH’s), 7.52 (bs, 

2H CH2NHC(S)NHCH2), 4.83 (s, 0.4H), 4.68 (m, 1.6H), 4.58 (m, 0.7), 4.55 (m, 

1.2H), 4.41 (bs, 0.9H), 4.33 (bs, 0.2), 3.60 (m, 2.4H), 3.46-3.55 (m, 3.8H), 3.40 

(m, 3.1H),  3.12 (bs, 3.2H), 3.03 (bs, 5.7H), 2.60 (m, 11.1H), 2.39 (bs, 2.8H), 2.16 

(bs, 6.1H), 1.74 (m, 3.5H) ppm. MALDI-TOF (pos) m/z 95500. 

 

6c: 1H NMR (500 MHz, d6-DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s), 7.78 (bs, 1H, amide NH’s), 7.54 (bs, 

1.9H CH2NHC(S)NHCH2), 4.98 (s, 0.14H), 4.92 (s, 0.14H), 4.84 (s, 0.8H), 4.57-

4.75 (m, 2.8H), 4.43 (m, 1H), 4.43 (bs, 0.14), 3.48-3.77 (m, 5.2H), 3.36-3.48 (m, 

5H), 3.14 (bs, 3.4H), 3.05 (bs, 4.6H), 2.60 (bs, 9.7H), 2.40 (bs, 2.3H), 2.17 (bs, 

5.1H), 1.77 (m, 2.8H) ppm. MALDI-TOF (pos) m/z 95500. 
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6d: 1H NMR (500 MHz, d6-DMSO) δ 8.16 (bs, 1H, amide NH’s), 7.96 (bs, 0.2H, 

amide NH’s), 7.65 (bs, 0.8H CH2NHC(S)NHCH2), 4.90 (s, 0.4H), 4.80 (s, 0.3H), 

4.69 (s, 0.4H), 4.60 (m, 0.9H), 4.48 (bs, 0.6H), 3.36-3.77 (m, 7H), 3.16 (bs, 

2.4H), 3.05 (bs, 2.1H), 2.90 (bs, 1.7H), 2.57 (m, 2.9H), 2.30 (bs, 1.5H), 1.76 (m, 

1.5H) ppm.. MALDI-TOF (pos) m/z 94500. 

 
 

Table 3 Hemagglutination assay and MW results (from MALDI-TOF MS) 
 for 4–6. 

 
Cmpd MW After 

Mannose 
Addition 

# 
mannose 
residuesa 

MW After 
Glucose 
Addition 

# 
glucose 
residues

a 

Mw  after 
Galactose 
addition 

Mw 
after 

deacyl
ation 

Relative 
activity per 

active sugarb 

4a 29200 30 n/a 0 34400 28000 3820 ± 1650 
4b 26300 24 30200 7 33800 27600 2660 ± 0 
4c 22900 18 29700 13 34200 27700 2260 ± 780 
4d 18700 10 33500 26 36100 30200 1090 ± 380 
4e n/a 0 28300 29 36300 28900 260 ± 110 
5a 48000 44 n/a 0 63500 51500 4830 ± 2090 
5b 44500 38 51000 13 65500 51500 3040 ± 0 
5c 34700 16 57000 40 67000 56000 1270 ± 440 
5d n/a 0 49500 45 66000 54000 310 ± 130 
6a 77000 53 n/a 0 113500 93000 5350 ± 0 
6b 68000 34 86500 35 115500 95500 3510 ± 1220 
6c 58500 16 85500 50 115000 95500 2150 ± 0 
6d n/a 0 90000 77 116000 94500 470 ± 0 

 

a# sugar residues was determined using MALDI-TOF MS data after deacetylation 
(MW = 168 g/mol for 4 Ac) and after addition of tethered sugar (MW = 507 g/mol 
per tethered sugar). bActive sugar = mannose + glucose. Standard deviation 
values are very large because of serial 2 fold dilutions. For standard deviation = 
0, all inhibitory concentrations were equal. All values represent at least three 
trials. 
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General Hemagglutination Inhibition Assay Procedures 
 

Concanavalin A preparation: In a 10 mL centrifuge tube, approximately 5 mg of 

Concanavalin A (Con A) was dissolved without agitation in 10 mL of HEPES 

buffer with 100µM CaCl2 (pH = 8.5). The tube was stored at 4 ºC for 8 hours to 

allow the Con A to dissolve. Afterwards, the solution was placed in a dialysis tube 

and dialyzed against 1 L of tris buffered saline (TBS) for 4 hours. This was 

repeated with fresh TBS solution, followed by dialysis against 1 L of phosphate-

buffered saline (PBS) for 8 hours. The dialysis was done to remove any excess 

Ca2+ from the lectin solution. The Con A solution was removed from the tube and 

stored at 4 ºC until needed. 

 

Blood preparation: Fresh whole rabbit blood was obtained from the MSU animal 

care center in 4mL vials. Alsever’s solution was added to the blood to make up a 

60:40 v/v solution. The blood was separated into 2 mL aliquots in 15 mL 

centrifuge tubes. These were then diluted to 12 mL with Alsevers solution. The 

cells were pelleted by centrifugation (1100rpm x 10 min), and the layer of white 

blood cells and plasma proteins was removed by pipet. This process was 

repeated 2 more times using PBS instead of Alsever’s solution. The blood was 

then made up in the assay buffer solution, PBS w/ 0.5%BSA.  

 

Concanavalin A Titration: Decreasing amounts of Con A were incubated with red 

blood cells to determine the lectin concentration needed to agglutinate cells. 
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Serial two fold dilutions were made by adding 50 µL of Con A solution to the first 

well, then 50 µL of buffer solution to all 24 wells. 50 µL was then transferred from 

the first well to the second. The second well was mixed and 50 µL was 

transferred to the third well. This procedure was repeated until the 24th was ll two 

fold serial dilutions. To each well 50 µL of the blood solution was added and 

incubated for 2 hours at 22-25 oC. After this time the wells were examined and 

the amount of Con A required to agglutinate was determined. This was then 

considered to be 1 unit. For the inhibition assay an 8 unit Con A solution was 

made up and the concentration of Con A determined by spectrophotometric 

analysis. 

 

Inhibiting Dose Determination: Starting with a concentration of 5 mg/mL, serial 

two-fold dilutions of the inhibitors were made as described above. the inhibitor 

solutions were incubated with 50 µL of the 8 unit Con A solution for 2-3 hours at 

22-25oC. the minimum concentration causing inhibition was determined and this 

was the inhibiting dose. The HI assays of all compounds that are directly 

compared in Tables 1-4 were preformed simultaneously to provide the exact 

same conditions, enabling an accurate comparison of relative activity. The values 

given are the average of three or more independent measurements. 
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Figure 16 1H NMR spectrum (500 MHz, CDCl3) of 1b. 
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Figure 17 1H NMR spectrum (500 MHz, CDCl3) of 2c. 
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Figure 18 1H NMR spectrum (500 MHz, d6-DMSO) of 4c (peracetylated). 
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Figure 19 1H NMR spectrum (500 MHz, d6-DMSO) of 4c (deacetylated). 
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Figure 20 1H NMR spectrum (500 MHz, d6-DMSO) of 5e (peracetylated). 
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Figure 21 1H NMR spectrum (500 MHz, d6-DMSO) of 5e (deacetylated). 
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Figure 22 1H NMR spectrum (500 MHz, d6-DMSO) of 6d (peracetylated). 
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Figure 23 1H NMR spectrum (500 MHz, d6-DMSO) of 6d (deacetylated). 
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Figure 24 MALDI-TOF spectra of 4c peracylated. MW = 34200 g/mol, PDI = 1.02 
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Figure 25 MALDI-TOF spectra of 4c deacylated, MW = 27700 g/mol, PDI = 1.01. 
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Figure 26 MALDI-TOF spectra of 5d peracylated. MW = 63500 g/mol, PDI = 1.02. 
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Figure 27 MALDI-TOF spectra of 5d deacylated, MW = 54000 g/mol, PDI = 1.01 
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Figure 28 MALDI-TOF spectra of 6c peracylated. MW = 115000, PDI = 1.02 
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Figure 29 MALDI-TOF spectra of 6c deacylated, MW = 94500 g/mol, PDI = 1.01 
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CHAPTER 3 

 

SYNTHESIS AND EVALUATION OF MANNOSE:GLUCOSE FUNCTIONALIZED 
DENDRIMERS 

 
 

Introduction 
 

In the previous chapter a model that Whitesides et al. proposed a 

relationship between degree of multivalency and binding affinity with respect to 

the monomer (see equation 1 and the discussion section below) was 

investigated, and the results can be described well by this model; changes in 

activity could be predictably introduced into a multivalent dendritic system. 87 

KN
poly = (Kmono)αN  (eq. 1) 

Here, the full study is described, with a larger library of dendrimers bearing 

varying amounts of mannose, glucose, and galactose residues, and with 

additional assays to evaluate the protein-carbohydrate interaction. Binding trends 

are reported for dendrimers of different generations bearing presentations of 

ligands with varying affinities for Con A. Hemagglutination assay results to show 

changes in activity with Con A are presented, and precipitation assay results to 

show how protein activity and protein clustering can be independently attenuated 

are described. 
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Results 
 

Synthesis and Characterization of Carbohydrate 
Functionalized PAMAM Dendrimers.  
 

A general procedure for functionalization of the dendrimers with two or 

three carbohydrates is shown in Scheme 3. Mannose/glucose/galactose, 

mannose/glucose, glucose/galactose, and mannose/galactose functionalized 

dendrimers were synthesized as shown for mannose in Scheme 3. To retain the 

α-anomeric integrity of the carbohydrates, allylation of the anomeric position and 

thiol addition to the olefin was performed. 89 The subsequently formed 

peracylated isothiocyanto sugars 2 were added sequentially to a solution of 

PAMAM dendrimer in DMSO. 93 When adding more than one sugar to the 

PAMAM dendrimer, incomplete loading was observed. The addition of excess 

isothiocyanato sugar with mild warming did not induce further loading to any 

significant extent. A third isothiocyanato sugar or isothiocyanato alcohol 3 also 

failed to give full loading (steps 3 and 5 in Scheme 3, step 3 was omitted when 

only two carbohydrates were added to the dendrimer), indicating that any 

remaining primary amines on the dendrimer were inaccessible for reaction with 

the desired isothiocyanates. Global deprotection via Zemplen conditions in 1:1 

MeOH : H2O and purification by centrifugal filtration in water and lyophilization 

afforded compounds 4a–n, 5a–n, 6a–l and 7a–l. The compound numbers 4–7 

indicate the generation of the dendrimer that was used (G(3) = 4, G(4) = 5, G(5) 

= 6, G(6) = 7), and the letters indicate the number and nature of the sugars that 
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are added to the dendrimers. The sugar composition of each dendrimer is given 

in Tables 4-7. Although not shown in Scheme 3, addition of 3 to protected 

carbohydrate-functionalized dendrimers (reversal of steps 4 and 5 in Scheme 3) 

also failed to increase the carbohydrate loadings of the dendrimers. 

G3 to G6
PAMAM

(NH2)n

1) 2a, 2b, or 2c (d equiv.)
2) 2a, 2b, or 2c (e equiv.)
3) 2c (f equiv.)

4) NaOMe/MeOH
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Scheme 3 Synthesis of mannose, glucose, and galactose functionalized 

dendrimers. Letters after 7–10 correlate the number of mannose, glucose, and 
galactose residues present on each dendrimer (see Tables 4-7). The amount of 2 

added in each reaction is provided in the experimental section. 
 

Characterization of Carbohydrate 
Functionalized PAMAM Dendrimers 
 

MALDI-TOF MS was used to determine the number of carbohydrate 

residues of each type on the dendrimers. Both the change in MW after each 

sequential addition and the change in MW after deacylation were used. Details of 

the calculations are provided in the supporting information. The MALDI-TOF MS-

derived number of sugars tethered to each dendrimer is shown in Tables 4-7. 

Data for man/glc/gal functionalized dendrimers is reported in Table 4, data for 

man/glc functionalized dendrimers is reported in Table 5, data for glc/gal 
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functionalized dendrimers is reported in Table 6, and data for man/gal 

functionalized dendrimers is reported in Table 7. Although NMR spectra revealed 

that the carbohydrates had been successfully added to the dendrimers 

(downfield thiourea peaks appear in the 1H NMR spectra, for example), the 

spectra were broadened and overlapped such that the integration ratios could not 

be used to quantify carbohydrate loadings. The 1H NMR spectra did reveal the 

level of deprotection of the acetyl groups, since these methyl groups caused 

sharp distinctive peaks at ~ 2 ppm. 

Table 4 Summary of characterization data for 50% man/glc functionalized 
dendrimers. 

 
Dendrimer 
generation 

Compound Mannose 
residuesa 

Glucose 
residuesa 

Galactose 
residuesa 

Rel. 
activity/active 

sugarb 

Con 
A/dendrimerc 

3 7a 15 0 11 120 7 
3 7b 10 4 9 112 7 
3 7c 6 7 8 111 7 
3 7d 3 12 7 116 6 
3 7e 0 14 7 65 4 
4 8a (4a)d 30 0 10 3820 12 
4 8b (4b)d 24 7 7 2660 13 
4 8c (4c)d 18 13 9 2260 12 
4 8d (4d)d 10 26 5 1090 12 
4 8e (4e)d 0 29 16 260 8 
5 9a (5a)d 44 0 31 4830 15 
5 9b (5b)d 38 13 29 3040 14 
5 9c (5c)d 16 40 18 1270 14 
5 9d (5d)d 0 45 31 310 13 
6 10a (6a)d 53 0 73 5350 25 
6 10b (6b)d 34 35 55 3510 23 
6 10c (6c)d 16 50 55 2150 23 
6 10d (6d)d 0 77 51 470 18 

 
a. Average number of sugar residues was determined using MALDI-TOF MS 
data. See experimental procedures for details. 
b. Active sugar = man  + glc. Standard deviation values were no more than 46%. 
All values represent at least three trials. Relative activity of methyl mannose = 1. 
c. All values represent at least three trials. 
d. Compounds from chapter 2, for continuity and clarity these compounds are 
numbered in order with the other series compounds for this chapter. 
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Table 5 Summary of characterization data for man/glc functionalized dendrimers. 
 
Dendrimer 
generation 

Compound Mannose 
residuesa 

Glucose 
residuesa 

Galactose 
residuesa 

Rel. 
activity/active 

sugarb 

Con 
A/dendrime

rc 

3 7f 0 28 0 60 5 
3 7g 5 19 0 190 6 
3 7h 13 11 0 480 NDd 

3 7i 11 12 0 311 7 
3 7l 28 0 0 490 7 
4 8f 0 60 0 370 8 
4 8g 4 45 0 280 12 
4 8h 12 27 0 390 12 
4 8i 19 21 0 830 12 
4 8l 60 0 0 1030 13 
5 9e 0 104 0 380 14 
5 9f 13 57 0 760 17 
5 9g 33 40 0 980 NDd 

5 9h 39 34 0 1350 16 
5 9i 104 0 0 1780 17 
6 10e 0 172 0 690 18 
6 10f 33 72 0 960 25 
6 10g 48 61 0 1540 26 
6 10h 176 0 0 2460 25 

 
a. Average number of sugar residues was determined using MALDI-TOF MS 
data. See experimental procedures for details. 
b. Active sugar = man  + glc. Standard deviation values were no more than 46%. 
All values represent at least three trials. Relative activity of methyl mannose = 1. 
c. All values represent at least three trials. 
d. ND = not determined. 
 
 
 
Table 6 Summary of characterization data for glc/gal functionalized dendrimers. 

Dendrimer 
generation 

Compound Mannose 
residuesa 

Glucose 
residuesa 

Galactose 
residuesa 

Rel. 
activity/active 

sugarb 

Con 
A/dendrimerc 

3 7k 0 10 10 NRd 5 
3 7e 0 14 11 65 NDe 
3 7l 0 18 6 75 8 
3 7f 0 28 0 55 7 
4 8k 0 20 17 10 8 
4 8e 0 29 15 240 8 
4 8l 0 43 4 4450 12 
4 8f 0 60 0 370 13 

  5 9j 0 32 35 40 14 
5 9d 0 45 31 320 13 
5 9k 0 62 14 580 15 
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Table 6 Continued 

Dendrimer 
generation 

Compound Mannose 
residuesa 

Glucose 
residuesa 

Galactose 
residuesa 

Rel. 
activity/active 

sugarb 

Con 
A/dendrimerc 

5 9e 0 104 0 380 16 
6 10i 0 47 79 80 20 
6 10d 0 77 51 470 18 
6 10j 0 80 38 860 21 
6 10e 0 172 0 690 22 

 
a. Average number of sugar residues was determined using MALDI-TOF MS 
data. See experimental procedures for details. 
b. Active sugar = man  + glc. Standard deviation values were no more than 46%. 
All values represent at least three trials. Relative activity of methyl mannose = 1. 
c. All values represent at least three trials. 
d. NR = no response recorded. 
e. ND = not determined. 
 

Table 7 Summary of characterization data for man/gal functionalized dendrimers. 
 

Dendrimer 
generation 

Compound Mannose 
residuesa 

Glucose 
residuesa 

Galactose 
residuesa 

Rel. 
activity/active 

sugarb 

Con 
A/dendrimerc 

3 7m 8 0 12 30 6 
3 7a 12 0 7 120 7 
3 7n 19 0 5 310 7 
3 7j 28 0 0 490 7 
4 8m 18 0 31 360 12 
4 8a 30 0 10 1140 12 
4 8n 38 0 9 1150 12 
4 8j 60 0 0 1030 13 

  5 9l 26 0 43 750 17 
5 9a 43 0 30 1440 15 
5 9i 104 0 0 1780 16 
6 10k 30 0 87 2300 17 
6 10a 53 0 73 3370 25 
6 10l 87 0 33 3170 26 
6 10h 176 0 0 2460 25 

 

a. Average number of sugar residues was determined using MALDI-TOF MS 
data. See experimental procedures for details. 
b. Active sugar = man  + glc. Standard deviation values were no more than 46%. 
All values represent at least three trials. Relative activity of methyl mannose = 1. 
c. All values represent at least three trials. 
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Hemagglutination Inhibition Assays.  
 

Hemagglutination inhibition assays were performed by adding 

erythrocytes to preincubated solutions of Con A (~1 µM) with varying 

concentrations of dendrimer. 42 The synthesis and analysis of G(4) to G(6) 

PAMAM dendrimers with fifty percent mannose and glucose incorporation is 

reported in chapter 2. 24 These dendrimers showed a linear trend for relative 

activity in the hemagglutination assay (on a per active sugar basis) versus 

percent mannose of the mannose/glucose mixture and were consistent with a 

divalent interaction in the model set out by Whitesides et al. (see the discussion 

section below for full details). 4 Here, the G(3) series of 50% mannose/glucose 

functionalized dendrimers have been added. Mannose/galactose, 

glucose/galactose and mannose/glucose dendrimers with higher carbohydrate 

loadings in generations 3 through 6 are also reported. Results of the 

hemagglutination assays are shown in Tables 4-7. The relative activity numbers 

in the tables are on a per carbohydrate (glc + man) basis and are relative to 

methyl mannose. Some of the compounds appear in multiple tables, since 

assays were performed simultaneously for compounds when their results were to 

be compared. Different samples of rabbit erythrocytes, and even the relative 

freshness of erythrocytes from the same blood sample, can affect the absolute 

(but not the relative) values that are obtained from the hemagglutination assay. 
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Precipitation Assays 
 

To determine the lectin clustering ability of these dendrimers, precipitation 

assays were performed. As described by Brewer et al., the dendrimer was 

incubated at varying concentrations with a constant concentration of Con A. 47 

When the Con A concentration is sufficiently high, the mannose functionalized 

dendrimer forms a precipitate with the Con A. The supernatant is removed, and 

the precipitate is washed with cold buffer and subsequently redissolved with a 

solution of 0.1 M methyl mannopyranoside solution. The Con A concentration in 

the remaining solution is then determined by measuring the UV absorbance at 

280 nm. At the point that maximum precipitation of Con A is observed, the 

maximum Con A to dendrimer ratio can be determined. The precipitation assay 

results are provided in Tables 4-7. As with the hemagglutination assay results, 

some compounds are listed in more than one table so that trends across a series 

of carbohydrate loadings are easier to evaluate. 

 
Discussion 

 
Synthesis and Characterization of 
Carbohydrate-Functionalized Dendrimers.  
 

Dendrimers, macromolecules that are comprised of a series of branches 

emanating from a central core, 94 are ideal frameworks for the study of how 

systematic structural changes alter the way that a glycopolymer interacts with a 

protein. Higher generation dendrimers (PAMAM generations 4-6) are large 

enough to span multiple binding sites on a lectin, while lower generation 
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dendrimers (generations 1-3) are too small to bind to multiple binding sites on 

Con A. In addition to changing the dendrimer generation, the degree of 

carbohydrate loading on a dendrimer can also be readily changed by controlling 

the number of equivalents of isothiocyanate that are added to the dendrimer 

solution. Because systematic changes can readily be made and because the 

three-dimensional (roughly spherical) structure of the dendrimer lends itself well 

to data interpretation, dendrimers were chosen as the structural frameworks for 

our synthetic multivalent systems. Mannose, glucose, and galactose were 

chosen as ligands because of their known differences in affinity when binding to 

Con A. Mannose has a fourfold higher affinity for Con A than glucose does, and 

galactose has no affinity for Con A. 95 Because of the tetrahedral arrangements 

of the Con A binding sites, even the largest dendrimers used in this study (G(6)) 

cannot simultaneously bind to more than two of the four binding sites. Thus, for 

the dendrimer-Con A system, monovalent and divalent (as in Figure 13) 

associations can be expected to occur. 

Reported in chapter 2 is the binding by Con A of mannose/hydroxyl 

functionalized dendrimers. Optimal activity in the hemagglutination assay was 

observed when the dendrimers had fifty percent mannose incorporation. 

Dendrimers with higher mannose loadings had reduced activities with Con A (on 

a per sugar basis), suggesting that unfavorable steric interactions precluded 

optimal binding at high carbohydrate functionalization. 96 For the research 

reported here, the goal was to quantify the effect that functionalization of the 
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dendrimer with monomers of varying affinities would have on the multivalent 

activity of the dendrimer with lectins. Because of the previously optimized 

mannose/hydroxyl functionalized dendritic system, dendrimers with fifty percent 

functionalization by mannose and glucose were synthesized. The preliminary 

results with these compounds were reported in chapter 2. Full studies with 

mannose/glucose functionalized dendrimers at 50% percent combined loading of 

mannose and glucose are the subject of this chapter, Including complete studies 

with mannose/glucose, mannose/galactose, and glucose/galactose 

functionalized dendrimers are reported.  

The synthesis scheme for dendrimer functionalization is shown in Scheme 

3. When multiple sugars were added to the PAMAM dendrimers, incomplete 

addition of the final carbohydrate was observed. The excess isothiocyanate could 

be monitored by 1H NMR, with the methylene group alpha to the isothiocyanato 

group giving rise to a triplet at 3.8 ppm. To cap any remaining accessible terminal 

amines, reactions with excess isothiocyanato sugars and with isothiocyanato 

ethoxyethanol 3 were heated to 40 ºC. When neither of these additions was 

successful, it was concluded that no primary amines were accessible on the 

periphery of the carbohydrate functionalized dendrimers. Unfunctionalized 

primary amines near the dendrimer surface could be protonated at physiological 

pH and could cause nonspecific interactions with Con A during assays. However, 

control hemagglutination assay and precipitation assay experiments with 

unfunctionalized PAMAMs and Con A indicated no interaction between the 
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amine-functionalized PAMAM dendrimers and the protein. The degree of 

carbohydrate functionalization was in all cases determined by MALDI-TOF MS. 

Details of the MALDI-TOF MS characterization procedure are provided in the 

experimental procedures section, and the resultant number of sugars is reported 

in Tables 4 through 7. 

 
Hemagglutination Inhibition Assays 
Using Dendrimers with 50% 
Mannose/Glucose Incorporation.  
 

In Figure 30, the activity with Con A of dendrimers with 50% combined 

functionalization by mannose and glucose (4a–e, 5a–e, 6a–d, 7a–d) is shown. 

When dendrimers are fifty percent functionalized with man/glc mixtures, the 

relative amounts of glucose and mannose induce a linear change in the relative 

activity for generation 4, 5, and 6 dendrimers. The difference in relative activity 

between glucose-functionalized and mannose-functionalized dendrimers in the 

G(4) series (5a vs. 5e) is 14.7, the difference for G(5) dendrimers (6a vs. 6d) is 

15.6 and the difference for G(6) dendrimers (7a vs. 7d) is 11.4. Dendrimers with 

partial mannose and partial glucose incorporation fall linearly between the all 

mannose and all glucose-functionalized dendrimers. In the G(3) series, all of the 

dendrimers have comparable activities toward Con A. This is as expected, since 

carbohydrate functionalized G(3) PAMAMs are too small to bind divalently to Con 

A, and only monovalent associations are likely. 
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Figure 30 Relative activity per active sugar (man + glc) for dendrimers with 50% 

man/glc functionalization (see Table 3.1 for compound numbers and values). 
 

Equation 1 was used to evaluate the hemagglutination assay data for 

compounds 5a–e, 6a–d, and 7a–d. In equation one, Kmono is the monovalent 

association constant, KN
poly is the multivalent association constant, N is the 

number of receptor-ligand interactions, and α is the cooperativity factor. Here, a 

cooperativity constant α of 1 was used. Negatively cooperative, positively 

cooperative, and non-cooperative systems are all theoretically possible. 

However, only one or two examples of protein-carbohydrate interactions with 

thermodynamic parameters suggestive of positive cooperativity have been 

reported. 4 Negatively cooperative and non-cooperative systems are much more 

common. Due to precedent where non-cooperative associations were assumed 
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for Con A96, α is left as 1 and because a Con A-dendrimer interaction where the 

first binding event at one binding site is thermodynamically significantly different 

from the second binding event at a second binding site is not expected. Although 

the appropriate value of N for this system cannot be assigned with absolute 

certainty (because precipitation occurs under conditions appropriate for ITC), N 

must surely be equal to one or two. The shape of tetrameric Con A and the 

relative locations of the mannose binding sites on tetrameric Con A preclude 

trivalent or tetravalent binding by a roughly spherical, dendritic system. Although 

a value of N = 1 is possible, N = 2 is suggested for 5–7 by the results of 

precipitation assay experiments, transmission electron micrographs, and 

hemagglutination assays.24, 87, 97 

Using equation 1, and assuming α = 1 and N = 2, one would predict that 

exchanging mannose for glucose would cause a 42 or 16-fold reduction in 

binding to Con A, since the relative activities of monomeric methyl mannose and 

methyl glucose vary by a factor of four. This is very close to the values observed 

for G(4) (14.6), G(5) (15.6), and G(6) (11.4). Perhaps the larger deviation from 16 

for G(6) is due to the larger size of G(6), which could allow for a compensatory 

effect due to increased sugar clustering around the binding sites. 82 Alternatively, 

the curvature of the G(6) dendrimers may be different enough from G(4) and 

G(5) to change the shape complementarity between Con A and the dendrimer, 

which can significantly change the association motif. 97 
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Hemagglutination Inhibition Assays using 
Mannose/Glucose Functionalized Dendrimers 
 

The activity with Con A of man/glc functionalized dendrimers 7f–7j, 8f–8j, 

9e–9i, 10e–10h is shown in Figure 30. Increasing the number of mannose 

residues while decreasing the number of glucose residues causes an increase in 

the relative activity with Con A. As with the dendrimers bearing 50% 

mannose/glucose loading, a linear relationship between man/glc loading and 

assay activity is observed. However, the difference between fully mannose 

functionalized dendrimers and fully glucose functionalized dendrimers never 

approaches 16. For generation three compounds 7f–7j, mannose functionalized 

compounds 7j have an eight-fold higher relative activity with Con A than do the 

glucose functionalized compounds 7f. For generations four, five, and six, the 

differences between mannose and glucose-functionalized compounds are 2.8 (8f 

vs. 8j), 4.7 (9e vs. 9i), and 3.7 (10e vs. 10h), respectively. Also, having more than 

50% loading by the active sugars decreases the assay activity (for example, 9b is 

about twice as active as 9h). 

Previously lower affinity of dendrimers above 50% sugar loading has been 

attributed to unfavorable steric interactions between the dendrimer and the 

protein. 24 The deviation from the 16-fold affinity difference predicted by equation 

1 and the reduced activity for compounds with higher than 50% loading suggest 

that the degree of clustering of the sugars may be more important for some 

compounds than for others. Dendrimers with higher glucose content have lower 

intrinsic binding affinities for Con A (than highly mannose functionalized 
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dendrimers) and may rely more on statistical binding effects. Differences in how 

the dendrimers overcome unfavorable steric crowding coupled to differences in 

how important clustering of carbohydrates is could cause the cooperativity 

constant α to change from one and could account for the fact that the difference 

between mannose and glucose functionalized dendrimers is significantly lower 

than 16. 
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Figure 31 Relative activity per active sugar (man + glc) for man/glc functionalized 
dendrimers (see Table 3.2 for compound numbers and values). 
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Hemagglutination Inhibition Assays with  
Mannose/Galactose and Glucose/Galactose Functionalized Dendrimers.  
 
The activities with Con A of glc/gal and man/gal functionalized dendrimers 

(7e,f,k–n, 8e,f,j–n, 9d–f,j–l, 10d,e,i–l) are shown in Figures 31 and 32. All of the 

glc/gal dendrimers have lower activities than their analogous man/gal 

dendrimers. In the G(3) series, the glc/gal dendrimers with the highest activity are 

6.5 times less active than the highest activity man/gal dendrimers (7j vs. 7l). In 

generations 4-6, the glc/gal dendrimers with the highest activity are 2.6 times (8n 

vs. 8l), 2.5-3.1 times (9a or 9i vs. 9k), and 3.7-3.9 times (10a or 10l vs. 10j) less 

active. These differences are considerably lower than those observed for the 

50% functionalized mannose/glucose series (Figure 31), where nearly 16-fold 

differences in activity were observed. 

Following trends that were previously observed for mannose/hydroxyl 

functionalized dendrimers, 81 the fully carbohydrate functionalized dendrimers 

have lower relative activities (on a per sugar basis) than the partially 

carbohydrate functionalized dendrimers do. Man/gal functionalized dendrimers 

have optimum activity with Con A at 50-60% mannose incorporation (G(4)), 40-

50% mannose incorporation (G(5)), and 30-40% mannose incorporation (G(6)). 

Higher glucose loadings are required to achieve optimal activity with glc/gal 

dendrimers; roughly 70%, 60%, and 50% glucose functionalization produced the 

highest activity with Con A for generations 4, 5, and 6, respectively. This is of 

interest as it may indicate that, with a weaker interaction, proximity/statistical 

effects are more important to binding. Both the man/gal and the glc/gal G(3) 
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dendrimers have relatively low activity toward Con A in the assay, as would be 

expected for small dendrimers where statistical enhancements on binding affinity 

(and not multivalency) are observed. 
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Figure 32 Relative activity per glucose for glc/gal functionalized dendrimers (see 

Table 6 for compound numbers and values). 
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Figure 33 Relative activity per mannose for man/gal functionalized dendrimers 

(see Table 7 for compound numbers and values). 
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Hemagglutination inhibition assays in general. Taken together, the data from the 

four series of compounds above suggests that, for optimized systems, equation 1 

works well to predict how monovalent ligands displayed on a multivalent 

framework attenuate binding activity. However, the system must be optimized, or 

affinity differences much lower than those predicted by equation 1 will be 

obtained. When low affinity ligands (such as glucose) are present in significant 

quantities, proximity effects may become more important than they are when 

higher affinity ligands (such as mannose) are present as the major functionality. 

 
Precipitation Assays  
 

Graphs showing the maximum number of Con A lectins recruited by each 

dendrimer are shown in Figure 34. Figure 34a shows the Con A : dendrimer ratio 

for 50% mannose/glucose functionalized dendrimers, Figure 34b shows the Con 

A : dendrimer ratio for mannose/glucose functionalized dendrimers, Figure 34c 

shows the Con A : dendrimer ratio for mannose/galactose functionalized 

dendrimers, and Figure 34d shows the Con A : dendrimer ratio for 

glucose/galactose functionalized dendrimers. The maximum average number of 

Con A’s that can fit around carbohydrate functionalized dendrimers was 

previously determined to be 9-10, 12-13, 15-16 and 22-23 for G(3) through G(6), 

respectively. 24 For all of the series shown here, the G(3) dendrimers recruit less 

than the optimal number of Con A lectins. This suggests that Con A binds 

monovalently to all of the G(3)-PAMAMs, reducing the strength of the association 

and causing unoptimized binding to occur. 98 All carbohydrate-functionalized G(4) 
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and G(5) PAMAMs recruit the optimal number of Con A lectins, while the 

carbohydrate-functionalized G(6)-PAMAMs typically bind to slightly more than the 

theoretically determined number of proteins. 99 The 50% man/glc functionalized 

compounds 8a-e, 9a-d and 10a-d show no change in clustering until all the active 

sugar is glucose, then the ratio’s drop from 12-13 to 8, 14-15 to 13 and 23-25 to 

18 respectively (Figure 34a). Comparable trends are observed for man/glc 

functionalized dendrimers with higher ligand loadings (Figure 34b). Similarly, in 

the man/gal series (Figure 34c) and the glc/gal series (Figure 34d), the maximum 

number of Con A lectins that can be recruited are clustered around the 

dendrimers when at least 25% of the carbohydrates are Con A binding ligands. 

Glc/gal dendrimers appear to show small increases in Con A recruitment with 

increased glucose functionalization, but man/gal dendrimers level off after 25% 

mannose incorporation. The number of Con A lectins recruited is the same for 

generations 3-5. For generation 6, man/gal functionalized dendrimers cluster 

consistently more Con A lectins (25-26 lectins) than glc/gal functionalized 

dendrimers do (18-22 lectins). Control dendrimers with only galactose 

functionalization fail to precipitate Con A. The precipitation assay results indicate 

that the number of Con A lectins that can be recruited by a dendrimer is not 

greatly affected when the relative activity (as determined in the hemagglutination 

assays) is altered by an order of magnitude. 
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Figure 34 Number of Con A lectins per dendrimer (a) dendrimers with 50% 
man/glc functionalization, (b) man/glc functionalized dendrimers (c) glc/gal 

functionalized dendrimers (d) man/gal functionalized dendrimers. Values are 
given in Tables 4-7. 
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Conclusion 

 

Multivalent binding between proteins and carbohydrates mediates many 

biological events. The goal of the research reported here was to determine 

whether monovalent differences in affinity affect multivalent association 

constants in predictable ways. For optimized systems such as the dendrimers 

with 50% loading of mannose and glucose, the equation described by Whitesides 

and co-workers (equation one) works well to predict how monovalent ligands 

displayed on a multivalent framework will attenuate binding activity. For more 

highly functionalized man/glc, man/gal, and glc/gal dendrimers, activity 

differences for hemagglutination assays with Con A that were much lower than 

those predicted by equation one were obtained. For this system, dendrimers with 

more glucose residues appear to compensate for the steric downfall of full 

functionalization by relying more on proximity enhancements than mannose 

functionalized dendrimers do. Although varying the ligands on the dendrimer can 

cause up to sixteen-fold differences in relative activity in the hemagglutination 

assay, only small differences in the maximum number of Con A lectins recruited 

by the dendrimers were observed. 

The results reported here suggest that multivalency can be influenced in 

predictable–and therefore tunable–ways. Monovalent differences are amplified 

by multivalent associations, and mixtures of low and high affinity ligands can be 

used to attenuate multivalent binding activities. Attenuation of the binding activity 
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(as studied in the hemagglutination assay) is largely independent of the degree 

of protein clustering (as measured in the precipitation assay). Natural systems 

likely use modulation of properties such as avidity and protein clustering to 

control physiological processes. Because of their ready tunability, the 

carbohydrate functionalized dendrimers described here should provide guidelines 

for the development of synthetic multivalent frameworks for many applications in 

chemical biology. Studies are currently underway to investigate how these results 

will transpose into more complex biological systems. 

 
Experimental Procedures 

 

General methods. General reagents were purchased from Acros and Aldrich 

Chemical Companies. PAMAM dendrimers were purchased from Dendritech. 

Concanavalin A (Con A) was purchased from Calbiochem. Methylene Chloride 

was purified on basic alumina; other solvents were used as received. 32-63µ “40 

micron flash” silica gel for flash column chromatography purification was 

purchased from Scientific Adsorbants Incorporated. Centrifugal devices used 

were Millipore amicon ultra 4 mL 5000 Mw and 10000 Mw cutoff filters. For 

dialysis, spectrum laboratories membranes, diameter 11.5 mm, 1000 Mw and 

3500 Mw cutoff, in 0.1% sodium azide solution were used. 
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Matrix Assisted Laser Desorption 
Ionization MS (MALDI) 
 
Matrix assisted laser desorption ionization mass spectra were acquired using a 

Bruker Biflex-III time-of-flight mass spectrometer. Spectra of all functionalized 

dendrimers were obtained using a trans-3-indoleacrylic acid matrix with a matrix-

analyte ratio of 3000:1 or 1000:1. Bovine serum albumin (MW 66,431 g/mol), 

Cytochrome C (MW 12,361 g/mol), and Trypsinogen (MW 23,982 g/mol) were 

used as external standards. An aliquot corresponding to 12-15 pmol of the 

analyte was deposited on the laser target. Positive ion mass spectra were 

acquired in linear mode, and the ions were generated by using a nitrogen laser 

(337 nm) pulsed at 3 Hz with a pulse width of 3 nanoseconds. Ions were 

accelerated at 19,000-20,000 volts and amplified using a discrete dynode 

multiplier. Spectra (100 to 200) were summed into a LeCroy LSA1000 high-

speed signal digitizer. All data processing was performed using Bruker 

XMass/XTOF V 5.0.2. Molecular mass data and polydispersities (PDI) of the 

broad peaks were calculated by using the Polymer Module included in the 

software package. The peaks were analyzed using the continuous mode. The 

MW for unfunctionalized generation 3, 4, 5, and 6 PAMAM dendrimers was 

determined to be 6,800 g/mol, 13,500 g/mol, 25,500 g/mol and 50,000 g/mol, 

respectively. MALDI-TOF MS spectra were obtained after each addition of 

isothiocyanate, and the change in Mw upon the first addition was divided by the 

Mw of the isothiocyanato carbohydrate (507 g/mol) to give a quantity that is 

denoted here as A (equation 2). The total number of carbohydrate residues (B in 
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equation 3) was determined by subtracting Mw for unfunctionalized PAMAM from 

the Mw after all the sequential additions of isothiocyanates and then dividing by 

507 g/mol. The total number of carbohydrate residues was also determined by 

dividing the change in Mw upon deacylation by 168 (the loss of 4 acetyl groups 

per sugar), and this number is denoted as B’ (equation 4). The percentage of the 

first carbohydrate that makes up the total carbohydrate addition (C, equation 5) 

was determined by taking A over B (and then multiplying by 100). The number of 

residues of the first sugar was also obtained by multiplying C times B’ to give A’ 

as shown in equation 6. The values of A and A’ were then averaged (equation 7) 

to obtain the most accurate value for how many residues of the first 

isothiocyanato sugar (and also by difference for how many residues of the 

second isothiocyanato sugar) were added to the dendrimer. Sample numbers 

using data from compound 5c are provided in the equations below. 

A = Mw (one RNCS addition) – Mw (PAMAM) = 22,900 – 13,500 = 18.5 (eq. 2) 
                            507                        507 
 

B = Mw (all RNCS additions) – Mw (PAMAM) = 34,200 – 13,500 = 40.8       (eq. 3) 
                            507              507 
 

B’ = Mw (all RNCS added) – Mw (deacetylated) = 34, 200 – 27, 700 = 38.7 (eq. 4) 
                            168                168 
 

C = A/B = 18.5/40.8 = 0.454       (eq. 5) 
 

A’ = B’ x C = 38.7 x 0.454 = 17.6       (eq. 6) 
 

A + A’ = 18.5 + 17.6 = 18        (eq. 7) 
    2            2 
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NMR 
 
1H NMR spectra were recorded on Bruker DPX 300 (300 MHz) and Bruker DPX-

500 (500 MHz) spectrometers. Chemical shifts are reported in ppm from 

tetramethylsilane with the residual protic solvent resonance as the internal 

standard (chloroform: δ 7.25 ppm; dimethyl sulfoxide: δ 2.50 ppm). Data are 

reported as follows: chemical shift, multiplicity (s = singlet, bs = broad singlet, d = 

doublet, t = triplet, q = quartet, p = pentet, m = multiplet, app = apparent), 

integration, coupling constants (in Hz) and assignments. 13C NMR spectra were 

recorded on a Bruker DPX 500 (125 MHz) spectrometer with complete proton 

decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the 

solvent as the internal standard (CDCl3: δ 77.0 ppm). 

 
General Hemagglutination Inhibition 
Assay Procedures 
 

Concanavalin A Preparation: In a 10 mL centrifuge tube, approximately 5 

mg of Concanavalin A (Con A) was dissolved without agitation in 10 mL of 

HEPES buffer with 100 µM CaCl2 (pH = 8.5). The tube was stored at 4 ºC for 8 

hours to allow the Con A to dissolve. Afterwards, the solution was placed in a 

dialysis tube and dialyzed against 1 L of tris buffered saline (TBS) for 4 hours. 

This was repeated with fresh TBS solution and followed by dialysis against 1 L of 

phosphate-buffered saline (PBS) for 8 hours. The dialysis was done to remove 

any excess Ca2+ from the lectin solution. The Con A solution was removed from 

the tube and stored at 4 ºC until needed. 
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Blood Preparation: Fresh whole rabbit blood was obtained from the MSU animal 

care center in 4 mL vials. Alsever’s solution was added to the blood to make up a 

60:40 v/v solution. The blood was separated into 2 mL aliquots in 15 mL 

centrifuge tubes. These were then diluted to 12 mL with Alsevers solution. The 

cells were pelleted by centrifugation (1100 rpm x 10 min), and the layer of white 

blood cells and plasma proteins was removed by pipette. This process was 

repeated 2 more times using PBS instead of Alsever’s solution. The blood was 

then made up in the assay buffer solution, PBS with 0.5% BSA.  

Concanavalin A Titration: Decreasing amounts of Con A were incubated with red 

blood cells to determine the lectin concentration needed to agglutinate cells. 

Serial two fold dilutions were made by adding 50 µL of Con A solution to the first 

well, then 50 µL of buffer solution to all 24 wells. 50 µL was then transferred from 

the first well to the second. The second well was mixed and 50 µL was 

transferred to the third well. This procedure was repeated until the 24th was ll two 

fold serial dilutions. To each well 50 µL of the blood solution was added and 

incubated for 2 hours at 22-25 oC. After this time the wells were examined and 

the amount of Con A required to agglutinate was determined. This was then 

considered to be 1 unit. For the inhibition assay an 8 unit Con A solution was 

made up and the concentration of Con A determined by spectrophotometric 

analysis. 

 
Inhibiting Dose Determination: Starting with a concentration of 5 mg/mL, serial 

two-fold dilutions of the inhibitors were made as described above. the inhibitor 
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solutions were incubated with 50 µL of the 8 unit Con A solution for 2-3 hours at 

22-25oC. the minimum concentration causing inhibition was determined and this 

was the inhibiting dose. The HI assays of all compounds that are directly 

compared in Tables 4-7 were preformed simultaneously to provide the exact 

same conditions, enabling an accurate comparison of relative activity. The values 

given are the average of three or more independent measurements. 

 
General Precipitation Assay Procedure 
 
The assay was performed at 22 ºC in 0.1 M Tris/HCl buffer, pH 7.2, containing 

0.15 M NaCl, 1 mM CaCl2 and 1 mM MnCl2. Con A (500 µL, 66 µM) was added 

to 500 µL of a two-fold serial dilution of carbohydrate-functionalized dendrimers. 

The mixtures were allowed to sit for 20 h. The solutions were centrifuged (3000 

rpm for 5 minutes) to pellet the precipitate. The pellets were washed with 500 µL 

of cold buffer three times. The precipitates were dissolved in 500 µL of 0.1 M 

methyl mannoside solution and diluted with 1000 µL of buffer. The concentration 

of Con A in each solution was determined by UV at 280 nm using an extinction 

coefficient at 280 nm of 1.37 for a 1 mg/mL solution. The values given are the 

average of three independent measurements. 

 
Experimental procedures and 1H NMR, 13C NMR and MS data for compounds 

1a-c, 2a-c and 3; 1H NMR spectra for 8c (4c), 9e (5e) and 10d (6d), and MALDI-

TOF spectra for 8c (4c), 9d (5d) and 10c (6c) can be found in Chapter 2. 
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1H NMR data for 8a-e, 9a-d and 10a-d can be found in the experimental 

procedures section of chapter 2. 

 
4a-n. Representative procedure for the synthesis of heterogeneously 

functionalized generation 3.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-galactopyranoside, 1-O-(6- thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-glucopyranoside, 1-O-(6- thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-mannopyranoside. An aqueous solution of 

amine terminated Starburst G(3)-PAMAM dendrimer (1.925 g of a 18% w/w 

solution in water, 346.4 mg, 50.9 µmol) was lyophilized to leave a foamy residue. 

5.78 mL of DMSO was then added to this residue to give a 60 mg/mL solution. 

0.047 mL of a 300 mM solution of 2a (14.1 µmol, 6.84 mg) in DMSO was added 

to 0.5 mL of a 60 mg/mL G(3) PAMAM dendrimer (30 mg, 4.40 µmol) solution. 

The reaction was stirred for 48 hrs at which point a 75 µL aliquot was removed 

for MALDI-TOF analysis. After MALDI-TOF indicated reaction completion, 0.17 

mL of a 300 mg/mL solution of 2b (49.4 µmol, 20.14 mg) was added. The 

solution was then stirred for 48 hrs. At this time a 75 µL aliquot was removed for 

analysis. After MALDI-TOF indicated reaction completion, 0.19 mL of a 300 

mg/mL solution of 2c (58.3 µmol, 23.43 mg) was added and let stir for 48 hrs, 

when a 75 µL aliquot was removed for analysis. According to MALDI-TOF 

analysis the final addition proved to be unsuccessful at fully functionalizing all 

terminal amine groups so an additional spacer was added. 47.1 mg (30 µmol) of 

3 in DMSO was added and let stir at room temperature for 2 days. Again MALDI-
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TOF analysis indicated no further addition. This step was repeated with mild 

warming (up to 40 ºC) and vigorous stirring. MALDI-TOF analysis again indicated 

no addition, hence the product was taken forward. 

 
Table 8 Amounts of compounds that were used for the experimental procedure 

above for the synthesis of 7a-7n. 
 

 

 

 

 

 

 

 

 

*Solution was equally split and mannose was added to one half and galactose 
added to the other. 

 

7a: 1H NMR (500 MHz, DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.4H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2) 5.32(m, 0.7H), 5.17 (m, 0.8H), 5.07 (m, 1.6H), 5.02 

(m, 0.8H), 4.92 (m, 1H), 4.84 (m, 0.5H), 4.21 (m, 0.7H), 4.10 (m, 0.9H), 4.00 (m, 

2.3H), 3.90 (m, 0.7), 3.80 (t, 0.8H, J = 6.5Hz), 3.68 (m, 1.8H), 3.50 (m, 3.2H), 

3.14 (bs, 2.5H), 3.04 (bs, 3.9H), 2.81 (t, 0.5H J = 6.4Hz), 2.56-2.64 (m, 11.4H), 

G3 
 

Pamam 
(µmol) 

mannose 
(µmol) 

Glucose 
(µmol) 

Galactose 
(µmol) 

Ethoxy 
ethanol 
(µmol) 

7a 4.4 70.6 0 57.0 30 
7b 4.4 56.5 12.6 57.0 30 
7c 4.4 35.3 32.2 57.0 30 
7d 4.4 14.1 51.0 57.0 30 
7e 4.4 0 70.6 57.0 30 
7f 4.4 0 150.0 0 0 
7g 4.4 17.0* 106.2* 0 30 
7h 2.9 45.0 48.0 0 30 

   7i 4.4 51.0* 35.4* 0 30 
7j 4.4 150.0 0 0 0 
7k 4.4 0 35.4* 51.0* 30 
7l 4.4 0 106.2* 17.0* 30 

7m 4.4 35.4 0 90.0 30 
7n 4.4 106.2 0 30.0 30 
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2.17 (bs, 4.8H), 2.08 (s, 3.2H), 2.07 (s, 3H), 2.00 (m, 9H), 1.90 (s, 3.5H) 1.79 (m, 

3.5H) ppm. MALDI-TOF (pos) m/z 17500 g/mol. 

 

7b: 1H NMR (500 MHz, DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.90 (bs, 0.5H, 

amide NH’s), 7.83 (bs, 0.5H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.51 (bs, 

1.8H, CH2NHC(S)NHCH2) 5.32(m, 0.8H), 5.17 (m, 0.8H), 5.07 (m, 1.1H), 5.02 

(m, 0.8H), 4.99 (m, 0.17H), 4.93 (m, 0.9H), 4.84 (m, 0.5H), 4.21 (m, 0.8H), 4.10 

(m, 0.8H), 4.00 (m, 2.4H), 3.80 (t, 1.1H, J = 6.5Hz), 3.68 (m, 1.6H), 3.50 (m, 

3.8H), 3.14 (bs, 2.5H), 3.04 (bs, 3.9H), 2.81 (t, 1H J = 6.5Hz), 2.56-2.64 (m, 

13H), 2.17 (bs, 5H), 2.08 (s, 4H), 2.07 (s, 2H), 2.00 (s, 3.5H), 1.99 (s, 3H) 1.98 

(s, 3H), 1.97 (s, 3H), 1.90 (s, 3.5H) 1.79 (m, 4H) ppm. MALDI-TOF (pos) m/z 

18200 g/mol. 

 

7c: 1H NMR (500 MHz, DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.78 (bs, 0.9H, 

amide NH’s), 7.51 (bs, 1.8H, CH2NHC(S)NHCH2) 5.32(m, 0.8H), 5.25 (m, 0.8H), 

5.17 (m, 0.8H), 5.07 (m, 0.6H), 5.02 (m, 0.7H), 4.99 (m, 0.6H), 4.92 (m, 1.3H), 

4.75 (m, 0.8H), 4.21 (m, 0.8H), 4.09 (m, 0.8H), 4.00 (m, 2.4H), 3.81 (t, 1.1H, J = 

6.5Hz), 3.68 (m, 2H), 3.50 (m, 4H), 3.13 (bs, 2.7H), 3.04 (bs, 4.6H), 2.81 (t, 1.2H, 

J = 6.4Hz), 2.56-2.64 (m, 17H), 2.17 (bs, 6.5H), 2.08 (s, 3.7H), 2.00 (s, 3H), 1.99 

(s, 2H), 1.98 (s, 3H), 1.97 (s, 3H) 1.96 (s, 2H), 1.90 (s, 3H) 1.79 (m, 4.7H) ppm. 

MALDI-TOF (pos) m/z 18100 g/mol. 

 



 109 

7d: 1H NMR (500 MHz, DMSO) δ 7.97 (bs, 1H, amide NH’s), 7.78 (bs, 0.8H, 

amide NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2) 5.32(m, 0.9H), 5.26 (m, 1H), 5.17 

(dd, 1H, J = 10.7, 3.6Hz), 5.02 (d, 0.8H, J = 3.3Hz), 4.99 (d, 0.8H, J = 3.3Hz) 

4.92 (m, 1.6H), 4.76 (m, 1H), 4.21 (m, 1H), 4.10 (d, 1H, J = 11.9Hz), 4.00 (d, 

2.7H, J = 6.5Hz), 3.95 (m, 1H), 3.81 (t, 1.6H, J = 6.5Hz), 3.68 (m, 2.4H), 3.48 (m, 

4.2H), 3.13 (bs, 3.2H), 3.04 (bs, 3.7H), 2.81 (t, 2.2H, J = 6.4Hz), 2.56-2.65 (m, 

10H), 2.17 (bs, 4.7H), 2.08 (s, 3H), 2.00 (s, 3H), 1.99 (s, 1H), 1.98 (s, 3H), 1.97 

(s, 3H), 1.95 (s, 2H), 1.92 (s, 2H) 1.90 (s, 3H), 1.80 (m, 4.4H) ppm. MALDI-TOF 

(pos) m/z 17500 g/mol. 

 

7e: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.84 (bs, 0.9H, 

amide NH’s), 7.54(bs, 1.8H, CH2NHC(S)NHCH2), 5.31(s, 0.6H), 5.25 (t, 0.7H, J = 

9.8Hz), 5.16 (m, 0.6H), 5.02 (s, 0.7H), 4.99 (d, 0.6H, J = 3.4 Hz), 4.91 (m, 1.3H), 

4.76 (m, 0.9H), 4.62 (m, 1.4H), 4.20 (m, 0.7H), 4.10 (m, 0.9H), 3.99 (m, 2.3H), 

3.94 (m, 0.9H), 3.78 (m, 3.8H), 3.68 (m, 2H), 3.58 (m, 4H), 3.48 (m, 7H), 3.13 (m, 

6H), 2.54-70 (m, 10H), 2.20 (bs, 4.0H), 2.07 (s, 2H), 1.89-2.00 (m, 17H), 1.78 (m, 

3H) ppm. MALDI-TOF (pos) m/z 19300 g/mol. 

 

7f: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.75 (bs, 0.6H, 

amide NH’s), 7.51 (bs, 1.5H CH2NHC(S)NHCH2), 5.24 (t, 0.8H, 9.7 Hz), 4.98 (m, 

0.9H), 4.91 (t, 0.9H, 9.7 Hz), 4.77 (m, 0.9H), 4.11 (m, 0.9H), 4.01 (m, 1H), 3.92 

(m, 1H), 3.71 (m, 1.2H), 3.49 (m, 3H), 3.37 (m, 1.4H), 3.13 (m, 3H), 2.47-2.63 (m, 
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9H), 2.36 (m, 2.3H), 2.19 (bs, 3.3H), 2.01 (s, 5.8H), 1.97 (s, 3H), 1.93 (s, 2.8H), 

1.78 (m, 1.9H). MALDI-TOF (pos) m/z 21000 g/mol. 

 

7g: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.86 (bs, 1H, amide 

NH’s), 7.57 (bs, 2H, CH2NHC(S)NHCH2) 5.25(m, 1H), 5.07 (m, 7H), 4.99 (d, 

0.3H, J = 3.4Hz), 4.92 (t, 0.6H, J = 9.8Hz), 4.84 (s, 2H), 4.75 (m, 0.7H), 4.61 (s, 

3H), 4.11 (dd, 3H, J = 12.2, 5.3Hz), 4.02 (d, 3H, J = 12.2Hz), 3.90 (m, 3H), 3.78 

(m, 8H), 3.67 (m, 3H), 3.56 (m, 7H), 3.45 (m, 16H), 3.30 (bs, 9H), 3.13 (bs, 4H), 

3.04 (s, 2H), 2.81 (t, 2H, J = 6.5Hz), 2.58 (m, 10H), 2.22 (bs, 5H), 2.07 (s, 7H), 

2.03 (s, 7H), 1.99 (s, 7H), 1.98 (m, 18H), 1.94 (m, 2H) 1.90 (s, 7H), 1.82 (m, 4H) 

ppm. MALDI-TOF (pos) m/z 18300 g/mol. 

 

7h: 1H NMR (500 MHz, DMSO) δ 8.00 (bs, 1H, amide NH’s), 7.85 (bs, 0.8H, 

amide NH’s), 7.57 (bs, 1.9H, CH2NHC(S)NHCH2), 5.25(m, 1H), 5.07 (m, 0.8H), 

4.99 (d, 0.3H, J = 3.4Hz), 4.92 (t, 0.5H, J = 9.8Hz), 4.83 (s, 1.8H), 4.74 (m, 0.7H), 

4.62 (s, 3H), 4.11 (dd, 2.8H, J = 12.2, 5.3Hz), 4.02 (d, 2.9H, J = 12.2Hz), 3.91 

(m, 2.7H), 3.78 (m, 6.8H), 3.65 (m, 3H), 3.45-3.58 (m 14H), 3.30 (bs, 8H), 3.13 

(bs, 3.6H), 3.04 (bs, 2H), 2.81 (t, 2H, J = 6.5 Hz), 2.58 (m, 9H), 2.22 (bs, 4.8H), 

2.07 (s, 6.4H), 2.03 (s, 6.7H), 1.99 (s, 6.2H), 1.98 (m, 2.8H), 1.94 (m, 2H) 1.90 (s, 

2H), 1.82 (m, 4H) ppm. MALDI-TOF (pos) m/z 18300 g/mol. 
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7i: 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.90 (bs, 0.4H, 

amide NH’s), 7.76-7.84 (bs, 1.2H, amide NH’s), 7.54(bs, 1.8H, 

CH2NHC(S)NHCH2), 5.25 (m, 0.35H), 5.07 (m, 3.6H), 4.85 (s, 1H), 4.77 (m, 

0.35H), 4.11 (dd, 1.5H, J = 12.0, 5.0Hz), 4.01 (d, 1.5H, J = 12.0Hz), 3.92 (m, 

1.5H), 3.81 (t, 0.5H, J = 6.5Hz), 3.68 (m, 1.8H), 3.51 (m, 3.7H), 3.13 (bs, 2.8H), 

3.04 (m 3.4H), 2.54-70 (m, 10.7H), 2.17 (bs, 4.0H), 2.07 (s, 3.5H), 1.99 (m, 8H), 

1.90 (s, 3.5H), 1.81 (m, 3.3H) ppm. MALDI-TOF (pos) m/z 19200 g/mol. 

 

7j: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.74 (bs, 1H, amide 

NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2), 5.08 (m, 3H, H2, H3, H4), 4.84 (s, 1H, 

H1), 4.12 (dd, 1H, J = 11.5, 5.2 Hz, H6), 4.02 (app d, 1H, J = 11.5 Hz, H6), 3.91 

(bs, 1H), 3.69 (m, 1H, H5), 3.48 (m, 3H), 3.32 (m, 1H), 3.13 (bs, 2H), 3.04 (bs, 

2H), 2.53-2.65 (m, 9H), 2.39 (bs, 2H), 2.16 (bs, 4H), 2.07 (s, 3H), 1.98 (s, 6H), 

1.89 (s, 3H), 1.81 (m, 2H, OCH2CH2CH2SCH2) ppm MALDI-TOF (pos) m/z 21300 

g/mol. 

 

7k: 1H NMR (500 MHz, DMSO) δ  7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.6H, 

amide NH’s), 7.85 (2bs, 1.3H, amide NH’s), 7.54(2bs, 1.8H, CH2NHC(S)NHCH2), 

5.31(s, 1.3H), 5.16 (dd, 1.3H, J = 10.8, 3.2 Hz), 5.02 (m, 1.3H), 4.91 (dd, 1.3H, J 

= 10.9, 3.2 Hz), 4.76 (m, 0.3H), 4.63 (m, 1.3H), 4.19 (m, 1.3H), 3.99 (m, 3H), 

3.76 (m, 4H), 3.68 (m, 2H), 3.57 (m, 4H), 3.44 (m, 6H), 3.12 (bs, 3H), 3.04 (bs, 
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3H), 2.60 (m, 10H), 2.18 (bs, 4.5H), 2.07 (s, 4H), 1.99 (s, 5H), 1.96 (s, 5H), 1.89 

(s, 4H), 1.78 (m, 4H) ppm. MALDI-TOF (pos) m/z 17700 g/mol. 

 

7l: 1H NMR (500 MHz, DMSO) δ  7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.5H, 

amide NH’s), 7.84 (bs, 1H, amide NH’s), 7.54(bs, 2H, CH2NHC(S)NHCH2), 

5.31(s, 1H), 5.17 (d, 1H, J = 7.1Hz), 5.07 (m, 0.4H), 5.02 (d, 1H, J = 10.8Hz), 

4.84 (m, 1.4H), 4.62 (m, 0.8H), 4.19 (m, 1H), 3.99 (m, 3H), 3.97 (m, 2H), 3.67 (m, 

2H), 3.58 (m, 2H), 3.44 (m, 4H), 3.13 (bs, 3H), 2.95 (bs, 5H), 2.64 (m, 8H), 2.18 

(bs, 5H), 2.07 (s, 4H), 2.00 (s, 1H), 1.99 (s, 4H), 1.96 (s, 4H), 1.89 (s, 4H), 1.78 

(m, 3H) ppm. MALDI-TOF (pos) m/z 19400 g/mol. 

 

7m: 1H NMR (500 MHz, DMSO) δ  7.99 (bs, 1H, amide NH’s), 7.63 (bs, 0.8H, 

amide NH’s), 7.84 (bs, 1H, amide NH’s), 7.54(bs, 2H, CH2NHC(S)NHCH2), 

5.31(s, 0.35H), 5.17 (d, 0.35H, J = 10.9), 5.07 (m, 3H), 4.93 (d, 0.35H, J = 

10.7Hz), 4.84 (m, 1H), 4.62 (m, 0.7H), 4.19 (m, 0.35H), 4.12 (m, 1H), 4.00 (m, 

2H), 3.91 (m, 1H), 3.78 (m, 2H), 3.68 (m, 2H), 3.58 (m, 2H), 3.48 (m, 4H), 3.12 

(bs, 3H), 3.04 (bs, 3H), 2.55 (bs and m, 10H), 2.18 (bs, 4H), 2.06 (s, 3.9H), 1.99 

(m, 9H), 1.89 (s, 3.9H), 1.78 (m, 2.8H) ppm. MALDI-TOF (pos) m/z 17500 g/mol. 

 

7n: 1H NMR (500 MHz, DMSO) δ  7.98 (bs, 1H, amide NH’s), 7.90 (bs, 0.3H, 

amide NH’s), 7.76-7.83 (bs, 1H, amide NH’s), 7.54(bs, 1.8H, 

CH2NHC(S)NHCH2), 5.25 (t, 0.88H, J = 10.9 Hz), 5.07 (m, 1.2H), 4.99 (m, 0.5H), 
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4.91 (t, 0.8H, J = 9.9 Hz), 4.84 (m, 0.5H), 4.76 (dd, 0.9H, J = 10.3, 3.6Hz), 4.11 

(dd, 1.3H, J = 12.3, 4.5Hz), 4.01 (m, 1.3H), 3.92 (m, 1.3H), 3.69 (m, 1.6H), 3.48 

(m, 4H), 3.14 (bs 2.4H), 3.04 (bs, 2.7H), 2.54-2.70 (m, 10H), 2.17 (bs, 3.9H), 

2.07 (s, 1.3H), 1.98 (s, 6.5H), 1.95 (s, 2.6H), 1.92 (s, 2.4H), 1.90 (s, 1.6H), 1.81 

(m, 2H) ppm. MALDI-TOF (pos) m/z 19200 g/mol. 

 
8a-n. Representative procedure for the synthesis of heterogeneously 

functionalized generation 4.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-galactopyranoside, 1-O-(6- thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-glucopyranoside, 1-O-(6- thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-mannopyranoside. An aqueous solution of 

amine terminated Starburst G(4)-PAMAM dendrimer (2.478 g of a 17% w/w 

solution in water, 421.2 mg, 31.2 µmol) was lyophilized to leave a foamy residue. 

7.02 mL of DMSO was then added to this residue to give a 60 mg/mL solution. 

0.047 mL of a 300 mM solution of 2a (14.1 µmol, 6.84 mg) in DMSO was added 

to 0.5 mL of a 60 mg/mL G(4) PAMAM dendrimer (30 mg, 4.40 µmol) solution. 

The reaction was stirred for 48 hrs at which point a 75 µL aliquot was removed 

for MALDI-TOF analysis. After MALI-TOF analysis indicated reaction completion 

0.17 mL of a 300 mM solution of 2b (49.4 µmol, 25.1 mg) was added. The 

solution was then stirred for 48 hrs. At this time a 75 µL aliquot was removed for 

analysis. After MALDI-TOF analysis indicated reaction completion, 0.19 mL of a 

300 mM solution of 2c (56.9 µmol, 28.8 mg) was added and let stir for 48 hrs, 

when a 75 µL aliquot was removed for analysis. According to MALDI-TOF 
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analysis the final addition proved to be unsuccessful at fully functionalizing all 

terminal amine groups so an additional spacer was added. 47.1 mg (30 µmol) of 

3 in DMSO was added an let stir at room temperature for 2 days. Again MALDI-

TOF analysis indicated no further addition. This step was repeated with mild 

warming (up to 40 ºC) and vigorous stirring. MALDI-TOF analysis again indicated 

no further addition, hence the product was taken forward. 

 
Table 9 Amounts of compounds that were used for the experimental procedure 

above for the synthesis of 8f-8n. 
 

 

 

 

 

 
 

*Solution was equally split and mannose was added to one half and galactose 
added to the other. 

 

8f: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.75 (bs, 0.8H, 

amide NH’s), 7.51 (bs, 1.6H CH2NHC(S)NHCH2), 5.24 (t, 0.9H, 9.7 Hz), 4.98 (m, 

0.8H), 4.91 (t, 0.9H, 9.7 Hz), 4.77 (m, 0.9H), 4.11 (m, 1H), 4.01 (m, 0.9H), 3.92 

(m, 1.1H), 3.69 (m, 1.3H), 3.48 (m, 4H), 3.37 (m, 1.6H), 3.19 (m, 3H), 2.47-2.63 

(m, 9H), 2.36 (m, 3H), 2.19 (bs, 3.2H), 2.01 (s, 5.6H), 1.97 (s, 2.8H), 1.93 (s, 

2.6H), 1.78 (m, 1.8H). MALDI-TOF (pos) m/z 41900 g/mol. 

G4 Pamam 
(µmol) 

Mannose 
(µmol) 

Glucose 
(µmol) 

Galactose 
(µmol) 

Ethoxy 
ethanol 
(µmol) 

8f 2.2 0 150 0 0 
8g 2.2 17.0 107.1* 0 30 
8h 1.5 45 48* 0 30 
8i 2.2 51.0 35.7 0 30 
8j 2.2 150 0 0 0 
8k 2.2 0 35.7* 51.0 30 
8l 2.2 0 107.1* 17.0 30 

8m 2.2 35.7 0 90.0 30 
8n 2.2 107.1 0 30.0 30 
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8g: 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.90 (bs, 0.3H, 

amide NH’s), 7.76-7.83 (bs, 1H, amide NH’s), 7.54(bs, 1.8H, 

CH2NHC(S)NHCH2), 5.25 (t, 0.88H, J = 10.9 Hz), 5.07 (m, 1.2H), 4.99 (m, 0.5H), 

4.91 (t, 0.8H, J = 9.9 Hz), 4.84 (m, 0.5H), 4.76 (dd, 0.9H, J = 10.3, 3.6Hz), 4.11 

(dd, 1.3H, J = 12.3, 4.5Hz), 4.01 (m, 1.3H), 3.92 (m, 1.3H), 3.69 (m, 1.6H), 3.48 

(m, 4H), 3.14 (bs 2.4H), 3.04 (bs, 2.7H), 2.54-2.70 (m, 10H), 2.17 (bs, 3.9H), 

2.07 (s, 1.3H), 1.98 (s, 6.5H), 1.95 (s, 2.6H), 1.92 (s, 2.4H), 1.90 (s, 1.6H), 1.81 

(m, 2H) ppm. MALDI-TOF (pos) m/z 34300 g/mol. 

 

8h: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.86 (bs, 1H, amide 

NH’s), 7.57 (bs, 2H, CH2NHC(S)NHCH2) 5.25(m, 1H), 5.07 (m, 7H), 4.99 (d, 

0.3H, J = 3.4Hz), 4.92 (t, 0.6H, J = 9.8Hz), 4.84 (s, 2H), 4.75 (m, 0.7H), 4.61 (s, 

3H), 4.11 (dd, 3H, J = 12.2, 5.3Hz), 4.02 (d, 3H, J = 12.2Hz), 3.90 (m, 3H), 3.78 

(m, 8H), 3.67 (m, 3H), 3.56 (m, 7H), 3.45 (m, 16H), 3.30 (bs, 9H), 3.13 (bs, 4H), 

3.04 (s, 2H), 2.81 (t, 2H, J = 6.5Hz), 2.58 (m, 10H), 2.22 (bs, 5H), 2.07 (s, 7H), 

2.03 (s, 7H), 1.99 (s, 7H), 1.98 (m, 18H), 1.94 (m, 2H) 1.90 (s, 7H), 1.82 (m, 4H) 

ppm. MALDI-TOF (pos) m/z 32400 g/mol. 

 

8i: 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.90 (bs, 0.4H, 

amide NH’s), 7.76-7.84 (bs, 1.2H, amide NH’s), 7.54(bs, 1.8H, 

CH2NHC(S)NHCH2), 5.25 (m, 0.35H), 5.07 (m, 3.6H), 4.85 (s, 1H), 4.77 (m, 

0.35H), 4.11 (dd, 1.5H, J = 12.0, 5.0Hz), 4.01 (d, 1.5H, J = 12.0Hz), 3.92 (m, 
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1.5H), 3.81 (t, 0.5H, J = 6.5Hz), 3.68 (m, 1.8H), 3.51 (m, 3.7H), 3.13 (bs, 2.8H), 

3.04 (m 3.4H), 2.54-70 (m, 10.7H), 2.17 (bs, 4.0H), 2.07 (s, 3.5H), 1.99 (m, 8H), 

1.90 (s, 3.5H), 1.81 (m, 3.3H) ppm. MALDI-TOF (pos) m/z 36700 g/mol. 

 

8j: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.74 (bs, 1H, amide 

NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2), 5.08 (m, 3H), 4.84 (s, 1H), 4.12 (dd, 

1H, J = 11.5, 5.2 Hz), 4.02 (app d, 1H, J = 11.5 Hz), 3.91 (bs, 1H), 3.69 (m, 1H), 

3.48 (m, 3H), 3.32 (m, 1H), 3.13 (bs, 2H), 3.04 (bs, 2H), 2.53-2.65 (m, 9H), 2.39 

(bs, 2H), 2.16 (bs, 4H), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s, 3H), 1.81 (p, 2H) ppm; 

MALDI-TOF (pos) m/z 42500 g/mol. 

 

8k: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.6H, 

amide NH’s), 7.85 (2bs, 1.3H, amide NH’s), 7.54(2bs, 1.8H, CH2NHC(S)NHCH2), 

5.31(s, 1.3H), 5.16 (dd, 1.3H, J = 10.8, 3.2Hz), 5.02 (m, 1.3H), 4.91 (dd, 1.3H, J 

= 10.9, 3.2Hz), 4.76 (m, 0.3H), 4.63 (m, 1.3H), 4.19 (m, 1.3H), 3.99 (m, 3H), 3.76 

(m, 4H), 3.68 (m, 2H), 3.57 (m, 4H), 3.44 (m, 6H), 3.12 (bs, 3H), 3.04 (bs, 3H), 

2.60 (m, 10H), 2.18 (bs, 4.5H), 2.07 (s, 4H), 1.99 (s, 5H), 1.96 (s, 5H), 1.89 (s, 

4H), 1.78 (m, 4H) ppm. MALDI-TOF (pos) m/z 33000 g/mol. 

 

8l: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.84 (bs, 0.9H, 

amide NH’s), 7.54(bs, 1.8H, CH2NHC(S)NHCH2), 5.31(s, 0.6H), 5.25 (t, 0.7H, J = 

9.8Hz), 5.16 (m, 0.6H), 5.02 (s, 0.7H), 4.99 (d, 0.6H, J = 3.4Hz), 4.91 (m, 1.3H), 
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4.76 (m, 0.9H), 4.62 (m, 1.4H), 4.20 (m, 0.7H), 4.10 (m, 0.9H), 3.99 (m, 2.3H), 

3.94 (m, 0.9H), 3.78 (m, 3.8H), 3.68 (m, 2H), 3.58 (m, 4H), 3.48 (m, 7H), 3.13 (m, 

6H), 2.54-70 (m, 10H), 2.20 (bs, 4.0H), 2.07 (s, 2H), 1.89-2.00 (m, 17H), 1.78 (m, 

3H) ppm. MALDI-TOF (pos) m/z 37200 g/mol. 

 

8m: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.5H, 

amide NH’s), 7.84 (bs, 1H, amide NH’s), 7.54(bs, 2H, CH2NHC(S)NHCH2), 

5.31(s, 1H), 5.17 (d, 1H, J = 7.1Hz), 5.07 (m, 0.4H), 5.02 (d, 1H, J = 10.8Hz), 

4.84 (m, 1.4H), 4.62 (m, 0.8H), 4.19 (m, 1H), 3.99 (m, 3H), 3.97 (m, 2H), 3.67 (m, 

2H), 3.58 (m, 2H), 3.44 (m, 4H), 3.13 (bs, 3H), 2.95 (bs, 5H), 2.64 (m, 8H), 2.18 

(bs, 5H), 2.07 (s, 4H), 2.00 (s, 1H), 1.99 (s, 4H), 1.96 (s, 4H), 1.89 (s, 4H), 1.78 

(m, 3H) ppm. MALDI-TOF (pos) m/z 36100 g/mol. 

 

8n: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.63 (bs, 0.8H, 

amide NH’s), 7.84 (bs, 1H, amide NH’s), 7.54(bs, 2H, CH2NHC(S)NHCH2), 

5.31(s, 0.35H), 5.17 (d, 0.35H, J = 10.9), 5.07 (m, 3H), 4.93 (d, 0.35H, J = 

10.7Hz), 4.84 (m, 1H), 4.62 (m, 0.7H), 4.19 (m, 0.35H), 4.12 (m, 1H), 4.00 (m, 

2H), 3.91 (m, 1H), 3.78 (m, 2H), 3.68 (m, 2H), 3.58 (m, 2H), 3.48 (m, 4H), 3.12 

(bs, 3H), 3.04 (bs, 3H), 2.55 (bs and m, 10H), 2.18 (bs, 4H), 2.06 (s, 3.9H), 1.99 

(m, 9H), 1.89 (s, 3.9H), 1.78 (m, 2.8H) ppm. MALDI-TOF (pos) m/z 37100 g/mol. 
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9a-l. Representative procedure for the synthesis of heterogeneously 

functionalized generation 5.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-galactopyranoside, 1-O-(6- thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-glucopyranoside, 1-O-(6- thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-mannopyranoside. An aqueous solution of 

amine terminated Starburst G(5)-PAMAM dendrimer (1.938 g of a 23% w/w 

solution in water, 445.8 mg, 17.5 µmol) was lyophilized to leave a foamy residue. 

7.43 mL of DMSO was then added to this residue to give a 60 mg/mL solution. 

0.039 mL of a 300 mM solution of 2a (11.8 µmol, 5.96 mg) in DMSO was added 

to 0.5 mL of a 60 mg/mL G(5) PAMAM dendrimer (30 mg, 1.18 µmol) solution. 

The reaction was stirred for 48 hrs at which point a 75 µL aliquot was removed 

for MALDI-TOF analysis. After MALDI-TOF analysis indicated reaction 

completion 0.14 mL of a 300 mM solution of 2b (42.4 µmol, 22.1 mg) was added. 

The solution was then stirred for 48 hrs. At this time a 75 µL aliquot was removed 

for analysis. After MALDI-TOF indicated reaction completion, 0.15 mL of a 300 

mM solution of 2c (45 µmol, 23.2 mg) was added and let stir for 48 hrs, when a 

75 µL aliquot was removed for analysis. According to MALDI-TOF analysis the 

final addition proved to be unsuccessful at fully functionalizing all terminal amine 

groups so an additional spacer was added. 47.1 mg (30 µmol) of 3 in DMSO was 

added an let stir at room temperature for 2 days. Again MALDI-TOF analysis 

indicated no further addition. This step was repeated with mild warming (up to 40 
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ºC) and vigorous stirring. MALDI-TOF analysis again indicated no addition, hence 

the product was taken forward. 

 
Table 10 Amounts of compounds that were used for the experimental procedure 

above for the synthesis of 9e-9n. 
 

 

 

 

 

 

*Solution was equally split and mannose was added to one half and galactose 
added to the other. 
 

9e: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.73 (bs, 0.6H, 

amide NH’s), 7.51 (bs, 1.8H CH2NHC(S)NHCH2), 5.24 (t, 1H, 9.7 Hz), 4.98 (m, 

1H), 4.91 (t, 0.8H, J = 9.7 Hz), 4.77 (m, 0.9H), 4.11 (m, 0.8H), 4.01 (m, 1H), 3.92 

(m, 1H), 3.71 (m, 1.3H), 3.49 (m, 3.5H), 3.37 (m, 1.7H), 3.13 (bs, 2.7H), 2.50-

2.65 (m, 10H), 2.36 (m, 2.1H), 2.19 (bs, 3.5H), 2.01 (s, 6H), 1.97 (s, 3.0H), 1.93 

(s, 2.6H), 1.79 (m, 2H). MALDI-TOF (pos) m/z 76000 g/mol. 

 

9f: 1H NMR (500 MHz, DMSO) δ  7.98 (bs, 1H, amide NH’s), 7.90 (bs, 0.3H, 

amide NH’s), 7.76-7.83 (bs, 1H, amide NH’s), 7.54(bs, 1.8H, 

CH2NHC(S)NHCH2), 5.25 (t, 0.88H, J = 10.9 Hz), 5.07 (m, 1.2H), 4.99 (m, 0.5H), 

4.91 (t, 0.8H, J = 9.9 Hz), 4.84 (m, 0.5H), 4.76 (dd, 0.9H, J = 10.3, 3.6Hz), 4.11 

G5 PAMAM 
(µmol) 

Mannose 
(µmol) 

Glucose 
(µmol) 

Galactose 
(µmol) 

Ethoxy 
ethanol 
(µmol) 

9e 1.18 0 150 0 0 
9f 1.18 15.0 88.2* 0 30 
9g 0.77 45.0 48.0 0 30 
9h 1.18 45.0 29.4* 0 30 
9i 1.18 150 0 0 0 
9j 1.18 0 29.4* 45.0 30 
9k 1.18 0 88.2* 15.0 30 
9l 1.18 29.4 0 90.0 30 
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(dd, 1.3H, J = 12.3, 4.5Hz), 4.01 (m, 1.3H), 3.92 (m, 1.3H), 3.69 (m, 1.6H), 3.48 

(m, 4H), 3.14 (bs 2.4H), 3.04 (bs, 2.7H), 2.54-2.70 (m, 10H), 2.17 (bs, 3.9H), 

2.07 (s, 1.3H), 1.98 (s, 6.5H), 1.95 (s, 2.6H), 1.92 (s, 2.4H), 1.90 (s, 1.6H), 1.81 

(m, 2H) ppm. MALDI-TOF (pos) m/z 63000 g/mol. 

 

9g: 1H NMR (500 MHz, DMSO) δ  8.02 (bs, 1H, amide NH’s), 7.86 (bs, 1H, amide 

NH’s), 7.57 (bs, 2H, CH2NHC(S)NHCH2) 5.25(m, 1H), 5.07 (m, 7H), 4.99 (d, 

0.3H, J = 3.4Hz), 4.92 (t, 0.6H, J = 9.8Hz), 4.84 (s, 2H), 4.75 (m, 0.7H), 4.61 (s, 

3H), 4.11 (dd, 3H, J = 12.2, 5.3Hz), 4.02 (d, 3H, J = 12.2Hz), 3.90 (m, 3H), 3.78 

(m, 8H), 3.67 (m, 3H), 3.56 (m, 7H), 3.45 (m, 16H), 3.30 (bs, 9H), 3.13 (bs, 4H), 

3.04 (s, 2H), 2.81 (t, 2H, J = 6.5Hz), 2.58 (m, 10H), 2.22 (bs, 5H), 2.07 (s, 7H), 

2.03 (s, 7H), 1.99 (s, 7H), 1.98 (m, 18H), 1.94 (m, 2H) 1.90 (s, 7H), 1.82 (m, 4H) 

ppm. MALDI-TOF (pos) m/z 60500 g/mol. 

 

9h: 1H NMR (500 MHz, DMSO) δ  7.98 (bs, 1H, amide NH’s), 7.90 (bs, 0.4H, 

amide NH’s), 7.76-7.84 (bs, 1.2H, amide NH’s), 7.54(bs, 1.8H, 

CH2NHC(S)NHCH2), 5.25 (m, 0.35H), 5.07 (m, 3.6H), 4.85 (s, 1H), 4.77 (m, 

0.35H), 4.11 (dd, 1.5H, J = 12.0, 5.0Hz), 4.01 (d, 1.5H, J = 12.0Hz), 3.92 (m, 

1.5H), 3.81 (t, 0.5H, J = 6.5Hz), 3.68 (m, 1.8H), 3.51 (m, 3.7H), 3.13 (bs, 2.8H), 

3.04 (m 3.4H), 2.54-70 (m, 10.7H), 2.17 (bs, 4.0H), 2.07 (s, 3.5H), 1.99 (m, 8H), 

1.90 (s, 3.5H), 1.81 (m, 3.3H) ppm. MALDI-TOF (pos) m/z 64500 g/mol. 
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9i: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.74 (bs, 1H, amide 

NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2), 5.08 (m, 3H), 4.84 (s, 1H), 4.12 (dd, 

1H, J = 11.5, 5.2 Hz), 4.02 (d, 1H, J = 11.5 Hz), 3.91 (bs, 1H), 3.69 (m, 1H), 3.48 

(m, 3H), 3.32 (m, 1H), 3.13 (bs, 2H), 3.04 (bs, 2H), 2.53-2.65 (m, 7H), 2.39 (bs, 

2H), 2.16 (bs, 4H), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s, 3H), 1.81 (p, 2H) ppm; 

MALDI-TOF (pos) m/z 78500 g/mol. 

 

9j: 1H NMR (500 MHz, DMSO) δ  7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.6H, 

amide NH’s), 7.85 (2bs, 1.3H, amide NH’s), 7.54(2bs, 1.8H, CH2NHC(S)NHCH2), 

5.31(s, 1.3H), 5.16 (dd, 1.3H, J = 10.8, 3.2Hz), 5.02 (m, 1.3H), 4.91 (dd, 1.3H, J 

= 10.9, 3.2Hz), 4.76 (m, 0.3H), 4.63 (m, 1.3H), 4.19 (m, 1.3H), 3.99 (m, 3H), 3.76 

(m, 4H), 3.68 (m, 2H), 3.57 (m, 4H), 3.44 (m, 6H), 3.12 (bs, 3H), 3.04 (bs, 3H), 

2.60 (m, 10H), 2.18 (bs, 4.5H), 2.07 (s, 4H), 1.99 (s, 5H), 1.96 (s, 5H), 1.89 (s, 

4H), 1.78 (m, 4H) ppm. MALDI-TOF (pos) m/z 61500 g/mol. 

 

9k: 1H NMR (500 MHz, DMSO) δ  7.99 (bs, 1H, amide NH’s), 7.84 (bs, 0.9H, 

amide NH’s), 7.54(bs, 1.8H, CH2NHC(S)NHCH2), 5.31(s, 0.6H), 5.25 (t, 0.7H, J = 

9.8Hz), 5.16 (m, 0.6H), 5.02 (s, 0.7H), 4.99 (d, 0.6H, J = 3.4Hz), 4.91 (m, 1.3H), 

4.76 (m, 0.9H), 4.62 (m, 1.4H), 4.20 (m, 0.7H), 4.10 (m, 0.9H), 3.99 (m, 2.3H), 

3.94 (m, 0.9H), 3.78 (m, 3.8H), 3.68 (m, 2H), 3.58 (m, 4H), 3.48 (m, 7H), 3.13 (m, 

6H), 2.54-70 (m, 10H), 2.20 (bs, 4.0H), 2.07 (s, 2H), 1.89-2.00 (m, 17H), 1.78 (m, 

3H) ppm. MALDI-TOF (pos) m/z 65500 g/mol. 
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9l: 1H NMR (500 MHz, DMSO) δ  7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.5H, 

amide NH’s), 7.84 (bs, 1H, amide NH’s), 7.54(bs, 2H, CH2NHC(S)NHCH2), 

5.31(s, 1H), 5.17 (d, 1H, J = 7.1Hz), 5.07 (m, 0.4H), 5.02 (d, 1H, J = 10.8Hz), 

4.84 (m, 1.4H), 4.62 (m, 0.8H), 4.19 (m, 1H), 3.99 (m, 3H), 3.97 (m, 2H), 3.67 (m, 

2H), 3.58 (m, 2H), 3.44 (m, 4H), 3.13 (bs, 3H), 2.95 (bs, 5H), 2.64 (m, 8H), 2.18 

(bs, 5H), 2.07 (s, 4H), 2.00 (s, 1H), 1.99 (s, 4H), 1.96 (s, 4H), 1.89 (s, 4H), 1.78 

(m, 3H) ppm. MALDI-TOF (pos) m/z 61500 g/mol. 

 

10a-l. Representative procedure for the synthesis of heterogeneously 

functionalized generation 6.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-galactopyranoside, 1-O-(6- thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-glucopyranoside, 1-O-(6- thiourea-4-

thiohexyl)- 2,3,4,6-tetra-O-acetyl -α-D-mannopyranoside. An aqueous solution of 

amine terminated Starburst G(6)-PAMAM dendrimer (2,777 g of a 17% w/w 

solution in water, 472.1 mg, 9.3 µmol) was lyophilized to leave a foamy residue. 

7.87 mL of DMSO was then added to this residue to give a 60 mg/mL solution. 

0.033mL of a 300mM solution of 2a (9.9 µmol, 5.1 mg) in DMSO was added to 

0.5 mL of a 60 mg/mL G(6) PAMAM dendrimer (30 mg, 4.40 µmol) solution. The 

reaction was stirred for 48 hrs at which point a 75 µL aliquot was removed for 

MALDI-TOF analysis. After MALSI-TOF analysis indicated reaction completion 

0.12 mL of a 300 mM solution of 2b (36 µmol, 18.2 mg) was added. The solution 

was then stirred for 48 hrs. At this time a 75 µL aliquot was removed for analysis. 
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After MALDI-TOF analysis indicated reaction completion, 0.14 mL of a 300 mM 

solution of 2c (42 µmol, 21.6 mg) was added and let stir for 48 hrs, when a 75 µL 

aliquot was removed for analysis. According to MALDI-TOF analysis the final 

addition proved to be unsuccessful at fully functionalizing all terminal amine 

groups so an additional spacer was added. 47.1 mg (30 µmol) of 3 in DMSO was 

added an let stir at room temperature for 2 days. Again MALDI-TOF analysis 

indicated no further addition. This step was repeated with mild warming (up to 40 

ºC) and vigorous stirring. MALDI-TOF analysis again indicated no addition, hence 

the product was taken forward without further purification. 

 
Table 11 Amounts of compounds that were used for the experimental procedure 

above for the synthesis of 10e-10n. 
 

 
 
 
 
 
 
 
 

 

*Solution was equally split and mannose was added to one half and galactose 
added to the other. 
 

10e: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.75 (bs, 0.8H, 

amide NH’s), 7.51 (bs, 1.7H CH2NHC(S)NHCH2), 5.24 (t, 1H, 9.7 Hz), 4.98 (m, 

1H), 4.91 (t, 1H, 9.7 Hz), 4.77 (m, 1H), 4.11 (m, 1H), 4.01 (m, 1H), 3.92 (m, 1H), 

G6 Pamam 
(µmol) 

Mannose 
(µmol) 

Glucose 
(µmol) 

Galactose 
(µmol) 

Ethoxy 
ethanol 
(µmol) 

10e 0.59 0 150 0 0 
10f 0.59 13.0 75.0* 0 30 
10g 0.38 45.0 48.0 0 30 
10h 0.59 150 0 0 0 
10i 0.59 0 24.9* 39.0 30 
10j 0.59 0 75.0* 13.0 30 
10k 0.59 24.9 0 90 30 
10l 0.59 75.0 0 30 30 
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3.71 (m, 1.3H), 3.49 (m, 3.5H), 3.37 (m, 1.6H), 3.13 (m, 2.7H), 2.47-2.63 (m, 

10H), 2.36 (m, 2.1H), 2.19 (bs, 3.6H), 2.01 (s, 6.6H), 1.97 (s, 3.4H), 1.93 (s, 

3.0H), 1.78 (m, 2H). MALDI-TOF (pos) m/z 139000 g/mol. 

 

10f: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.86 (bs, 1H, amide 

NH’s), 7.57 (bs, 2H, CH2NHC(S)NHCH2) 5.25(m, 1H), 5.07 (m, 7H), 4.99 (d, 

0.3H, J = 3.4Hz), 4.92 (t, 0.6H, J = 9.8Hz), 4.84 (s, 2H), 4.75 (m, 0.7H), 4.61 (s, 

3H), 4.11 (dd, 3H, J = 12.2, 5.3Hz), 4.02 (d, 3H, J = 12.2Hz), 3.90 (m, 3H), 3.78 

(m, 8H), 3.67 (m, 3H), 3.56 (m, 7H), 3.45 (m, 16H), 3.30 (bs, 9H), 3.13 (bs, 4H), 

3.04 (s, 2H), 2.81 (t, 2H, J = 6.5Hz), 2.58 (m, 10H), 2.22 (bs, 5H), 2.07 (s, 7H), 

2.03 (s, 7H), 1.99 (s, 7H), 1.98 (m, 18H), 1.94 (m, 2H) 1.90 (s, 7H), 1.82 (m, 4H) 

ppm. MALDI-TOF (pos) m/z 109000 g/mol. 

 

10g: 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.90 (bs, 0.3H, 

amide NH’s), 7.76-7.83 (bs, 1H, amide NH’s), 7.54(bs, 1.8H, 

CH2NHC(S)NHCH2), 5.25 (t, 0.88H, J = 10.9 Hz), 5.07 (m, 1.2H), 4.99 (m, 0.5H), 

4.91 (t, 0.8H, J = 9.9 Hz), 4.84 (m, 0.5H), 4.76 (dd, 0.9H, J = 10.3, 3.6Hz), 4.11 

(dd, 1.3H, J = 12.3, 4.5Hz), 4.01 (m, 1.3H), 3.92 (m, 1.3H), 3.69 (m, 1.6H), 3.48 

(m, 4H), 3.14 (bs 2.4H), 3.04 (bs, 2.7H), 2.54-2.70 (m, 10H), 2.17 (bs, 3.9H), 

2.07 (s, 1.3H), 1.98 (s, 6.5H), 1.95 (s, 2.6H), 1.92 (s, 2.4H), 1.90 (s, 1.6H), 1.81 

(m, 2H) ppm. MALDI-TOF (pos) m/z 106500 g/mol. 
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10h: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.74 (bs, 1H, 

amide NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2), 5.08 (m, 3H), 4.84 (s, 1H), 4.12 

(dd, 1H, J = 11.5, 5.2 Hz), 4.02 (d, 1H, J = 11.5 Hz), 3.91 (bs, 1H), 3.69 (m, 1H), 

3.48 (m, 3H), 3.32 (m, 1H), 3.13 (bs, 2H), 3.04 (bs, 2H), 2.53-2.65 (m, 7H), 2.39 

(bs, 2H), 2.16 (bs, 4H), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s, 3H), 1.81 (p, 2H) ppm; 

MALDI-TOF (pos) m/z 142000 g/mol. 

 

10i: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.6H, 

amide NH’s), 7.85 (2bs, 1.3H, amide NH’s), 7.54(2bs, 1.8H, CH2NHC(S)NHCH2), 

5.31(s, 1.3H), 5.16 (dd, 1.3H, J = 10.8, 3.2Hz), 5.02 (m, 1.3H), 4.91 (dd, 1.3H, J 

= 10.9, 3.2Hz), 4.76 (m, 0.3H), 4.63 (m, 1.3H), 4.19 (m, 1.3H), 3.99 (m, 3H), 3.76 

(m, 4H), 3.68 (m, 2H), 3.57 (m, 4H), 3.44 (m, 6H), 3.12 (bs, 3H), 3.04 (bs, 3H), 

2.60 (m, 10H), 2.18 (bs, 4.5H), 2.07 (s, 4H), 1.99 (s, 5H), 1.96 (s, 5H), 1.89 (s, 

4H), 1.78 (m, 4H) ppm. MALDI-TOF (pos) m/z 114500 g/mol. 

 

10j: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.84 (bs, 0.9H, 

amide NH’s), 7.54(bs, 1.8H, CH2NHC(S)NHCH2), 5.31(s, 0.6H), 5.25 (t, 0.7H, J = 

9.8Hz), 5.16 (m, 0.6H), 5.02 (s, 0.7H), 4.99 (d, 0.6H, J = 3.4Hz), 4.91 (m, 1.3H), 

4.76 (m, 0.9H), 4.62 (m, 1.4H), 4.20 (m, 0.7H), 4.10 (m, 0.9H), 3.99 (m, 2.3H), 

3.94 (m, 0.9H), 3.78 (m, 3.8H), 3.68 (m, 2H), 3.58 (m, 4H), 3.48 (m, 7H), 3.13 (m, 

6H), 2.54-70 (m, 10H), 2.20 (bs, 4.0H), 2.07 (s, 2H), 1.89-2.00 (m, 17H), 1.78 (m, 

3H) ppm. MALDI-TOF (pos) m/z 110000 g/mol. 
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10k: 1H NMR (500 MHz, DMSO) δ 8.00 (bs, 1H, amide NH’s), 7.93 (bs, 0.6H, 

amide NH’s), 7.86 (bs, 1H, amide NH’s), 7.54 (bs, 2H, CH2NHC(S)NHCH2), 

5.31(s, 1H), 5.17 (d, 1H, J = 7.1Hz), 5.07 (m, 0.4H), 5.02 (d, 1H, J = 10.8Hz), 

4.84 (m, 1.4H), 4.62 (m, 0.8H), 4.19 (m, 1H), 3.99 (m, 3H), 3.97 (m, 2H), 3.67 (m, 

2H), 3.58 (m, 2H), 3.44 (m, 4H), 3.13 (bs, 3H), 2.95 (bs, 5H), 2.64 (m, 8H), 2.18 

(bs, 5H), 2.07 (s, 4H), 2.00 (s, 1H), 1.99 (s, 4H), 1.96 (s, 4H), 1.89 (s, 4H), 1.78 

(m, 3H) ppm. MALDI-TOF (pos) m/z 111000 g/mol. 

 

10l: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.63 (bs, 0.8H, 

amide NH’s), 7.84 (bs, 1H, amide NH’s), 7.54(bs, 2H, CH2NHC(S)NHCH2), 

5.31(s, 0.35H), 5.17 (d, 0.35H, J = 10.9), 5.07 (m, 3H), 4.93 (d, 0.35H, J = 

10.7Hz), 4.84 (m, 1H), 4.62 (m, 0.7H), 4.19 (m, 0.35H), 4.12 (m, 1H), 4.00 (m, 

2H), 3.91 (m, 1H), 3.78 (m, 2H), 3.68 (m, 2H), 3.58 (m, 2H), 3.48 (m, 4H), 3.12 

(bs, 3H), 3.04 (bs, 3H), 2.55 (bs and m, 10H), 2.18 (bs, 4H), 2.06 (s, 3.9H), 1.99 

(m, 9H), 1.89 (s, 3.9H), 1.78 (m, 2.8H) ppm. MALDI-TOF (pos) m/z 111000 

g/mol. 

 

General procedure for deacylation of dendrimers 7a-n, 8a-n, 9a-l, 10a-l. To the 

lyophilized solid product of compounds 7a-n, 8a-n, 9a-l, 10a-l 1 mL of 1:1 

water:methanol was added, at which point the dendrimer would become a white 

precipitate solid. To this mixture was added 0.2 equivalents of Na OMe (0.8 M in 

MeOH) for each peripheral carbohydrate, and let stir for 3 hrs. If, at this time, the 
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mixture had not become a clear solution a further 0.2 equivalents of NaOMe (0.8 

M in MeOH) was added and this step was repeated until the mixture became a 

clear and colorless solution. HCl(aq) (0.1M) was then added slowly until the pH 

was ~ 7. This neutralized solution was placed in a centrifugal filter device, diluted 

with 3 mL 1:1 H2O:MeOH and filtered at 3500 rpm for 30 mins. The filtrate was 

then removed and 3 mL H2O was added and filtered for 30 mins at 3500 rpm. 

This procedure was repeated 2 more times. At which point the remaining residue 

was taken up in Millipore water and lyophilized to give a white fluffy solid. 

 

7a: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.89 (bs, 0.4H, 

amide NH’s), 7.83 (bs, 0.4H, amide NH’s), 7.76 (bs, 1.1H, amide NH’s), 7.52 (bs, 

1.9H CH2NHC(S)NHCH2), 4.67 (bs, 1.4H), 4.58 (s, 0.5H), 4.54 (m, 1.9H), 4.41 

(bs, 0.9H), 4.33 (bs, 0.3H), 3.65 (bs, 0.4), 3.59 (m, 2.2H), 3.54 (s, 1.6H), 3.39-

3.51 (m, 5.7H), 3.12 (bs, 2.7H), 3.02 (bs, 4.0H), 2.48-2.63 (m, 10.1H), 2.38 (bs, 

2.2H), 2.15 (bs, 5.1H), 1.73 (m, 2.9H) ppm; MALDI-TOF (pos) m/z 14000 g/mol. 

 

7b: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.5H, 

amide NH’s), 7.85 (bs, 0.6H, amide NH’s), 7.79 (bs, 1.2H, amide NH’s), 7.54 (bs, 

1.9H CH2NHC(S)NHCH2), 4.83 (s, 0.15H), 4.67 (s, 0.5H), 4.60 (s, 0.5H), 4.56 (m, 

1.5H), 4.43 (bs, 0.9H), 4.35 (bs, 0.3), 3.60-3.67 (m, 2.5H), 3.56 (s, 1.4H), 3.48 

(m, 2.7H),  3.34-3.44 (m, 6H), 3.13 (bs, 2.8H), 3.05 (bs, 5.1H), 2.60 (m, 10.9H), 
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2.40 (bs, 2.5H), 2.17 (bs, 6H), 1.77 (m, 3.5H) ppm. MALDI-TOF (pos) m/z 14900 

g/mol. 

 

7d: 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s), 7.78 (bs, 1H, amide NH’s), 7.54 (bs, 

1.9H CH2NHC(S)NHCH2), 4.98 (s, 0.14H), 4.92 (s, 0.14H), 4.84 (s, 0.8H), 4.57-

4.75 (m, 2.8H), 4.43 (m, 1H), 4.43 (bs, 0.14), 3.48-3.77 (m, 5.2H), 3.36-3.48 (m, 

5H), 3.14 (bs, 3.4H), 3.05 (bs, 4.6H), 2.60 (bs, 9.7H), 2.40 (bs, 2.3H), 2.17 (bs, 

5.1H), 1.77 (m, 2.8H) ppm. MALDI-TOF (pos) m/z 15000 g/mol. 

 

7e: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.85 (bs, 0.9H, 

amide NH’s), 7.56 (bs, 1.8H CH2NHC(S)NHCH2), 4.97 (bs, 0.2H), 4.85 (bs, 

0.9H), 4.75 (bs, 0.6H), 4.65 (m, 0.6H),4.59 (s, 0.9H),  4.43 (bs, 0.8H), 4.35 (bs, 

0.2), 3.68 (m, 1.6H), 3.47-3.59 (m, 3.8H), 3.34-3.43 (m, 4.3H), 3.13 (bs, 4.5H), 

3.04 (bs, 2.6H), 2.69 (bs, 3.8H), 2.57 (m, 4.7H), 2.22 (bs, 3.9H), 1.76 (m, 2.4H) 

ppm. MALDI-TOF (pos) m/z 15000 g/mol. 

 

7f: 1H NMR (500 MHz, DMSO) δ 8.00 (bs, 1H, amide NH’s), 7.78 (bs, 0.8H, 

amide NH’s), 7.65 (bs, 1.7H CH2NHC(S)NHCH2), 4.90 (s, 1H), 4.80 (s, 1H), 4.69 

(s, 0.9H), 4.58 (s, 0.9H), 4.44 (bs, 1H), 3.60 (m, 3H), 3.35 (m, 4.1H), 3.14 (bs, 

3.3H), 3.04 (bs, 2.9H), 2.57 (m, 6H), 2.36 (bs, 1.8H), 2.15 (bs, 3.5H), 1.76 (m, 

1.9H) ppm MALDI-TOF (pos) m/z 16400 g/mol. 
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7g: 1H NMR (500 MHz, DMSO) δ 8.03 (bs, 1H, amide NH’s), 7.97 (bs, 0.7H, 

amide NH’s), 7.89 (bs, 0.3H, amide NH’s), 7.59 (bs, 0.7H CH2NHC(S)NHCH2), 

4.84 (bs, 0.6H), 4.69 (m, 1.9H), 4.59 (s, 0.7H), 4.58 (s, 0.7H), 4.42 (m, 0.8H), 

3.54-3.64 (m, 4H), 3.42-3.51 (m, 8.9H), 3.13 (bs, 5.7H) 3.04 (bs, 3.6H), 2.70 (bs, 

6.1H), 2.58 (m, 6.1H), 2.22 (bs, 5.7H), 1.78 (m, 3.7H) ppm. MALDI-TOF (pos) 

m/z 15000 g/mol. 

 

7i: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.4H, 

amide NH’s), 7.85 (bs, 0.5H, amide NH’s), 7.80 (bs, 1H, amide NH’s), 7.54 (bs, 

1.8H CH2NHC(S)NHCH2), 4.84 (bs, 0.3H), 4.69 (m, 1.8H), 4.59 (m, 0.4H), 4.56 

(s, 1.1H), 4.42 (bs, 0.9H), 3.60 (m, 2.4), 3.56 (s, 1.2H), 3.48 (bs, 3.1H), 3.41 (m, 

3.3H), 3.13 (bs, 3.1H), 3.04 (bs, 4.4H), 2.51-2.64 (m, 10.1H), 2.50 (bs, 2.1H), 

2.18 (bs, 5.1H), 1.75 (m, 3H) ppm. MALDI-TOF (pos) m/z 15200 g/mol. 

 

7j: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.74 (bs, 1H, amide 

NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2), 4.53 (m, 3H), 3.73 (s, 1H), 3.25-3.65 

(m, 10H), 3.01-3.14 (m, 5H), 2.58 (m, 9H), 2.18 (bs, 4H), 1.79 (m, 2H) ppm; 

MALDI-TOF (pos) m/z 16600 g/mol. 

 

7k: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.96 (bs, 0.5H, 

amide NH’s), 7.87 (bs, 1.5H, amide NH’s), 7.56 (bs, 1.9H CH2NHC(S)NHCH2), 

4.85 (bs, 0.3H), 4.69 (m, 0.2H), 4.60 (s, 1.1H), 4.52 (m, 1.1H), 4.44 (m, 0.7H), 
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4.36 (bs, 0.6), 3.67 (s, 0.7H), 3.59 (m, 1.6H), 3.47-3.55 (m, 5.4H), 3.34-3.41 (m, 

3.6H), 3.04-3.14 (m, 8.4H), 2.69 (bs, 5.1H), 2.57 (m, 5.3H), 2.21 (bs, 5.6H), 1.77 

(m, 3.4H) ppm. MALDI-TOF (pos) m/z14800 g/mol. 

 

7l: 1H NMR (500 MHz, DMSO) δ 8.00 (bs, 1H, amide NH’s), 7.93 (bs, 0.6H, 

amide NH’s), 7.86 (bs, 0.6H, amide NH’s), 7.80 (bs, 1.1H, amide NH’s), 7.57 (bs, 

2H CH2NHC(S)NHCH2), 4.69 (bs, 0.9H), 4.60 (s, 1H), 4.56 (s, 2.2H), 4.43 (bs, 

1.3H), 4.35 (bs, 1.5), 3.68 (s, 1H), 3.62 (m, 2.3H), 3.48-3.56 (m, 6.7H), 3.34-3.41 

(m, 5H), 3.14 (bs, 3.2H) 3.04 (bs, 4.7H), 2.53-2.64 (m, 10.1H), 2.42 (bs, 2.7H), 

2.18 (bs, 5.2H), 1.76 (m, 3.7H) ppm. MALDI-TOF (pos) m/z 15200 g/mol. 

 

7m: 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.2H, 

amide NH’s), 7.78 (bs, 1.2H, amide NH’s), 7.53 (bs, 2.0H CH2NHC(S)NHCH2), 

4.68 (bs, 1.9H), 4.60 (s, 0.3H), 4.56 (s, 2H), 4.41 (bs, 1H), 4.35 (bs, 0.2H), 3.67 

(bs, 0.3), 3.60 (m, 2.5H), 3.55 (s, 1.6H), 3.48 (m, 2.2H), 3.41 (m, 3.3H), 3.13 (bs, 

2.8H), 3.04 (bs, 3.2H), 2.51-2.64 (m, 10.2H), 2.41 (bs, 2.1H), 2.17 (bs, 4.9H), 

1.77 (m, 2.7H) ppm. MALDI-TOF (pos) m/z 14100 g/mol. 

 

7n: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s),  7.79 (bs, 0.9H, amide NH’s), 7.54 

(bs, 1.9H CH2NHC(S)NHCH2), 4.85 (bs, 0.8H), 4.75 (bs, 0.6H), 4.70 (bs, 0.6H), 

4.65 (bs, 0.6H), 4.60 (s, 0.7H), 4.56 (m, 0.7H), 4.43 (bs, 1H) 3.56-3.62 (m, 3.1), 
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3.36-3.49 (m, 8.9H), 3.13 (bs, 3.6H), 3.04 (bs, 4.3H), 2.51-2.64 (m, 9.8H), 2.41 

(bs, 2.1H), 2.17 (bs, 5H), 1.75 (m, 2.7H) ppm. MALDI-TOF (pos) m/z 15200 

g/mol. 

 

G(4) 

8f: 1H NMR (500 MHz, DMSO) δ 8.00 (bs, 1H, amide NH’s), 7.78 (bs, 1H, amide 

NH’s), 7.65 (bs, 1.7H CH2NHC(S)NHCH2), 4.89 (s, 1H), 4.80 (s, 0.9H), 4.69 (s, 

0.8H), 4.58 (s, 0.9H), 4.45 (bs, 1H), 3.60 (m, 3.8H), 3.35 (m, 4.7H), 3.14 (bs, 

3.6H), 3.04 (bs, 3.0H), 2.57 (m, 7.6H), 2.38 (bs, 1.8H), 2.15 (bs, 3.7H), 1.74 (m, 

2H) ppm. MALDI-TOF (pos) m/z 31500 g/mol. 

 

8g: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s),  7.79 (bs, 0.9H, amide NH’s), 7.54 

(bs, 1.9H CH2NHC(S)NHCH2), 4.85 (bs, 0.8H), 4.75 (bs, 0.6H), 4.70 (bs, 0.6H), 

4.65 (bs, 0.6H), 4.60 (s, 0.7H), 4.56 (m, 0.7H), 4.43 (bs, 1H) 3.56-3.62 (m, 3.1), 

3.36-3.49 (m, 8.9H), 3.13 (bs, 3.6H), 3.04 (bs, 4.3H), 2.51-2.64 (m, 9.8H), 2.41 

(bs, 2.1H), 2.17 (bs, 5H), 1.75 (m, 2.7H) ppm. MALDI-TOF (pos) m/z 27700 

g/mol. 

 

8h: 1H NMR (500 MHz, DMSO) δ 8.07 (bs, 1H, amide NH’s), 7.89 (bs, 0.3H, 

amide NH’s), 7.59 (bs, 0.7H CH2NHC(S)NHCH2), 4.86 (bs, 0.3H), 4.70 (bs, 

0.7H), 4.59 (s, 0.3H), 4.57 (s, 0.2H), 4.44 (m, 0.3H), 3.56-3.63 (m, 1.2H), 3.42-
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3.51 (m, 2.6H), 3.15 (bs, 2.7H) 3.06 (bs, 2H), 2.79 (bs, 2.9H), 2.58 (m, 3.2H), 

2.28 (m, 2.5H), 1.78 (m, 1.7H) ppm. MALDI-TOF (pos) m/z 25500 g/mol. 

 

8i: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.4H, 

amide NH’s), 7.85 (bs, 0.5H, amide NH’s), 7.80 (bs, 1H, amide NH’s), 7.54 (bs, 

1.8H CH2NHC(S)NHCH2), 4.84 (bs, 0.3H), 4.69 (m, 1.8H), 4.59 (m, 0.4H), 4.56 

(s, 1.1H), 4.42 (bs, 0.9H), 3.60 (m, 2.4), 3.56 (s, 1.2H), 3.48 (bs, 3.1H), 3.41 (m, 

3.3H), 3.13 (bs, 3.1H), 3.04 (bs, 4.4H), 2.51-2.64 (m, 10.1H), 2.50 (bs, 2.1H), 

2.18 (bs, 5.1H), 1.75 (m, 3H) ppm. MALDI-TOF (pos) m/z 28000 g/mol. 

 

8j: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.74 (bs, 1H, amide 

NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2), 4.53 (m, 3H), 3.73 (s, 1H), 3.25-3.65 

(m, 10H), 3.01-3.14 (m, 5H), 2.58 (m, 9H), 2.18 (bs, 4H), 1.79 (m, 2H) ppm; 

MALDI-TOF (pos) m/z 33200 g/mol. 

 

8k: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.96 (bs, 0.5H, 

amide NH’s), 7.87 (bs, 1.5H, amide NH’s), 7.56 (bs, 1.9H CH2NHC(S)NHCH2), 

4.85 (bs, 0.3H), 4.69 (m, 0.2H), 4.60 (s, 1.1H), 4.52 (m, 1.1H), 4.44 (m, 0.7H), 

4.36 (bs, 0.6), 3.67 (s, 0.7H), 3.59 (m, 1.6H), 3.47-3.55 (m, 5.4H), 3.34-3.41 (m, 

3.6H), 3.04-3.14 (m, 8.4H), 2.69 (bs, 5.1H), 2.57 (m, 5.3H), 2.21 (bs, 5.6H), 1.77 

(m, 3.4H) ppm. MALDI-TOF (pos) m/z 27500 g/mol. 
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8l: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.85 (bs, 0.9H, 

amide NH’s), 7.56 (bs, 1.8H CH2NHC(S)NHCH2), 4.97 (bs, 0.2H), 4.85 (bs, 

0.9H), 4.75 (bs, 0.6H), 4.65 (m, 0.6H),4.59 (s, 0.9H),  4.43 (bs, 0.8H), 4.35 (bs, 

0.2), 3.68 (m, 1.6H), 3.47-3.59 (m, 3.8H), 3.34-3.43 (m, 4.3H), 3.13 (bs, 4.5H), 

3.04 (bs, 2.6H), 2.69 (bs, 3.8H), 2.57 (m, 4.7H), 2.22 (bs, 3.9H), 1.76 (m, 2.4H) 

ppm. MALDI-TOF (pos) m/z 29000 g/mol. 

 

8m: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.93 (bs, 0.5H, 

amide NH’s), 7.85 (bs, 0.7H, amide NH’s), 7.80 (bs, 1.2H, amide NH’s), 7.55 (bs, 

1.9H CH2NHC(S)NHCH2), 4.69 (bs, 0.9H), 4.60 (s, 0.8H), 4.56 (s, 0.7H), 4.52 (m, 

1.1H), 4.43 (m, 0.9H), 4.35 (bs, 0.6), 3.68 (s, 0.8H), 3.62 (m, 2H), 3.48-3.56 (m, 

5.7H), 3.34-3.41 (m, 5.4H), 3.14 (bs, 2.8H) 3.05 (bs, 5.3H), 2.53-2.64 (m, 11.1H), 

2.42 (bs, 2.5H), 2.18 (bs, 5.6H), 1.76 (m, 3.7H) ppm. MALDI-TOF (pos) m/z 

27000 g/mol. 

 

8n: 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.2H, 

amide NH’s), 7.78 (bs, 1.2H, amide NH’s), 7.53 (bs, 2.0H CH2NHC(S)NHCH2), 

4.68 (bs, 1.9H), 4.60 (s, 0.3H), 4.56 (s, 2H), 4.41 (bs, 1H), 4.35 (bs, 0.2H), 3.67 

(bs, 0.3), 3.60 (m, 2.5H), 3.55 (s, 1.6H), 3.48 (m, 2.2H), 3.41 (m, 3.3H), 3.13 (bs, 

2.8H), 3.04 (bs, 3.2H), 2.51-2.64 (m, 10.2H), 2.41 (bs, 2.1H), 2.17 (bs, 4.9H), 

1.77 (m, 2.7H) ppm. MALDI-TOF (pos) m/z 29000 g/mol. 
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G(5) 

9e: 1H NMR (500 MHz, DMSO) δ 8.01 (bs, 1H, amide NH’s), 7.79 (bs, 1H, amide 

NH’s), 7.69 (bs, 1.6H CH2NHC(S)NHCH2), 4.92 (bs, 0.9H), 4.84 (s, 0.8H) 4.73 (s, 

0.8H), 4.59 (s, 0.8H), 4.49 (bs, 1H), 3.57 (m, 2.9H), 3.35 (m, 6H), 3.14 (bs, 3.4H), 

3.04 (bs, 3.1H), 2.57 (m, 7.8H), 2.36 (bs, 1.8H), 2.16 (bs, 3.7H), 1.77 (m, 2H) 

ppm. MALDI-TOF (pos) m/z 59000 g/mol. 

 

9f: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s),  7.79 (bs, 0.9H, amide NH’s), 7.54 

(bs, 1.9H CH2NHC(S)NHCH2), 4.85 (bs, 0.8H), 4.75 (bs, 0.6H), 4.70 (bs, 0.6H), 

4.65 (bs, 0.6H), 4.60 (s, 0.7H), 4.56 (m, 0.7H), 4.43 (bs, 1H) 3.56-3.62 (m, 3.1), 

3.36-3.49 (m, 8.9H), 3.13 (bs, 3.6H), 3.04 (bs, 4.3H), 2.51-2.64 (m, 9.8H), 2.41 

(bs, 2.1H), 2.17 (bs, 5H), 1.75 (m, 2.7H) ppm. MALDI-TOF (pos) m/z 51000 

g/mol. 

 

9g: 1H NMR (500 MHz, DMSO) δ 8.07 (bs, 1H, amide NH’s), 7.89 (bs, 0.3H, 

amide NH’s), 7.59 (bs, 0.7H CH2NHC(S)NHCH2), 4.86 (bs, 0.3H), 4.70 (bs, 

0.7H), 4.59 (s, 0.3H), 4.57 (s, 0.2H), 4.44 (m, 0.3H), 3.56-3.63 (m, 1.2H), 3.42-

3.51 (m, 2.6H), 3.15 (bs, 2.7H) 3.06 (bs, 2H), 2.79 (bs, 2.9H), 2.58 (m, 3.2H), 

2.28 (m, 2.5H), 1.78 (m, 1.7H) ppm. MALDI-TOF (pos) m/z 47500 g/mol. 
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9h: 1H NMR (500 MHz, DMSO) δ 8.00 (bs, 1H, amide NH’s), 7.94 (bs, 0.5H, 

amide NH’s), 7.86 (bs, 0.6H, amide NH’s), 7.81 (bs, 1H, amide NH’s), 7.55 (bs, 

2H CH2NHC(S)NHCH2), 4.85 (bs, 0.4H), 4.70 (m, 2.1H), 4.59 (m, 0.6H), 4.56 (s, 

1.1H), 4.42 (bs, 1H), 3.60 (m, 4H), 3.36-3.47 (m, 8.8H), 3.13 (bs, 3.4H), 3.04 (bs, 

4.4H), 2.51-2.64 (m, 10.9H), 2.18 (bs, 5.4H), 1.75 (m, 3.2H) ppm. MALDI-TOF 

(pos) m/z 54000 g/mol. 

 

9i: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.74 (bs, 1H, amide 

NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2), 4.53 (m, 3H), 3.73 (s, 1H), 3.25-3.65 

(m, 10H), 3.01-3.14 (m, 5H), 2.58 (m, 9H), 2.18 (bs, 4H), 1.79 (m, 2H) ppm; 

MALDI-TOF (pos) m/z 61000 g/mol. 

 

9j: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.96 (bs, 0.5H, 

amide NH’s), 7.87 (bs, 1.5H, amide NH’s), 7.56 (bs, 1.9H CH2NHC(S)NHCH2), 

4.85 (bs, 0.3H), 4.69 (m, 0.2H), 4.60 (s, 1.1H), 4.52 (m, 1.1H), 4.44 (m, 0.7H), 

4.36 (bs, 0.6), 3.67 (s, 0.7H), 3.59 (m, 1.6H), 3.47-3.55 (m, 5.4H), 3.34-3.41 (m, 

3.6H), 3.04-3.14 (m, 8.4H), 2.69 (bs, 5.1H), 2.57 (m, 5.3H), 2.21 (bs, 5.6H), 1.77 

(m, 3.4H) ppm. MALDI-TOF (pos) m/z 50500 g/mol. 

 

9k: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.85 (bs, 0.9H, 

amide NH’s), 7.56 (bs, 1.8H CH2NHC(S)NHCH2), 4.97 (bs, 0.2H), 4.85 (bs, 

0.9H), 4.75 (bs, 0.6H), 4.65 (m, 0.6H),4.59 (s, 0.9H),  4.43 (bs, 0.8H), 4.35 (bs, 
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0.2), 3.68 (m, 1.6H), 3.47-3.59 (m, 3.8H), 3.34-3.43 (m, 4.3H), 3.13 (bs, 4.5H), 

3.04 (bs, 2.6H), 2.69 (bs, 3.8H), 2.57 (m, 4.7H), 2.22 (bs, 3.9H), 1.76 (m, 2.4H) 

ppm. MALDI-TOF (pos) m/z 52500 g/mol. 

 

9l: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.93 (bs, 0.5H, 

amide NH’s), 7.85 (bs, 0.7H, amide NH’s), 7.80 (bs, 1.2H, amide NH’s), 7.55 (bs, 

1.9H CH2NHC(S)NHCH2), 4.69 (bs, 0.9H), 4.60 (s, 0.8H), 4.56 (s, 0.7H), 4.52 (m, 

1.1H), 4.43 (m, 0.9H), 4.35 (bs, 0.6), 3.68 (s, 0.8H), 3.62 (m, 2H), 3.48-3.56 (m, 

5.7H), 3.34-3.41 (m, 5.4H), 3.14 (bs, 2.8H) 3.05 (bs, 5.3H), 2.53-2.64 (m, 11.1H), 

2.42 (bs, 2.5H), 2.18 (bs, 5.6H), 1.76 (m, 3.7H) ppm. MALDI-TOF (pos) m/z 

50500 g/mol. 

 

G(6) 

10e: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.79 (bs, 1.1H, 

amide NH’s), 7.69 (bs, 1.2H CH2NHC(S)NHCH2), 4.92 (bs, 1.8H), 4.73 (bs, 

0.8H), 4.59 (s, 0.9H), 4.49 (bs, 1H), 3.57 (m, 2.9H), 3.35 (m, 6H), 3.14 (bs3.4H), 

3.04 (bs, 3.1H), 2.57 (m, 7.8H), 2.16 (bs, 4H), 1.76 (m, 2.1H) ppm. MALDI-TOF 

(pos) m/z 110500 g/mol. 

 

10f: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.92 (bs, 0.3H, 

amide NH’s), 7.85 (bs, 0.3H, amide NH’s),  7.79 (bs, 0.9H, amide NH’s), 7.54 

(bs, 1.9H CH2NHC(S)NHCH2), 4.85 (bs, 0.8H), 4.75 (bs, 0.6H), 4.70 (bs, 0.6H), 
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4.65 (bs, 0.6H), 4.60 (s, 0.7H), 4.56 (m, 0.7H), 4.43 (bs, 1H) 3.56-3.62 (m, 3.1), 

3.36-3.49 (m, 8.9H), 3.13 (bs, 3.6H), 3.04 (bs, 4.3H), 2.51-2.64 (m, 9.8H), 2.41 

(bs, 2.1H), 2.17 (bs, 5H), 1.75 (m, 2.7H) ppm. MALDI-TOF (pos) m/z 93000 

g/mol. 

 

10g: 1H NMR (500 MHz, DMSO) δ 8.07 (bs, 1H, amide NH’s), 7.89 (bs, 0.3H, 

amide NH’s), 7.59 (bs, 0.7H CH2NHC(S)NHCH2), 4.86 (bs, 0.3H), 4.70 (bs, 

0.7H), 4.59 (s, 0.3H), 4.57 (s, 0.2H), 4.44 (m, 0.3H), 3.56-3.63 (m, 1.2H), 3.42-

3.51 (m, 2.6H), 3.15 (bs, 2.7H) 3.06 (bs, 2H), 2.79 (bs, 2.9H), 2.58 (m, 3.2H), 

2.28 (m, 2.5H), 1.78 (m, 1.7H) ppm. MALDI-TOF (pos) m/z 88000 g/mol. 

 

10h: 1H NMR (500 MHz, DMSO) δ 7.96 (bs, 1H, amide NH’s), 7.74 (bs, 1H, 

amide NH’s), 7.51 (bs, 2H, CH2NHC(S)NHCH2), 4.53 (m, 3H), 3.73 (s, 1H), 3.25-

3.65 (m, 10H), 3.01-3.14 (m, 5H), 2.58 (m, 9H), 2.18 (bs, 4H), 1.79 (m, 2H) ppm; 

MALDI-TOF (pos) m/z 113000 g/mol. 

 

10i: 1H NMR (500 MHz, DMSO) δ 8.03 (bs, 1H, amide NH’s), 7.96 (bs, 0.5H, 

amide NH’s), 7.88 (bs, 1.5H, amide NH’s), 7.56 (bs, 1.8H CH2NHC(S)NHCH2), 

4.85 (bs, 0.3H), 4.61 (s, 1.3H), 4.52 (m, 1.2H), 4.44 (m, 0.9H), 4.38 (bs, 0.7H), 

3.67 (s, 1H), 3.59 (m, 1.8H), 3.37-3.55 (m, 10.4H), 3.04-3.14 (m, 8H), 2.57-67 

(m, 10.7H), 2.21 (bs, 5.6H), 1.77 (m, 3.6H) ppm. MALDI-TOF (pos) m/z. 93000 

g/mol. 
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10j: 1H NMR (500 MHz, DMSO) δ 8.02 (bs, 1H, amide NH’s), 7.85 (bs, 0.9H, 

amide NH’s), 7.56 (bs, 1.8H CH2NHC(S)NHCH2), 4.97 (bs, 0.2H), 4.85 (bs, 

0.9H), 4.75 (bs, 0.6H), 4.65 (m, 0.6H),4.59 (s, 0.9H),  4.43 (bs, 0.8H), 4.35 (bs, 

0.2), 3.68 (m, 1.6H), 3.47-3.59 (m, 3.8H), 3.34-3.43 (m, 4.3H), 3.13 (bs, 4.5H), 

3.04 (bs, 2.6H), 2.69 (bs, 3.8H), 2.57 (m, 4.7H), 2.22 (bs, 3.9H), 1.76 (m, 2.4H) 

ppm. MALDI-TOF (pos) m/z 90000 g/mol. 

 

10k: 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide NH’s), 7.93 (bs, 0.5H, 

amide NH’s), 7.85 (bs, 0.7H, amide NH’s), 7.80 (bs, 1.2H, amide NH’s), 7.55 (bs, 

1.9H CH2NHC(S)NHCH2), 4.69 (bs, 0.9H), 4.60 (s, 0.8H), 4.56 (s, 0.7H), 4.52 (m, 

1.1H), 4.43 (m, 0.9H), 4.35 (bs, 0.6), 3.68 (s, 0.8H), 3.62 (m, 2H), 3.48-3.56 (m, 

5.7H), 3.34-3.41 (m, 5.4H), 3.14 (bs, 2.8H) 3.05 (bs, 5.3H), 2.53-2.64 (m, 11.1H), 

2.42 (bs, 2.5H), 2.18 (bs, 5.6H), 1.76 (m, 3.7H) ppm. MALDI-TOF (pos) m/z 

91500 g/mol. 

 

10l: 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide NH’s), 7.91 (bs, 0.2H, 

amide NH’s), 7.78 (bs, 1.2H, amide NH’s), 7.53 (bs, 2.0H CH2NHC(S)NHCH2), 

4.68 (bs, 1.9H), 4.60 (s, 0.3H), 4.56 (s, 2H), 4.41 (bs, 1H), 4.35 (bs, 0.2H), 3.67 

(bs, 0.3), 3.60 (m, 2.5H), 3.55 (s, 1.6H), 3.48 (m, 2.2H), 3.41 (m, 3.3H), 3.13 (bs, 

2.8H), 3.04 (bs, 3.2H), 2.51-2.64 (m, 10.2H), 2.41 (bs, 2.1H), 2.17 (bs, 4.9H), 

1.77 (m, 2.7H) ppm. MALDI-TOF (pos) m/z 90500 g/mol. 
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The Following is 1H NMR and MALDI-TOF data for Galactose functionalized 

dendrimers. These compounds were used as controls for assays and are not 

reported in the main text of this chapter. 

 

Generation 3.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl)- 

2,3,4,6-tetra-O-acetyl-α-D-galactopyranoside dendrimer. 1H NMR (500 MHz, 

DMSO) δ  7.98 (bs, 1H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.57 (bs, 

1.8H, CH2NHC(S)NHCH2), 5.30(s, 1H), 5.16 (dd, 1H, J = 10.0, 2.9 Hz), 5.02 (d, 

1H, J = 3.0 Hz), 4.92 (dd, 1H, J = 10.0, 3.0Hz), 4.20 (t, 1H, J = 6.8 Hz), 4.00 (m, 

2H), 3.68 (m, 1H), 3.49 (m, 3.2H), 3.29 (bs, 6.2H), 3.13 (bs, 2.3H), 3.03 (bs, 

2.1H), 2.40-2.67 (m, 8H), 2.18 (bs, 3.1H),2.08 (s, 3H), 1.99 (s, 3H), 1.96 (s, 3H), 

1.90 (s, 3H), 1.77 (m, 2H) ppm. MALDI-TOF (pos) m/z 21200. 

 

Generation 4.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl)- 

2,3,4,6-tetra-O-acetyl-α-D-galactopyranoside dendrimer. 1H NMR (500 MHz, 

DMSO) δ  7.99 (bs, 1H, amide NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.58 (bs, 

1.7H, CH2NHC(S)NHCH2), 5.31(s, 1H), 5.16 (dd, 1H, J = 10.0, 2.9Hz), 5.02 (d, 

1H, J = 2.9Hz), 4.92 (dd, 1H, J = 10, 2.9Hz), 4.20 (t, 1H, J = 6.8Hz), 3.99 (m, 

2H), 3.68 (m, 1H), 3.49 (m, 3H), 3.30 (bs, 6H), 3.13 (bs, 2H), 3.03 (bs, 2H), 2.40-

2.70 (m, 9H), 2.18 (bs, 4H), 2.07 (s, 3H), 1.99 (s, 3H), 1.96 (s, 3H), 1.90 (s, 3H), 

1.78 (m, 2H) ppm. MALDI-TOF (pos) m/z 41900. 
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Generation 5.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl)- 

2,3,4,6-tetra-O-acetyl-α-D-galactopyranoside dendrimer. 1H NMR (500 MHz, 

DMSO) δ  7.98 (bs, 1H, amide NH’s), 7.77 (bs, 1H, amide NH’s), 7.58 (bs, 2H, 

CH2NHC(S)NHCH2) 5.31(s, 1H), 5.16 (dd, 1H, J = 10.0, 3.0Hz), 5.02 (d, 1H, J = 

3.0Hz), 4.92 (dd, 1H, J = 10.0, 3.0Hz), 4.20 (t, 1H, J = 6.8Hz), 4.00 (m, 2H), 3.68 

(m, 1H), 3.49 (m, 3H), 3.29 (bs, 6H), 3.13 (bs, 2H), 3.03 (bs, 2H), 2.39-2.68 (m, 

10H), 2.18 (bs, 4.2H), 2.08 (s, 3H), 2.00 (s, 3H), 1.97 (s, 3H), 1.91 (s, 3H), 1.78 

(m, 2H) ppm. MALDI-TOF (pos) m/z 78000 

 

Generation 6.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl)- 

2,3,4,6-tetra-O-acetyl-α-D-galactopyranoside dendrimer. 1H NMR (500 MHz, 

DMSO) δ  7.98 (bs, 1H, amide NH’s), 7.77 (bs, 1H, amide NH’s), 7.58 (bs, 2H, 

CH2NHC(S)NHCH2) 5.31(s, 1H), 5.16 (dd, 1H, J = 10.1, 2.7 Hz), 5.02 (d, 1H, J = 

2.7 Hz), 4.92 (dd, 1H, J = 10.1, 2.7 Hz), 4.20 (t, 1H, J = 6.7 Hz), 4.00 (m, 2H), 

3.68 (m, 1H), 3.48 (m, 3H), 3.29 (bs, 5.5H), 3.13 (bs, 3H), 3.03 (bs, 2H), 2.40-

2.70 (m, 10.4H), 2.18 (bs, 4.6H),2.08 (s, 3H), 1.99 (s, 3H), 1.96 (s, 3H), 1.90 (s, 

3H), 1.77 (m, 2H). MALDI-TOF (pos) m/z 140500 

 

Generation 3.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl) -α-D-

galactopyranoside dendrimer. 1H NMR (500 MHz, DMSO) δ 7.98 (bs, 1H, amide 

NH’s), 7.77 (bs, 0.7H, amide NH’s), 7.57 (bs, 1.8H, CH2NHC(S)NHCH2), 4.61 (s, 
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1H), 4.45 (m, 3H), 3.68 (s, 1H), 3.30-3.60 (m, 10H), 3.01-3.16 (m, 5.3H), 2.58 (m, 

9H), 2.18 (bs, 4.2H), 1.78 (m, 2H) ppm. MALDI-TOF (pos) m/z 15400. 

 

Generation 4.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl) -α-D-

galactopyranoside dendrimer. 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide 

NH’s), 7.79 (bs, 1H, amide NH’s), 7.57 (bs, 2H, CH2NHC(S)NHCH2) 4.61 (s, 1H), 

4.45 (m, 3H), 3.68 (s, 1H), 3.30-3.60 (m, 11H), 3.01-3.14 (m, 5H), 2.58 (m, 9H), 

2.18 (bs, 4H), 1.78 (m, 2.1H) ppm. MALDI-TOF (pos) m/z 30300. 

 

Generation 5.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl) -α-D-

galactopyranoside dendrimer. 1H NMR (500 MHz, DMSO) δ 8.00 (bs, 1H, amide 

NH’s), 7.77 (bs, 0.8H, amide NH’s), 7.57 (bs, 1.8H, CH2NHC(S)NHCH2) 4.61 (s, 

1H), 4.45 (m, 3H), 3.68 (s, 1H), 3.30-3.60 (m, 11H), 3.01-3.14 (m, 5H), 2.58 (m, 

8.4H), 2.18 (bs, 4H), 1.77 (m, 2.1H) ppm. MALDI-TOF (pos) m/z 53000. 

 

Generation 6.0 PAMAM-based thiourea-linked 1-O-(6-thiourea-4-thiohexyl) -α-D-

galactopyranoside dendrimer. 1H NMR (500 MHz, DMSO) δ 7.99 (bs, 1H, amide 

NH’s), 7.77 (bs, 0.7H, amide NH’s), 7.57 (bs, 1.7H, CH2NHC(S)NHCH2) 4.61 (s, 

1H), 4.45 (m, 3H), 3.68 (s, 1H), 3.30-3.60 (m, 10H), 3.01-3.14 (m, 6H), 2.58 (m, 

7.9H), 2.18 (bs, 3.8H), 1.77 (m, 2H) ppm. MALDI-TOF (pos) m/z 107500. 
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Table 12 MALDI-TOF data for heterogeneously functionalized dendrimers.a 

Compound 
# 

Mw after 
Mannose 
addition 

Mw after 
Glucose 
addition 

Mw  after 
Galactose 
addition 

Mw after 
deacylation 

7a (4a) 14200 n/ab 17500 14000 
7b (4b) 11700 13500 18200 14800 
7c (4c) 10000 14000 18100 14900 
7d (4d) 8300 14100 17500 15000 
7e (4e) n/a 13700 19300 15000 

7f n/a 21000 n/a 16400 
7g 18700 12300 n/a 14800 
7h 18300 12600 n/a 15000 
7i 19200 16500 n/a 15200 
7j 21300 n/a n/a 16600 
7k n/a 12300 17700 14800 
7l n/a 16500 19400 15200 

7m 11200 n/a 17500 14100 
7n 16400 n/a 19200 15200 

8a (5a) 29200 n/a 34400 28000 
8b (5b) 26300 30200 33800 27600 
8c (5c) 22900 29700 34200 27700 
8d (5d) 18700 33500 36100 30200 
8e (5e) n/a 28300 36200 28900 

8f n/a 41900 n/a 31500 
8g 34300 24500 n/a 27700 
8h 32400 26500 n/a 25500 
8i 36700 35000 n/a 28000 
8j 42500 n/a n/a 33200 
8k n/a 24500 33000 27500 
8l n/a 35000 37200 29000 

8m 21800 n/a 36100 27000 
8n 32600 n/a 37100 29000 

9a (5a) 48000 n/a 63500 51500 
9b (5b) 44500 51000 65500 51500 
9c (5c) 34800 57000 67000 56000 
9d (5d) n/a 49500 66000 54000 

9e n/a 76000 n/a 59000 
9f 63000 43000 n/a 51000 
9g 60500 44500 n/a 47500 
9h 64500 57500 n/a 54000 
9i 78500 n/a n/a 61000 
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Table 12 Continued 

Compound 
# 

Mw after 
Mannose 
addition 

Mw after 
Glucose 
addition 

Mw  after 
Galactose 
addition 

Mw after 
deacylation 

9j n/a 43000 61500 50500 
9k n/a 57500 65500 52500 
9l 39000 n/a 61500 50500 

10a (7a) 77000 n/a 114000 93000 
10b (7b) 71000 83000 112500 94500 
10c (7c) 68000 86500 115500 95500 
10d (7d)  n/a 90000 116000 94500 

10e n/a 139000 n/a 110500 
10f 109000 91000 n/a 93000 
10g 106500 82000 n/a 88000 
10h 142000 n/a n/a 113000 
10i n/a 75000 114500 93000 
10j n/a 91000 110000 90000 
10k 66500 n/a 111000 91500 
10l 94500 n/a 111000 90500 
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Figure 35 1H NMR spectrum (500 MHz, d6-DMSO) of 7b (4b) (peracetylated). 
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Figure 36 1H NMR spectrum (500 MHz, d6-DMSO) of 7b (4b) (deacetylated). 
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Figure 37 1H NMR spectrum (500 MHz, d6-DMSO) of 7d (4d) (peracetylated). 
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Figure 38 1H NMR spectrum (500 MHz, d6-DMSO) of 7d (4d) (deacetylated). 
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Figure 39 1H NMR spectrum (500 MHz, d6-DMSO) of 7e (4e) (peracetylated). 
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Figure 40 1H NMR spectrum (500 MHz, d6-DMSO) of 7e (4e) (deacetylated). 
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Figure 41 1H NMR spectrum (500 MHz, d6-DMSO) of 8f (peracetylated). 
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Figure 42 1H NMR spectrum (500 MHz, d6-DMSO) of 8f (deacetylated). 
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Figure 43 1H NMR spectrum (500 MHz, d6-DMSO) of 8j (peracetylated). 
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Figure 44 1H NMR spectrum (500 MHz, d6-DMSO) of 8j (deacetylated). 
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Figure 45 1H NMR spectrum (500 MHz, d6-DMSO) of 8l (peracetylated). 
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Figure 46 1H NMR spectrum (500 MHz, d6-DMSO) of 8l (deacetylated). 
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Figure 47 1H NMR spectrum (500 MHz, d6-DMSO) of 9m (peracetylated). 
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Figure 48 1H NMR spectrum (500 MHz, d6-DMSO) of 9m (deacetylated). 
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Figure 49 1H NMR spectrum (500 MHz, d6-DMSO) of 9i (peracetylated). 
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Figure 50 1H NMR spectrum (500 MHz, d6-DMSO) of 9i (deacetylated). 
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Figure 51 1H NMR spectrum (500 MHz, d6-DMSO) of 10e (peracetylated). 
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Figure 52 1H NMR spectrum (500 MHz, d6-DMSO) of 10e (deacetylated). 



 162 

 

Figure 53 1H NMR spectrum (500 MHz, d6-DMSO) of 10i (peracetylated). 
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Figure 54 1H NMR spectrum (500 MHz, d6-DMSO) of 10i (deacetylated). 
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Figure 55 MALDI-TOF spectra for 8d, peracylated, MW = 36100 g/mol. 
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Figure 56 MALDI-TOF spectra for 8d, deacetylated. MW = 30200 g/mol. 
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Figure 57 MALDI-TOF spectra for 9b, peracetylated. MW = 65500 g/mol. 
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Figure 58 MALDI-TOF spectra for 9b, deacetylated. MW = 51500 g/mol. 
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Figure 59 MALDI-TOF spectra for 10c, peracetylated. MW = 115500 g/mol. 
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Figure 60 MALDI-TOF spectra for 10c, deacetylated. MW = 95500 g/mol. 
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Figure 61 Precipitation Assay Curve for compound 7c. 
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Figure 62 Precipitation Assay Curve for compound 7i. 
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Figure 63 Precipitation Assay Curve for compound 7l. 
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Figure 64 Precipitation Assay Curve for compound 8b. 
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Figure 65 Precipitation Assay Curve for compound 8h. 
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Figure 66 Precipitation Assay Curve for compound 8n. 



 170 

0

0.1

0.2

0.3

0.4

0.5

0 5 10-6 1 10-5 1.5 10-5 2 10-5 2.5 10-5

y = 0.047312 + 77618x   R= 0.99178 

y = 0.39726 + 416.43x   R= 0.29107 

A
b

s
o

rb
a

n
c

e
 a

t 
2

8
0

 n
m

Concentration (M)  

Figure 67 Precipitation Assay Curve for compound 9b. 
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Figure 68 Precipitation Assay Curve for compound 9d. 
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Figure 69 Precipitation Assay Curve for compound 9f. 
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Figure 70 Precipitation Assay Curve for compound 10d. 
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Figure 71 Precipitation Assay Curve for compound 10j. 
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Figure 72 Precipitation Assay Curve for compound 10k. 



 173 

 
CHAPTER 4 

 
 

EXTENDING CARBOHYDRATE BASED MULTIVALENCY INTO MORE 
COMPLEX SYSTEMS: LOOKING AT GALECTIN-3 

 
 

Introduction 
 

The role of multivalency in biology is well documented, and examples of 

this phenomenon abound. In multivalent systems with carbohydrates, the weak 

individual binding interaction between one carbohydrate and its receptor is 

enhanced by multiple points of attachment. However the exact effect this has 

upon biological pathways is unclear. In some cases, cell surface receptor 

clustering is thought to be important in apoptosis and glycoprotein aggregation, a 

process that has been implicated in cancer cellular aggregation and tumor 

formation. 

The ability of multivalency to enhance weak interactions has been shown 

in a variety of protein:carbohydrate systems using a wide variety of scaffolds and 

sugar moieties. These glycosystems are now being used in numerous 

applications (see chapter 1 for a review), and applications will no doubt become 

more widespread as understanding of the roles of carbohydrates in complex 

biological systems is improved. 
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Galectins 
 

As research with multivalent glycosystems advances, one important target 

for potential therapy and understanding is the series of proteins know as 

galectins.  Galectins are a family of proteins that have in common a conserved 

carbohydrate recognition domain (CRD) that is made up of 130 amino acids that 

are arranged in a folded beta-sheet structure and have an affinity for β-

galactosides 100, 101. Currently there are 15 galectins that have been 

characterized and numbered in the order of their discovery, 1 through 15. 102, 103  

The roles of galectins in biological pathways range from regulation of 

inflammation and immune response to triggering apoptosis and inducing skeletal 

muscle differentation. Since galectins are implicated in the formation and/or 

progression in many types cancer, they have generated great interest as 

potential targets for therapy and understanding of cancer related pathways. Of 

these, galectin-3 is one of the most studied (along with galectin-1) and is 

commonly up or down regulated in cancer and is implicated in tumor formation 

and proliferation, apoptosis, angiogenesis, and B cell activation. Galectin-3 is 

structurally unique in this protein family, as it has one carbohydrate recognition 

domain and a collagen like N-terminus tail. This tail, however, was shown to be 

cleaved and to become truncated, which is thought to have an affect on its 

function. 104 Galectin-3 has also been reported to form more complex structures: 

Brewer et al. reported findings indicating that a higher order pentameric structure 
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can be formed, at least at high concentrations of protein. 105 Other reports have 

indicated that galectin-3 exists as a monomer or as a dimer. 106, 107  

 
Galectin-3 and Cancer 
 

Galectin-3 has been shown to have variable levels of expression in cancer 

types, and these expression levels have been linked to cellular proliferation. In 

gastric and liver cancer, higher levels of galectin-3 have been reported in tumor 

cells, and metastasis rates in gastric cancer have been shown to increase with 

increasing amounts of galectin-3.108, 109 Galectin-3 has been found in high levels 

in pancreatic metastatic cancer cells and is thought to be aid the invasive 

potential of these cells.110 In colon cancer, higher galectin-3 levels up-regulate 

factors involved in carcinogenesis.111 Expression of galectin-3 in neo-plastic 

thyroid tissue was found to be increased,112 and galectin-3 is not expressed in 

normal thyroid tissue.113 In breast cancer studies, galectin-3 was found to be 

down-regulated, and the reduced level of expression is again correlated with the 

invasive and metastatic potential.114-116 A study on adenocarcinoma of the 

endometrium showed down regulation of galectin-3; however, higher 

concentrations of galectin-3 were detected in the nucleus and cytoplasm.117 This 

down-regulation was also observed in ovarian carcinoma’s.118 In head and neck 

cancer, galectin-3 was correlated with apoptosis, and the level of expression of 

galectin-3 was down regulated in these cancer types. An up-regulation of 

galectin-3 is thought to possibly have a physiological protective effect against the 

substantial apoptotic features occurring in recurrent cholesteatomas. 119  
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Galectin-3 has been reported to be involved in mechanisms that cluster 

cell surface glycoproteins,120, 121 cross-link receptors122 and form lattices and 

larger aggregates,123 involved in cellular function. These examples show the 

inherent complexity as well as the implication of galectin-3 in many types of 

cancer. They also reveal the potential for targeting and understanding the 

fundamental attributes of the protein. In particular, galectin-3 is thought to be 

involved in aggregating processes that lead to tumor proliferation, which make it 

an interesting target for our multivalent carbohydrate functionalized PAMAM 

dendrimers.  
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Figure 73 Some of the natural galactose based ligands for Galectin-3 
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Galectin-3 Ligands 
 

Galectins were initially classified as S-type lectins, due to the apparent 

sufhydryl dependency of the buffers in which the lectin activity could be 

preserved. In 1994, this S-type lectin subclass was renamed galectins because 

they all had a conserved carbohydrate recognition domain of 130 amino acids 

that specifically bound galactose-based carbohydrates. Some of the ligands for 

galectins are shown in Figure 73.  These include galactose, N-

acetylgalactosamine, lactose, N-acetyllactosamine, Tn antigen and Tf antigen, 

the latter of which is considered to be a natural ligand for galectin-3 and is 

present on the surface of cancerous cells. In 1998, Barondes et al. reported the 

X-ray crystal structure of the carbohydrate recognition domain of galectin-3 

bound to lactose and LacNAc, as shown in Figure 74. 124  

 

Figure 74 X-ray crystallography structure of the CRD of Galectin-3 with N-acetyl-
lactosamine bound. 
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The important binding interactions from galactose to galectin-3 are the O3-W1-

Asn160, O4-Asn160, O5-Arg162 and O6-W3-Glu184 binding. The O2 is not 

thought to be significantly involved in binding interactions to galectin-3, although 

altering the C2 moiety has been shown to alter the binding association. 

 
Rationale of Study 
 

Based on the glycodendrimer-lectin model studies that are reported in 

chapters 2 and 3, transposition of the predictable and tunable aspects of the 

mannose/glucose:Con A interaction into a more complex system were 

envisioned. 87, 125 Galectin-3 was chosen as the target of these studies because 

multiple galactose-based binding ligands have been reported and because 

multivalent effects are likely to be critically important for this system. Of the 

reported ligands, galactose, galactoamine lactose, and lactosamine were chosen 

as initial ligands for dendrimer functionalization, and one major goal of this 

project was to display these ligands in a variety of mixtures and loadings on a 

PAMAM dendrimer framework.  

The different galectins bind carbohydrates with variations in affinities.  

Brewer and co workers reported binding studies on galectins 1,3 and 7 with an 

array of ligands. Through hemagglutination inhibition assays, Brewer et al. 

determined the relative potencies for galectin-7 as follows: lacNAc as 1, lactose 

as 1.8 and galactose as 66.126 In studies assessing galectin-3 ligands, Brewer 

reported the relative inhibitory potencies for lactose as 0.2 and lacNAc as 1.0.126 

Nilsson and co-workers have synthesized various galactose based analogs with 
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different substituents including benzyl and napthyl groups at the 3 position, which 

enhanced binding to galectin-3 by over an order of magnitude.127 For example, 

Nilsson observed a measured binding constant that was 2-fold higher for a 

galactose derivative that was sulfated at the 2-position than for galactose. 128 

This suggested that there might be a subtle difference in binding between 

galactose and N-acetyl galactosamine. Although there has been no reported data 

for binding of galectin-3 to N-acetylgalactosamine, this potentially subtle 

difference between galactose and galNAc could potentially be enough to be 

enhanced when multivalent binding occurred, allowing for observations of trends 

in multivalent binding. Also, the Tn antigen, an N-acetylgalactosamine that is 

linked to serine at the anomeric position, is a cell surface glycan that is an 

intriguing target (much like Tf antigen). Capitalizing on the large binding 

difference between galactose and lactose and on the small difference between 

galactose and GalNAc, in addition to the range of generations that are readily 

available for PAMAM dendrimers, the synthess of a library of compounds was 

designed. The overarching hypothesis for this work was that a series of 

compounds could be synthesized that would have a large range of binding 

capabilities with galectin-3 that would allow for attenuation of galectin-3 mediated 

biological processes.  
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Results 

 

Tethered Carbohydrate Synthesis 
 

In prior experiments with mannosides and glucosides, synthesis of 

carbohydrate derivatives that are appropriately functionalized for conjugation to 

the dendrimer has included generating a trichloroacetimidate prior to 

glycosylation. During the derivatization of galactose and galNAc, it became 

apparent that this activation step this was unnecessary. Starting with the penta-

acetyl-β-galactopyranoside and using BF3EtO2 and 2-(2-

isothiocyanatoethoxy)ethanol, the desired β-anomer of the tethered carbohydrate 

was generated in good yield (see Scheme 4). The β anomer was necessary for 

all of the carbohydrate derivatives for binding to galectin-3, and this anomer is 

readily formed for galactosides and glucosides with acetyl groups at the 2-

position because of neighboring group participation (Figure 75). 
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Figure 75 An example of neighboring group participation to generate the β 
anomer in peracetylated glucose and galactose glycosylations. 
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The fact that trichloroacetimidate formation was not required was 

somewhat of a surprise, as previous syntheses required the use of the 

trichloroacetimidate as the donor. This direct functionalization method also was 

successful when used with peracetylated β-glucose. However, when this method 

was used with peracetylated α-mannose, a 60:40 ratio of anomers was obtained, 

and glycosylation of lactose also afforded a mixture of anomers.  
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Scheme 4 Synthesis of isothiocyanatoethoxyethanol tethered peracetylated 

galactose 11, galNAc 12 and lactose 13. 
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For lactose, the trichloroacetimidate precursor was generated and was treated 

with 2-(2-isothiocyanatoethoxy)ethanol and BF3EtO2 to yield the desired β-

anomer of the requisite lactose derivative. With galNAc, a method reported by 

Anderson using FeCl3 as the Lewis acid with 2-(2-isothiocyanatoethoxy)ethanol 

to generate the desired β-anomer in reasonable yield (Scheme 4).129 

 
Synthesis of Carbohydrate 
Functionalized PAMAM Dendrimers 
 

Carbohydrate functionalized dendrimers were synthesized by sequentially 

adding carbohydrates with isothiocyanato tethers. For galactose:galNAc 

functionalized dendrimers, 12 was added first (Scheme 5), the reaction was 

monitored via MALDI-TOF, and then 11 was added using MALDI-TOF to monitor 

the addition. For lactose:galactose functionalized dendrimers 11 was added first 

(Scheme 6), the reaction was monitored via MALDI-TOF, and then 13 was added 

using MALDI-TOF to monitor the addition. Initial attempts to make 17-19 a-e 

were made by adding 13 first, however this blocked further addition of 11. 

MALDI-TOF MS values are provided in Tables 15 and 16 in the experimental 

section of this chapter. If the Mw was low, then additional equivalents of 11 were 

added. However, this rarely altered the Mw, indicating that no more 

carbohydrates could be added to the dendrimer. Using 1H NMR the peaks from 

the varied carbohydrates can be observed (Figure 76), however integration of 

these peaks does not lead to accurate quantification of the degree of 

carbohydrate functionalization. Global deacetylation was performed using 
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Zemplen conditions (NaOMe in MeOH) and was monitored via 1H NMR. NMR 

monitoring allows for the detection of the disappearance of resonances at ~ 2 

ppm that are diagnostic for the methyl groups of the acetyl protecting groups. 

 
Figure 76 1H NMR spectra of compounds 17a-e, in the range 3.0-5.3 ppm. Note 
the increase/decrease of peaks of galactose and lactose with variable loading. 

 

With the galNAc functionalized dendrimers, a peak at ~1.8 ppm remained after 

treatment with NaOMe/MeOH, which indicated that the N-acetyl group was 

preserved. The deacetylated dendrimers were further characterized via MALDI-

TOF MS. Both the change in Mw upon the addition of the protected carbohydrate 

and the change in Mw upon deacetylation were used to determine the 
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carbohydrate loading. Results and additional details of the MS characterization 

procedure are provided in the experimental section. 
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Scheme 5 Synthesis of galNAc:galactose functionalized PAMAM dendrimers. 
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Scheme 6 Synthesis of lactose:galactose functionalized PAMAM dendrimers. 
 

Enzyme Linked Immunosorbent Assays (ELISA) 
 

To evaluate the binding interaction between the carbohydrate 

functionalized dendrimers and galectin-3, an ELISA based assay was developed. 

The carbohydrate functionalized dendrimers were bound to a NUNC maxisorp 96 
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well plate, which was then blocked with a 3% BSA solution of PBS at pH 7.4. 

After the glycodendrimer-functionalized plate was allowed to dry, a solution of 

galectin-3 and serially diluted lactose was added. An anti-galectin-3 antibody 

conjugated to biotin was added, followed by addition of a streptavidin/horse 

radish peroxidase conjugate.  Tetramethylbenzidene oxidation was allowed to 

occur for 10 minutes at 25oC and stopped with 1M H3PO4 and was monitored at 

450 nm. The modified ELISA is depicted schematically in Figure 77. Prior to 

using the modified ELISA shown above, a number of other methods to study the 

galectin-3/glycodendrimer interaction were attempted, including binding 

asialofetuin and laminin to the 96 well plate so that competition ELISAs could be 

performed. Even at high dendrimer concentrations (10 mg/mL), there was no 

observed reduction of galectin-3 binding to the surface.  

 

 

 

 

 

 

 
 
 
 
 

Figure 77 A schematic of the enzyme linked immunosorbent assay used to 
assess dendrimer:galectin-3 interactions. 
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These inhibition ELISA's appeared to indicate an aggregative binding effect 

between the dendrimer, the surface protein, and galectin-3. This assay was 

repeated using just the carbohydrate recognition domain (CRD) of galectin-3, 

which appeared to show a slight decrease in galectin-3 binding at higher 

concentrations of dendrimer. However, even at high dendrimer concentrations, 

the glycoprotein:galectin-3 interaction was not fully inhibited. Interestingly when 

lactose was used to inhibit theses competition assays inhibition was observed. A 

fluorescence assay was performed using fluorescein labeled galectin-3 

antibodies as a detection system and appeared to also suggest that a 

cooperative binding process was occurring.  Only assays in which the 

glycodendrimer was directly bound to the surface afforded data that could be 

usefully interpreted. 

To measure the efficacy of the monomer carbohydrates, the ELISA assay 

was performed with 17a, 18a and 19a adsorbed to the 96 well plates, and 

galactose, galNAc, lactose and mannose were used separately as inhibitors. As 

shown in Figure 78, when compound 17a was adsorbed to the plate surface, 

lactose had an IC50 value of 0.24 mM, galNAc had an IC50 value of 26.7 mM, and 

galactose had an IC50 value of 21.7 mM. With compound 18a adsorbed on the 

surface, the IC50 values were: lactose 0.45 mM, galNAc 18.4 mM and galactose 

20.9 mM (Figure 79). With compound 19a adsorbed on the surface, the inhibiting 

concentrations were: lactose 0.24 mM, galNAc 10.0 mM and galactose 12.4 mM 

(Figure 80).   
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Figure 78 ELISA with 17a bound to the surface and various inhibiting sugars. IC50 
values are: lactose 0.24 mM, galNAc 26.7 mM, galactose 21.7 mM and mannose 

showed no inhibition. 
 

 
Figure 79 ELISA with 18a bound to the surface and various inhibiting sugars. IC50 
values are: lactose 0.45 mM, galNAc 18.4 mM, galactose 20.9 mM and Mannose 

showed no inhibition. 
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Figure 80 ELISA with 19a bound to the surface and various inhibiting sugars. IC50 
values are: lactose 0.24 mM, galNAc 10.0 mM, galactose 12.1 mM and Mannose 

showed no inhibition. 
 
When 18a and 19a were adsorbed to the plate, the lactose monomer inhibited 

the galectin-3:dendrimer interaction about 50 times more effectively than 

galactose and galNAc, and with 17a adsorbed lactose was ~100 times more 

effective than galNAc and galactose. Mannose was used as non-binding control 

that showed no inhibition, as expected.  

The ELISA binding curves for compounds 14a-g are shown in Figure 81, 

with the lactose inhibiting concentrations shown in Table 13. The IC50 values 

ranged from 0.05 mM for 14a to 0.38 mM for 14e. Except for 14a, all of the 

measured lactose inhibiting concentrations were very similar, ranging from 0.29 

mM to 0.38 mM..  
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Figure 81 ELISA binding curves for compounds 14a-g. 

 
Figure 82 ELISA binding curves for compounds 15a-g. 
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Figure 83 ELISA binding curves for compounds 16a-g. 

 

For compounds 15a-g the ELISA binding curves are shown in Figure 82, and the 

lactose inhibiting concentrations are reported in Table 13. The IC50 values ranged 

from 0.06 mM for 15e and 15f to 0.19 mM for 15b. Shown in Figure 83 are the 

ELISA binding curves for compounds 16a-g and the reported lactose inhibiting 

concentrations are reported in Table 13. The IC50 values ranged from 0.11 mM 

for 16a to 0.40 mM for 16d. Results for ELISA binding curves for compounds 

17a-e are shown in Figure 84, and the IC50 lactose inhibition values are reported 

in Table 14. The IC50 values ranged from 0.09 mM for 17d to 0.31 mM for 17a. 

Shown in Figure 85 are the ELISA binding curves for 18a-e, and the reported 

lactose inhibition values are reported in Table 14. These IC50 values ranged from 

0.15 mM for 18a to 0.28 mM for 18e. Shown in Figure 86 are the ELISA binding 
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curves for 19a-e, and the reported lactose IC50 values are provided in Table 14. 

These IC50 values ranged from 0.09 mM for 19a to 0.20 mM for 19e. 

A trend that is observed in the binding curves of 17a-e, 18a-e, and 19a-e 

is the increase in maximum signal correlating with the amount of lactose residues 

on the dendrimer periphery (with 17a being an exception). 

 
Table 13 Carbohydrate loading amounts, ELISA lactose inhibition values, and 
maximum ELISA absorbance values for compounds 14a-g, 15a-g  and 16a-g. 

 
Compound 

number 
PAMAM 

generation 
Number 

of 
Galactose 

Sugars 

Number 
of  

GalNAc 
Sugars 

Total 
Number 

of 
Sugars 

IC50 
(mM) 

Lactose 

Maximum 
absorbance 

value 

14a 3 26 0 26 0.05 0.39 
14b 3 21 5 26 0.32 1.11 
14c 3 115 10 25 0.34 1.14 
14d 3 11 15 26 0.32 1.14 
14e 3 8 19 27 0.38 1.36 
14f 3 2 24 26 0.32 0.98 
14g 3 0 28 28 0.29 0.92 
15a 4 57 0 57 0.15 0.60 
15b 4 46 10 56 0.19 0.82 
15c 4 33 22 55 0.15 0.89 
15d 4 25 31 56 0.16 0.82 
15e 4 12 40 52 0.06 0.71 
15f 4 7 49 56 0.06 0.82 
15g 4 0 54 54 0.07 0.53 
16a 6 145 0 145 0.11 0.38 
16b 6 109 32 141 0.35 0.81 
16c 6 85 54 139 0.27 1.40 
16d 6 56 85 141 0.40 1.25 
16e 6 43 105 148 0.29 1.17 
16f 6 9 134 143 0.29 1.07 
16g 6 0 154 154 0.36 0.94 
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Figure 84 ELISA binding curves for compounds 17a-e and 14a. 

 

 
Figure 85 ELISA binding curves for compounds 18a-e and 15a. 



 193 

 
Figure 86 ELISA binding curves for compounds 19a-e and 16a. 

 
The G(3) series trends from a maximum absorption for 14a at 0.39 to a value of 

1.56 for 17b. The G(4) series trends from a maximum absorption for 18e at 0.60 

to a value of 1.32 for 18b. The G(6) series trends from a maximum absorption for 

19e at 0.38 to a value of 0.84 for 19b. This trend is not observed for compounds 

14a-g, 15a-g and 16a-g. 

 
Table 14 Carbohydrate loading amounts, ELISA lactose inhibition values, and 
maximum ELISA absorbance values for compounds 17a-e, 18a-e and 19a-e. 

 
Compound 

number 
PAMAM 

generation 
Number 

of 
Galactose 

Sugars 

Number 
of 

Lactose 
Sugars 

Total 
Number 

of 
Sugars 

IC50 
(mg/mL) 
Lactose 

Maximum 
absorbance 

value 

17a 3 0 24 24 0.31 1.03 
17b 3 7 20 27 0.21 1.56 
17c 3 14 12 26 0.12 1.33 
17d 3 19 8 27 0.09 0.93 
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Table 14 Continued 

Compound 
number 

PAMAM 
generation 

Number 
of 

Galactose 
Sugars 

Number 
of 

Lactose 
Sugars 

Total 
Number 

of 
Sugars 

IC50 
(mg/mL) 
Lactose 

Maximum 
absorbance 

value 

17e 3 24 3 27 0.12 0.66 
18a 4 0 57 57 0.15 1.28 
18b 4 17 36 53 0.19 1.32 
18c 4 28 25 53 0.20 1.02 
18d 4 34 14 48 0.19 0.97 
18e 4 44 7 51 0.28 0.84 
19a 6 0 130 130 0.09 0.84 
19b 6 37 102 139 0.20 0.77 
19c 6 59 83 142 0.14 0.75 
19d 6 83 55 138 0.15 0.77 
19e 6 105 38 142 0.12 0.73 

 

X-ray Photoelectron Spectroscopy 
 

X-ray photoelectron spectroscopy was used to analyze the amount of 

dendrimer that was adsorbing to the NUNC maxisorp plate surface. Experiments 

were performed with compounds 14a, 14g, 15a, 15g, 16a, 16g, 17a, 18a, and 

19a. This group of dendrimers represented fully functionalized lactose, galactose 

and galNAc dendrimers of all three of the PAMAM dendrimer generations, G(3), 

G(4) and G(6) that were studied here. To monitor the amount of dendrimer 

adsorbed to the plate, the amount of nitrogen was used as a quantitative 

measurement. Since the NUNC maxisorp plates have oxygen in the surface 

coating (although made up of polystyrene) to facilitate surface adsorption,  a 

background signal in the oxygen spectrum is always present. The entire nitrogen 

spectrum, however, is due solely to the dendrimer. The XPS experiments were 

performed with higher concentrations of dendrimer than the ELISA to increase 



 195 

the adsorbed dendrimer to the plate surface, hence increasing the signal in the 

nitrogen spectrum.  Experiments with very high amounts of dendrimer in the 

solution during the adsorption revealed no difference between 5 µmol and 50 

µmol solutions, with 5 µmol being the optimal and preferred concentration for 

XPS experiments.  
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Figure 87 PAMAM dendrimer diameter vs. nitrogen concentration (%), as 

determined by XPS. 
 

The ELISA assay adsorption concentration was at 250 nmol; at this 

concentration the same XPS trends were observed although the nitrogen signal 

was decreased and the sulfur signal was too small to be observable. Shown in 

Figure 87 is the amount of nitrogen in comparison to the dendrimer diameters as 

reported previously by this group.24 The linear relationship between dendrimer 
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radius and nitrogen content is consistent with R values of 0.9999 for 17a, 18a  

and 19a, 0.9989 for 14a, 15a and 16a, and 0.9992 for 14g, 15g and 16g. The 

correlation between the nitrogen concentration and the dendrimer diameter 

indicate a consistent adsorption, across dendrimer generations, to the surface of 

the plate. When this experiment was performed at higher concentrations the 

same results were observed indicating that a maximum adsorption had been 

reached. If this maximum adsorption were a film of dendrimers, the linear 

relationship between dendrimer diameter and nitrogen percentage would be very 

unlikely to be present and plate preparation with higher dendrimer concentrations 

would yield higher adsorption. As a linear relationship between the generations is 

present for all the dendrimers, this result is indicative of monolayer formation. 

The galNAc functionalized dendrimer had an increased amount of nitrogen, 

which is expected with the amino sugar. However, this increase was larger than 

anticipated and suggests that galNAc functionalized dendrimers adhere more 

readily to the surface than lactose and galactose-functionalized dendrimers.  

 
Discussion 

 

Synthesis of Lactose, Galactose and 
GalNAc Functionalized Dendrimers 
 

In chapters 2 and 3, the synthesis of carbohydrate derivatives with linkers 

that were incorporated for dendrimer functionalization was reported, and the 

need to preserve the anomeric integrity of the sugars was discussed. In the 

synthesis of 11, 12, and 13, β-functionalized carbohydrates were desired so that 
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the resultant glycodendrimers would bind well to galectin-3. Through Lewis acid 

facilitated glycosylation and relying on neighboring group participation via the 2-

O-acetyl or 2-N-acetyl protecting groups, the synthesis of 11, 12, and 13 

produced the desired anomers in good yields. This synthesis of 2-(2-

isothiocyantoethoxy)ethanol-tethered carbohydrates 11 and 12 was shortened  

because the β-pentaacetates of galactose and galactosamine could be reacted 

directly with the Lewis acids BF3OEt2 and FeCl3, respectively. These routes 

eliminate the need to generate trichloroacetimidates and reduce the number of 

purification steps required. However, this method was unsuccessful for the 

glycosylation of lactose, and synthesis of the trichloroacetimidate was required to 

gain the desired anomer after glycosylation with 2-(2-

isothiocyanatoethoxy)ethanol. The degree of carbohydrate functionalization of 

the dendrimers was determined by MALDI-TOF MS. As with the dendrimers 

synthesized in chapters 2 and 3, incomplete functionalization occurred when 

multiple sugars were used. The amounts of sugars that were incorporated are 

shown in Tables 13 and 14, and the molecular weights are reported in the 

experimental procedures section of this chapter. The loadings were determined 

by both the change in Mw after addition of the carbohydrates and the changes in 

Mw after deacetylation, enabling a clear picture of how many sugars were added. 

 
Enzyme Linked Immunisorbent Assay (ELISA) 
 

The ELISA that was devised to study the dendrimer:galectin-3 binding 

interaction is based upon the dendrimer adsorbing to the 96 well plate and 
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subsequently inhibiting the dendrimer:galectin-3 interaction with varying 

concentrations of lactose. This method allowed for comparison of the relative 

binding associations of compounds 14-16 a-g and 17-19 a-e with galectin-3. 

Other ELISA methods were investigated such as adsorbing glycoproteins, 

laminin and asialofetuin to the plate and using the sugar coated dendrimers to 

inhibit the glycoprotein:galectin-3 surface interaction. However, these protocols 

inevitably resulted in very high galectin-3 binding to the surface.  This result is 

suggestive of a cooperative system that caused galectin-3 to bind to the plate 

even at very high dendrimer concentrations. Another method of using antibodies 

and adsorbing galectin-3 to the plate and using dendrimers to perturb the antigal-

3:galectin-3 interaction was unsuccessful, indicating that antibody recognition of 

galectin-3 does not interfere with the carbohydrate recognition domain.  

Previous studies have indicated different binding constants for various 

carbohydrates, both natural and chemically modified, with galectin-3.126, 130 

According to the ELISA inhibition assay (Figure 78) using 17a with various 

inhibitors and setting the relative IC50 value for lactose to 1, galNAc and 

galactose had relative IC50 values of 111 and 90, respectively. Using 18a with 

various inhibitors (Figure 79) and setting the relative IC50 value for lactose to 1, 

galNAc had a relative inhibitory potency value of 41 and galactose of 46. Using 

19a with various inhibitors (Figure 80) and setting the relative IC50 value for 

lactose to 1, galNAc had a relative inhibitory potency value of 40 and galactose 

of 50. This is in agreement with a report by Brewer et al. of a 66 fold increase in 
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affinity for lactose over galactose using a hemagglutination inhibition assay.126 

Interestingly there appeared to be little or no difference between the relative IC50 

values for galactose and galNAc. This suggests the N-acetyl group on galNAc 

does not have a significantly different binding interaction than the 2OH group on 

galactose upon binding to galectin-3. This is not entirely surprising considering 

the 2’OH position on lactose in X-ray crystallography studies appears to have no 

major interaction with galectin-3.101 However, studies with hydrophobic 

substituents at the 2’OH position have significantly increased binding 

constants.131 

The monomeric carbohydrates tested as inhibitors of the 

glycodendrimer/galectin-3 interaction clearly showed a marked difference (40-

fold or higher) between lactose and galactose or galNAc. The results from the 

ELISA inhibition assays with lactose indicate that there is very little difference in 

measured binding, both across the varying carbohydrates and the PAMAM 

dendrimer generations. The IC50 values ranged from 0.05 to 0.40 mM of lactose. 

These results suggest that which carbohydrates were presented on the 

dendrimers 14-16 a-g and 17-19 a-e did not have a great effect upon the binding 

affinity of the glycodendrimers toward galectin-3 in a competitive ELISA based 

assay. In contrast, the amount of galectin-3 that was recruited by the surface 

bound dendrimer increased significantly with higher lactose loading. For example 

in Figure 85, the maximum absorbance for 18b is 1.32 and for 15a is 0.60, and 

other compounds in this series follow an increasing trend in higher maximum 
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absorbance values with higher lactose loadings. This trend is also apparent in 

the G(3) series of lactose:galactose functionalized dendrimers (Figure 84), with 

the exception of 17a. The maximum absorbance value for 17b was 1.56 and was 

0.60 for 14a, again with an increasing trend in maximum absorbance value with 

higher lactose loading. With G(6) dendrimers, it appears that even with lower 

lactose loading, the galectin-3 recruitment does not change significantly. 

However, with fully galactose functionalized G(6), 16a, the galectin-3 maximum 

absorbance is 0.38, which is much lower than the maximum absorbance values 

of the other G(6) lactose:galactose functionalized dendrimers: absorbance values 

for 19a-e are 0.84, 0.77, 0.75, 0.77 and 0.73, respectively. 

Although the preferred aggregation state of galectin-3 is still unknown, the 

ELISA results reported here which indicate very similar binding avidity for the all 

the dendrimers clearly indicates that the interaction between galectin-3 and 

glycodendrimers is not monomeric. If the glycodendrimer/galectin-3 interaction 

were monomeric, then the results with glycodendrimers would resemble the 

results with the monomer inhibitors, and they do not. The trends of increasing 

galectin-3 recruitment with higher lactose loading suggest that another (not 

monomeric) process is playing a large role in how these surface bound 

dendrimers interact with galectin-3. The capacity of the dendrimer to bind 

galectin-3 was observed to increase when the dendrimers were functionalized 

with higher affinity carbohydrates compared to results with glycodendrimers 

bearing lower affinity carbohydrates. This process of multivalently recruiting 
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varying amounts of galectin-3 by the glycodendrimers could be similar to a cell 

surface receptor cluster mechanism, The ELISA results indicate that lectin 

recruitment may have a powerful role in specific receptor clustering.  

 
X-ray Photoelectron Spectroscopy (XPS) 
 

XPS was used to analyze the amount of the glycodendrimer that adsorbs 

to the NUNC maxisorp 96 well plates that were used in the ELISA's. The plates 

are made from polystyrene and have a coating to optimize adsorption. Control 

experiments where XPS measurements were obtained on unfunctionalized 

plates indicated the presence of oxygen in the NUNC coating, but nitrogen was 

not detected. Thus, after the dendrimers were adsorbed to the plate, the 

presence of nitrogen should arise solely from the dendrimer. Compounds 14-16a 

and 17-19a have the same amount of nitrogen and gave the same amounts of 

nitrogen signal relative to the dendrimer diameter. Compounds 14-16g have the 

2-NHAc group, and this increases the nitrogen signal.  Within the G(4) series, 

15a and 18a would theoretically contain 303 nitrogen’s and 15g would contain 

358 nitrogen’s (assuming perfect PAMAM dendrimers). These values correspond 

to an 18% increase in nitrogen signal for galNAc over lactose or galactose 

functionalized dendrimers. However, in the XPS experiments, the increase in the 

nitrogen signal for 15g was significantly higher than 18%. This was also observed 

with the G(3) and G(6) series. As shown in Figure 87, the trend for the galNAc 

functionalized dendrimers is also consistent with dendrimer diameter, but 

dendrimer adsorption is consistently higher for galNAc functionalized dendrimers 
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than it is for the galactose and lactose functionalized dendrimers. The amount of 

galactose functionalized dendrimers 14-16a and lactose functionalized 

dendrimers 17-19a adsorbed to the surface was shown by XPS to be equal and 

consistent, indicating formation of a monolayer. The galNAc functionalized 

dendrimers 14-16g appeared to adsorb somewhat better, but monolayer 

formation, as shown by the linearity of the relationship between the radius of the 

dendrimer and the concentration of nitrogen, is still indicated. This increase in 

adsorption by galNAc functionalized dendrimers does correlate well to the higher 

maximum absorbance values that were observed in the ELISA's for these 

compounds. The XPS experiments suggest that the higher galectin-3 recruitment 

that was observed for glycodendrimers that had higher galNAc loadings when 

compared to dendrimers with more galactose residues was due to differences in 

adsorption rather than differences in protein binding affinity.  

Interestingly when XPS analysis was performed at the concentrations of 

the dendrimers that were used to adsorb to the plate for ELISA experiments, 

lower nitrogen concentrations were observed, indicating less dendrimer was 

adsorbed. The concentration of dendrimer that was used for surface preparation 

in the ELISA's, 250 nM, and the concentration that was used for XPS, 50 uM, 

generated the same absorbance values in control ELISA experiments, showing 

the maximum absorbance signal had been achieved and indicating that either  

the same amount of galectin-3 was recruited in both cases, or that the signal was 

saturated. However if at a 5 uM concentration in the plate preparation (and 
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higher concentrations) a consistent monolayer is formed, then this suggests that 

the dendrimers at the lower concentrations that were used for the ELISA assay 

have a lower dendrimer density on the plate surface. Prior surface adsorption 

results with glycodendrimers suggest the dendrimers are probably spaced apart 

in a random distribution.132 This observation suggests that the 

dendrimer:galectin-3 interaction that was measured represents a single surface 

bound dendrimer interacting with galectin-3 proteins. 

 
Conclusions 

 

Syntheses of β-galactoside, β-galNAc, and β-lactoside derivatives that are 

appropriate for dendrimer functionalization were performed, and carbohydrate 

functionalized PAMAM dendrimers were synthesized and characterized to 

generate a library of compounds with a varied sugar presentation on the 

periphery. A novel ELISA based experiment was developed to further the 

understanding of how galectin-3 binds to carbohydrates. This assay revealed  

that galectin-3 interacts with glycodendrimers in a markedly different way than it 

interacts with the monomer sugars. The binding constants that were determined 

by this assay for the dendrimers with galectin-3 are all very similar, even with 

very different sugar epitopes. However, the galectin-3 recruitment increased with 

higher dendrimer functionalizations with a higher affinity ligand. These results 

suggest that the binding affinity may play less of a role in the galectin-3 

processes than clustering and aggregation mechanisms. Using X-ray 
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photoelectron spectroscopy, dendrimer adsorption to NUNC maxisorp plates was 

shown to form a monolayer. Less than maximum dendrimer adsorption was 

observed at dendrimer concentrations that were used for the ELISA assays, 

indicating that individual dendrimers were interacting with multiple galectin-3 

proteins during the ELISA's. These observations indicate that multivalent 

architectures will be critical for improving the understanding of galectin-3 

behavior in biologically relevant interactions. 

 
Experimental Procedures 

 

General Methods 
 

General reagents were purchased from Acros and Aldrich Chemical 

Companies. PAMAM dendrimers were purchased from Dendritech. Concanavalin 

A (Con A) was purchased from Calbiochem. Methylene chloride was purified on 

basic alumina; other solvents were used as received. 32-63µ “40 micron flash” 

silica gel for flash column chromatography purification was purchased from 

Scientific Adsorbants Incorporated. 

 
Matrix Assisted Laser Desorption 
Ionization MS (MALDI)  
 

See chapter 2 for instrument details. MALDI-TOF MS spectra were 

obtained after each addition of isothiocyanate, and the change in Mw upon the 

first addition was divided by the Mw of the isothiocyanato carbohydrate (galNAc  

476 g/mol, galactose 477 g/mol) to give a quantity that is denoted here as A 



 205 

(equation 1). The total number of carbohydrate residues added for the second 

addition (B in equation 2) was determined by subtracting Mw for unfunctionalized 

PAMAM from the Mw after each sequential additions of isothiocyanate and then 

dividing by the Mw of that carbohydrate  (galactose - 477 g/mol, galNAc – 476 

g/mol, lactose 765 g/mol), and this sum was the total, shown as C (equation 3). 

The total number of carbohydrate residues was also determined by dividing the 

change in Mw upon deacylation by 168 (the loss of 4 acetyl groups per 

galactose), 126 (the loss of 3 acetyl groups per galNAc) or 294 (the loss of 7 

acetyl groups per lactose) and this number is denoted as D (equation 4). The 

total number of carbohydrate residues was determined again by dividing the 

change in Mw upon deacylation from the PAMAM dendrimer, by the Mw of the 

deacetylated tethered sugar (309 for galactose, 352 for galNAc and 471 for 

lactose), denoted by as E (equation 5). These three methods of determining the 

total sugar loading were then averaged , denoted as F (equation 6). The number 

of residues of the first sugar was the corrected by dividing A by C times F to give 

A’ as shown in equation 7, to obtain the most accurate value for how many 

residues of the first isothiocyanato sugar (and also by difference for how many 

residues of the second isothiocyanato sugar) were added to the dendrimer. 

Sample numbers using data from compound 17d are provided in the equations 

below. 
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A = Mw (all galNCS addition) – Mw (PAMAM) = 15800 – 6800 = 18.9           (eq. 1) 
                            477                        477 
 

B = Mw (all lacNCS additions) – Mw (PAMAM) = 21800 – 15800 = 7.8        (eq. 2) 
                            765              765 
 

C = total # sugars = A + B = 18.9 + 7.8 = 26.7                                             (eq. 3) 
 
 
D = Mw (all RNCS added) – Mw (deacetylated) = 21800 – 15700 = 29.8      (eq. 4) 

         [(A x 168) + (B x 294) / C]                  5469/26.7 
 

E = Mw (deacetylated) – Mw (PAMAM)              =  15,700 – 6800  = 25.0     (eq. 5) 
                [(A x 309) + (B x 471)] / C)                      9514  / 26.7 
 
F = (C + D + E) = 27.1                                   (eq. 6) 

   3 
 

A’ = (A/C) x F    =  (18.9 / 26.7) x 27.1 = 19.2                                               (eq. 7) 

B’ = (B/C) x F    =  (7.8 / 26.7) x 27.1 = 7.9                                                   (eq. 8) 

 

NMR 
 

1H NMR spectra were recorded on Bruker DPX 300 (300 MHz) and Bruker 

DPX-500 (500 MHz) spectrometers. Chemical shifts are reported in ppm from 

tetramethylsilane with the residual protic solvent resonance as the internal 

standard (chloroform: δ 7.25 ppm; dimethyl sulfoxide: δ 2.50 ppm). Data are 

reported as follows: chemical shift, multiplicity (s = singlet, bs = broad singlet, d = 

doublet, t = triplet, q = quartet, p = pentet, m = multiplet, app = apparent), 

integration, coupling constants (in Hz) and assignments. 13C NMR spectra were 

recorded on a Bruker DPX 500 (125 MHz) spectrometer with complete proton 
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decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the 

solvent as the internal standard (CDCl3: δ 77.0 ppm) 

 
X-ray Photoelectron Spectroscopy  
 

Carbohydrate functionalized dendrimers were dissolved in a PBS solution 

at 1 mg/mL concentration, which required 24 hrs of stirring. These solutions were 

diluted with PBS buffer to a concentration of 5 µM. 50 µL of this solution was 

added to a well of a NUNC maxisorp 96 well plate, covered and stored at 5 

degrees for 20 h. The well was then washed with PBS twice and washed with 

nanopure water twice to remove any phosphate buffer that might interfer with the 

analysis. The bottom of the well plate was removed with scissors and was used 

for XPS analysis. The analysis was conducted on a Physical Electronics 5600ci 

XPS system equipped with monochromatized Al KR X-rays. The analysis area of 

the sample was 0.8 mm in diameter. Electron emissions were collected at 45° to 

the normal of the surface, and the spherical-sector-analyzer pass energy was 

selected as 11.75 eV for high-resolution scanning and as 46.95 eV for a survey 

to achieve optimum energy resolution and count rate. The data acquisition and 

data analysis were performed using RBD AugerScan 2 software.  

 
Enzyme Linked Immunosorbent Assay 

Plate preparation: Dendrimer was dissolved into PBS (pH 7.4, 15 mmol 

NaCl). The stock solution was commonly prepared at 5 mg/mL, but the 

concentration of the stock solution was reduced if there were problems with 
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solubility. The 5mg/mL stock solution was diluted at 1:200 and 50 µL of this 

solution was added to each well plate. (Nunc maxisorp). The well plate was 

covered and stored for 24 h at 4 ºC. The solvent was removed from the well plate 

and 250 µL of 3% BSA solution in PBS (pH 7.4) was added to each well plate to 

block non-specific interactions. The plate was covered and let stand for 2 h at 

RT, emptied, and washed once with PBS (pH 7.4). The plate was dried, covered, 

and stored at 4 ºC or dried and used.  

Enzyme linked immunosorbent assay: In a PPI plate, 60 µL of 0.5% BSA in PBS 

(pH 7.4) was added to each well, except A1, C1, E1 and G1 were filled with 60 

µL of 100 mg/mL lactose solution. To A2, C2, E2, and G2, 60 µL of the 100 

mg/mL lactose solution were added. Serially dilute for each well was performed 

so that each well had 60 µL of solution in it and 23 dilutions were performed. 

From each well, 50 µL were transferred to the corresponding well on the 

dendrimer coated prepared plate (preparation of the dendrimer coated plate is 

described above). Galectin-3 was added (50 µL of 10 µg/mL solution, 

concentration determined using a BCA assay133), the plate was covered and 

placed on an agitator/shaker for 45 minutes. 

After 45 minutes, the plate was removed from the shaker and the contents 

were emptied. Each well was washed 2x with PBS-T (pH 7.4) and 1x with PBS 

(pH 7.4). Biotinylated anti-galectin-3 was added (50 µL of a 1:100 dilution of 1 mL 

stock from R and D Systems, Inc.), the plate was covered and placed back on 

shaker for 45 minutes. After 45 minutes, the plate was removed from the shaker 
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and the wells were emptied and each well was washed 2x with PBS-T (pH 7.4) 

and 1x with PBS (pH 7.4). Horseradish peroxidase streptavidin conjugate was 

added (100 uL of solution that was a 1:200 dilution from the vial that was 

obtained from BD Biosciences), and the plate was covered and placed on the 

shaker for 45 min. The plate was removed from the shaker, the wells were 

emptied and each well was washed 2x with PBS-T (pH 7.4) and 1x with PBS (pH 

7.4).  

TMB:peroxide solution (100 µL of a 1:1 mix of solutions from kit purchased from 

BD biosciences) was added and the color change was observed. 100 µL of 1M 

phosphoric acid was added to stop the reaction. (This can be monitored at 620 

nm on a plate reader.) Absorbances were read at 450 nm for each well plate, 

with the reference at 620 nm.  

 

Making solutions: For Galectin-3, a 10 µg/mL solution was prepared in 0.5% BSA 

in PBS (pH 7.4). The concentration was determined using a BCA assay.133 

Galectin-3 gives the same standard curve as BSA. For each plate, 5 mL of the 

solution was required. 

For Anti-Gal-3 biotinylated, 50 µg of antibody conjugate was purchased from R 

and D Systems, Inc. For each plate, 5 mL of the solution was required.. A 

solution of (1 mL, pH 7.4) was added to the vial to form a 50 µg/mL solution. For 

the assay, this solution was diluted 100:1 with 0.5% BSA in PBS (pH 7.4) for the 

working solution. For each plate, 5 mL of the solution was required. 
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For HRP streptavidin, the stock solution was purchased from BD Biosciences 

Inc., then 1:200 dilution was performed with 0.5% BSA in PBS (pH 7.4) to 

prepare the working assay solution. For each plate, 10 mL of the solution was 

required. 

Color generating solution, The TMB and peroxide were purchased from R and D 

Systems, Inc. Immediately prior to use, 1 part of each was combine to make a 

solution. The solution was mixed well, and used: extra solution was discarded.. 

For each plate, 10 mL of the solution was required. 

 

 

O

AcO

OAc

OAc

OAc

OAc

 

 

1,2,3,4,6-penta-O-acetyl -β-D-galactopyranoside. 2.0 g of  D-galactopyranoside 

(11 mmol) was added to 30 mL acetic anhydride and 4.1 g sodium acetate (50 

mmol) and heated to 100 oC for 8 h. The mixture was let cool and filtered over 

celite. Solvent was removed in vacuo. The residue was taken up in CH2Cl2 and 

subjected to decolorizing carbon, filtered and solvent was removed in vacuo. The 

mixture was recrystallized in hot toluene and minimal hexane to yield grams of 

3.9 g (90 % yield) of pure material. 1H NMR (300 MHz CDCl3) δ 5.69 (1H, d, J = 

8.7 Hz, H1), 5.41 (1H, d, J = 3.2 Hz, H4), 5.31 (1H, app t, J = 8.7 Hz, H2), 5.06 
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(1H, dd, J = 3.2, 8.7 Hz, H3), 4.11 (H, m, H5), 3.95 (2H, m, H6), 2.14 (3H, s), 

2.10 (3H, s), 2.02 (6H, s), 1.97 (3H, s) ppm. As reported. 

O

AcO

OAc

OAc

O

O

NCS

OAc

 

 

1-O-(5-isothiocyanato-3-oxopentyl)- 2,3,4,6-tetra-O-acetyl -β-D-

galactopyranoside (11). 2.0 g of 1,2,3,4,6-penta-O-acetyl-β-D-galactopyranoside 

(5.1 mmol) was dissolved in 50 mL of methylene chloride with 1.5 g of  2-(2-

isothiocyantoethoxy)ethanol  (10.2 mmol) and cooled to 0 oC followed by addition 

of 1.4 g of BF3OEt2 (10.2 mmol) via syringe pump over 30 minutes. The reaction 

was stirred for 1 h, at which point 1 g of NaHCO3 was added. The mixture was 

filtered over celite and solvent was removed in vacuo. The residue was purified 

via column chromatography with a 1:1 ethyl acetate:hexane eluent (Rf 0.25), 

yielding 1.8 g (76 % yield) of pure material. 1H NMR (300 MHz CDCl3) δ 5.38 

(1H, d, J = 2.1 Hz, H4), 5.19 (1H, app t, J = 7.8 Hz, H2), 5.02 (1H, dd, J = 2.1, 

10.1 Hz, H3), 4.55 (1H, d, J = 7.8 Hz, H1), 4.11 (2H, m, H5), 3.95 (2H, m, H6), 

3.68 (7H, m), 2.19 (3H, s), 2.05 (3H, s), 2.03 (3H, s), 1.96 (3H, s) ppm. As 

reported134 
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O

AcO

NHAc

OAc

OAc

OAc

 

1,3,4,6-penta-O-acetyl -β-D-N-acetyl-galactosaminopyranoside.  1.8 g of 

galactosaminopyranoside was combined with 0.49 g ZnCl2 (3.6 mmol) in 20 mL 

acetic anhydride and stirred for 12 h, when a further 0.25 g ZnCl2 was added, 

and the mixture stirred for 12 h, by which time the solution had become clear. 30 

mL of brine solution was added followed by 2 g of NaHCO3. The product was 

extracted with 4 x 50 mL CH2Cl2, dried over MgSO4, filtered and solvent was 

removed in vacuo, recrystallization was performed with 1:1 CH2Cl2:EtOH to yield 

3.2 g (78 % yield) of the pure desired anomer. 1H NMR (500MHz  d6 DMSO) δ 

7.87 (1H, d, J= 9.2 Hz, NHAc), 5.60 (1H, d, J = 9.5 Hz H1), 5.23 (1H, d, J = 3.0 

Hz, H4), 5.02 (1H, dd, J = 3.0, 11.2 Hz, H3), 4.19 (1H, m, H5), 4.06 (1H, app q, J 

= 9.2, 9.5, 11.2 Hz,  H2), 3.96-4.00 (2H, m, H6), 2.18 (3H, s), 2.09 (3H, s), 1.96 

(3H, s), 1.86 (3H, s), 1.75 (3H, s) ppm. As reported.135 

O

AcO

NHAc

OAc

O

O

NCS

OAc

 

12: 1-O-(5-isothiocyanato-3-oxopentyl)- 2,3,4,6-tetra-O-acetyl -β-D-

galactosaminopyranoside. 0.94 g of 1,3,4,6-penta-O-acetyl-β-D-N-acetyl-

galactaminopyranoside (2.4 mmol) was dissolved in 15 mL of methylene 



 213 

chloride, 1.4 g of dririte was added, the slurry stirred for 10 minutes and 1.4 g of 

FeCl3 (10.2mmol) and 0.83 g of 2-(2-isothiocyantoethoxy)ethanol (5.7 mmol) 

were added. The reaction was stirred 24 h, then 1 g of NaHCO3 was added. The 

mixture was filtered over celite and solvent was removed in vacuo. The residue 

was purified via column chromatography with a 9:1 ethyl acetate:hexane eluant 

(Rf 0.4), yielding 0.70 grams of pure material. 1H NMR (500MHz  d6 DMSO) δ 

7.83 (1H, d, J = 9.2 Hz, NHAc), 5.21 (1H, d, J = 3.0 Hz, H4), 4.97 (1H, dd, J = 

3.0, 11.2 Hz, H3), 4.55 (1H, d, J = 9.5 Hz, H1), 4.02 (3H, m, H5, OCH2CH2O), 

3.87 (1H, app q, J = 9.2 (NHAc), 9.5, 11.2 Hz, H2), 3.80 (2H, t, J = 4.9 Hz, 

OCH2CH2NCS), 3.59 (6H, m, H6, CH2CH2OCH2CH2), 2.11 (3H, s), 2.04 (3H, s), 

1.89 (3H, s), 1.78 (3H, s) ppm. As reported136 

 
Galactose:Galactosamine Dendrimers 
 
Representative procedure for the synthesis of heterogeneously functionalized 

PAMAM-based thiourea-linked 1-O-(5-isothiocyanato-3-oxopentyl)-3,4,6-tetra-O-

acetyl -β-D-N-acetyl-galactosaminopyranoside, 1-O-(5-isothiocyanato-3-

oxopentyl)- 2,3,4,6-tetra-O-acetyl -β-D-galactopyranoside. (14-16) An aqueous 

solution of amine terminated Starburst G(4)-PAMAM dendrimer (2.478 g of a 

17% w/w solution in water, 421.2 mg, 31.2 µmol) was lyophilized to leave a 

foamy residue. 7.02 mL of DMSO was then added to this residue to give a 60 

mg/mL solution. 0.35 mL of a 300 mM solution of 1-O-(5-isothiocyanato-3-

oxopentyl)-3,4,6-tetra-O-acetyl -β-D-N-acetyl-galactosaminopyranoside (12, 85 

µmol, 40.2 mg) in DMSO was added to 0.5 mL of a 60 mg/mL G(3) PAMAM 
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dendrimer (30 mg, 4.40 µmol) solution. The reaction was stirred for 8 h at which 

point a 75 µL aliquot was removed for MALDI-TOF analysis. After MALDI-TOF 

analysis indicated reaction completion 0.31 mL of a 300 mM solution of 1-O-(5-

isothiocyanato-3-oxopentyl)- 2,3,4,6-tetra-O-acetyl -β-D-galactopyranoside (11, 

73 µmol, 35 mg) was added. The solution was then stirred for 8 h. At this time a 

75 µL aliquot was removed for MALDI-TOF  and NMR analysis.  

 
Acetylated 

14a: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.74 (1H, bs, 

amide NH’s), 7.46 (2H, bs, CH2NHC(S)NHCH2), 5.21 (1.3H, d, J = 3.2 Hz, H4), 

5.11 (1.3H, dd, J = 3.2, 10.3 Hz, H3), 4.89 (1.3H, dd, J = 8.1, 10.3 Hz, H2), 4.69 

(1.3H, d, J = 8.1 Hz, H1), 4.12 (1.3H, d, J = 6.1 Hz, OCH2CH2O), 4.01 (2.6H, m), 

3.76 (1.3H, m), 3.59 (1.3H, m), 3.27-3.52 (12H, m), 3.13 (3H, bs), 3.04 (2.2H, 

bs), 2.61 (4.8H, m), 2.39 (3.2H, m), 2.16 (4.8H, bs), 2.08 (4H, s), 2.00 (4H, s), 

1.96 (4H, s), 1.87 (4H, s) ppm. MALDI-TOF (pos) m/z 19500. 

 

14b: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.74-7.79 (1.4H, 

m, amide NH’s, NH’Ac), 7.46 (2H, bs, CH2NHC(S)NHCH2), 5.21 (1.2H, d, J = 3.2 

Hz, H4), 5.17 (0.2H, s, H4’), 5.11 (1.2H, dd, J = 3.2, 10.3 Hz, H3), 4.92 (0.2H, d, 

J = 10.3 Hz, H3’), 4.89 (1.2H, t,  J = 9.7 Hz, H2), 4.69 (1.2H, d, J = 7.6 Hz, H1), 

4.51 (0.2H, d, J = 8.4 Hz, H1’), 4.12 (1.2H, m), 4.01 (3.1H, m), 3.83 (0.2H, app q, 

J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 (2.0H, m), 3.27-3.59 (14.2H, m), 3.13 (3.1H, bs), 
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3.04 (2.4H, bs), 2.61 (3.1H, m), 2.16 (4.7H, bs), 2.08 (4H, s), 2.00 (2.8H, s), 1.96 

(4.6H, s), 1.87 (3H, s) 1.72 (0.8H, s) ppm. MALDI-TOF (pos) m/z 19100. 

 

14c: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.79 (0.7H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.9H, bs, amide NH’s), 7.46 (2.1H, bs, 

CH2NHC(S)NHCH2), 5.21 (1.1H, d, J = 3.2 Hz, H4), 5.17 (0.4H, s, H4’), 5.11 

(1.1H, dd, J = 3.2, 10.3 Hz, H3), 4.92 (0.4H, d, J = 10.3 Hz, H3’), 4.89 (1.1H, t,  J 

= 9.7 Hz, H2), 4.69 (1.1H, d, J = 7.6 Hz, H1), 4.51 (0.4H, d, J = 8.4 Hz, H1’), 4.12 

(1.1H, m), 4.01 (3.7H, m), 3.83 (0.4H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 

(2.3H, m), 3.27-3.59 (15.9H, m), 3.13 (3.1H, bs), 3.04 (2.6H, bs), 2.61 (5.4H, m), 

2.39 (3H, m), 2.16 (4.9H, bs), 2.08 (3H, s), 2.06 (1.5H, s), 1.96 (4.9H, s), 1.87 

(2.9H, s), 1.85 (1.4H, s), 1.74 (1.2H, s) ppm. MALDI-TOF (pos) m/z 19000. 

 

14d:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.79 (0.8H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (1H, bs, amide NH’s), 7.46 (2H, bs, CH2NHC(S)NHCH2), 

5.21 (0.8H, d, J = 3.2 Hz, H4), 5.17 (0.7H, s, H4’), 5.11 (0.8H, dd, J = 3.2, 10.3 

Hz, H3), 4.92 (0.7H, d, J = 10.3 Hz, H3’), 4.89 (1.3H, t,  J = 9.7 Hz, H2), 4.69 

(1.3H, d, J = 7.6 Hz, H1), 4.51 (0.7H, d, J = 8.4 Hz, H1’), 4.12 (0.8H, m), 4.01 

(3.8H, m), 3.83 (0.7H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 (1.9H, m), 3.27-

3.59 (15.6H, m), 3.13 (3.2H, bs), 3.04 (2.6H, bs), 2.61 (5.6H, m), 2.39 (3H, m), 

2.16 (4.7H, bs), 2.08 (4H, s), 2.00 (4H, s), 1.96 (4H, s), 1.87 (4H, s) ppm. MALDI-

TOF (pos) m/z 18900. 
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14e:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.79 (1.1H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.9H, bs, amide NH’s), 7.46 (2.1H, bs, 

CH2NHC(S)NHCH2), 5.21 (0.6H, d, J = 3.2 Hz, H4), 5.17 (0.9H, s, H4’), 5.11 

(0.6H, dd, J = 3.2, 10.3 Hz, H3), 4.92 (0.9H, d, J = 10.3 Hz, H3’), 4.89 (0.6H, t,  J 

= 9.7 Hz, H2), 4.69 (0.6H, d, J = 7.6 Hz, H1), 4.51 (0.9H, d, J = 8.4 Hz, H1’), 4.12 

(0.6H, m), 4.01 (4.2H, m), 3.83 (0.9H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 

(2.1H, m), 3.27-3.59 (15.7H, m), 3.13 (3.1H, bs), 3.04 (2.4H, bs), 2.61 (5.2H, m), 

2.39 (3.1H, m), 2.16 (4.8H, bs), 2.07 (1.9H, s),2.06 (2.8H, s),  1.98 (0.7H, s), 1.96 

(4.9H, s),  1.87 (1.9H, s), 1.85 (2.5H, s), 1.74 (2.5H, s) ppm. MALDI-TOF (pos) 

m/z 19300. 

 

14f:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.79 (1.3H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.8H, bs, amide NH’s), 7.46 (2.1H, bs, 

CH2NHC(S)NHCH2), 5.21 (0.3H, d, J = 3.2 Hz, H4), 5.17 (1.1H, s, H4’), 5.11 

(0.3H, dd, J = 3.2, 10.3 Hz, H3), 4.92 (1.1H, d, J = 10.3 Hz, H3’), 4.89 (0.3H, t,  J 

= 9.7 Hz, H2), 4.69 (0.3H, d, J = 7.6 Hz, H1), 4.51 (1.1H, d, J = 8.4 Hz, H1’), 4.12 

(0.8H, m), 4.01 (3.8H, m), 3.83 (1.1H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 

(0.3H, m), 3.27-3.59 (15.3H, m), 3.13 (2.8H, bs), 3.04 (2.2H, bs), 2.61 (4.7H, m), 

2.39 (2.7H, m), 2.16 (4.3H, bs), 2.07 (1.4H, s), 2.06 (3.4H, s), 1.95 (5H, s), 1.87 

(1H, s), 1.85 (3.5H, s), 1.74 (3.3H, s) ppm. MALDI-TOF (pos) m/z 19000. 
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14g:  1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs, amide NH’s), 7.79 (1.3H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (1.1H, bs, amide NH’s), 7.46 (2.2H, m, 

CH2NHC(S)NHCH2), 5.17 (1.3H, s, H4’), 4.92 (1.3H, dd, J = 3.0, 10.3 Hz, H3’), 

4.51 (1.3H, d, J = 8.4 Hz, H1’), 4.01 (4.7H, m), 3.83 (1.3H, app q, J = 8.4,  9.0, 

10.3 Hz, H2’), 3.27-3.59 (16.5H, m), 3.13 (3.2H, bs), 3.04 (2.3H, bs), 2.61 (5.1H, 

m), 2.39 (2.5H, m), 2.16 (4.1H, bs), 2.06 (4.7H, s), 1.95 (4.7H, s), 1.85 (4.2H, s), 

1.74 (4.2H, s) ppm. MALDI-TOF (pos) m/z 19900. 

 

15a: 1H NMR (500MHz  d6 DMSO) δ 7.94 (1H, bs, amide NH’s), 7.73 (1H, bs, 

amide NH’s), 7.45 (2H, bs, CH2NHC(S)NHCH2), 5.21 (1.3H, s, H4), 5.11 (1.3H, 

d, J = 10.3  Hz, H3), 4.89 (1.3H, m,  H2), 4.69 (1.3H, m, H1), 4.13 (1.3H, s, 

OCH2CH2O), 4.01 (2.7H, m), 3.76 (1.7H, m), 3.27-3.52 (12H, m), 3.13 (3H, bs), 

3.04 (2.0H, bs), 2.61 (4.5H, m), 2.39 (2.7H, m), 2.16 (4.2H, bs), 2.08 (4.1H, s), 

2.00 (3.1H, s), 1.96 (4.6H, s), 1.87 (3.7H, s) ppm. MALDI-TOF (pos) m/z 40900. 

 

15b:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.74-7.79 (1.4H, 

m, amide NH’s, NH’Ac), 7.45 (2.1H, bs, CH2NHC(S)NHCH2), 5.21 (1.3H, s, H4), 

5.17 (0.2H, s, H4’), 5.12 (1.3H, d, 10.5 Hz, H3), 4.92 (0.2H, m, H3’), 4.89 (1.3H, t,  

J = 9.7 Hz, H2), 4.69 (1.2H, d, J = 7.6 Hz, H1), 4.51 (0.2H, d, J = 8.4 Hz, H1’), 

4.12 (1.3H, m), 4.00 (3.3H, m), 3.83 (0.2H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 

3.76 (2.2H, m), 3.27-3.59 (12.7H, m), 3.13 (2.8H, bs), 3.04 (2.4H, bs), 2.61 



 218 

(5.1H, m), 2.16 (4.8H, bs), 2.08 (4.7H, s), 2.00 (2.5H, s), 1.96 (5.3H, s), 1.87 

(3.3H, s) 1.72 (0.8H, s) ppm. MALDI-TOF (pos) m/z 40000. 

 

15c:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.79 (0.7H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (1.0H, bs, amide NH’s), 7.46 (2.1H, m, 

CH2NHC(S)NHCH2), 5.21 (1.2H, s, H4), 5.17 (0.5H, s, H4’), 5.11 (1.3H, m, H3), 

4.92 (0.5H, d, J = 10.3 Hz, H3’), 4.89 (1.3H, t,  J = 9.7 Hz, H2), 4.69 (1.1H, d, J = 

7.6 Hz, H1), 4.51 (0.4H, d, J = 8.4 Hz, H1’), 4.12 (1.3H, m), 4.01 (4.1H, m), 3.83 

(0.6H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 (2.9H, m), 3.27-3.59 (13.8H, m), 

3.13 (3.0H, bs), 3.04 (2.6H, bs), 2.61 (4.4H, m), 2.39 (2.7H, m), 2.16 (4.4H, bs), 

2.08 (3.6H, s), 2.06 (1.6H, s), 1.96 (5.9H, s), 1.87 (3.2H, s), 1.85 (1.5H, s), 1.74 

(1.3H, s) ppm. MALDI-TOF (pos) m/z 39700. 

 

15d:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.79 (0.9H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.9H, bs, amide NH’s), 7.46 (2.1H, bs, 

CH2NHC(S)NHCH2), 5.21 (0.7H, d, J = 3.2 Hz, H4), 5.17 (0.7H, s, H4’), 5.11 

(0.7H, d, J = 10.3 Hz, H3), 4.92 (0.7H, d, J = 10.3 Hz, H3’), 4.89 (0.7H, t,  J = 9.7 

Hz, H2), 4.69 (0.6H, d, J = 7.6 Hz, H1), 4.51 (0.7H, d, J = 8.4 Hz, H1’), 4.12 

(0.8H, m), 4.01 (3.9H, m), 3.83 (0.7H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 

(1.9H, m), 3.27-3.59 (13.6H, m), 3.13 (2.9H, bs), 3.04 (2.4H, bs), 2.61 (5.3H, m), 

2.39 (2.6H, m), 2.16 (4.6H, bs), 2.08 (5H, s), 2.00 (4.8H, s), 1.96 (1.9H, s), 1.87 

(2.4H, s) 1.74 (2.1H, s) ppm. MALDI-TOF (pos) m/z 40200. 
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15e:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.80 (1.0H, d, J 

= 9.0 Hz, NH’Ac), 7.79 (0.8H, bs, amide NH’s), 7.46 (2.0H, m, 

CH2NHC(S)NHCH2), 5.21 (0.5H, s, H4), 5.17 (0.9H, s, H4’), 5.11 (0.4H, d, 10.3 

Hz, H3), 4.92 (1H, d, J = 10.3 Hz, H3’), 4.89 (0.4H, t,  J = 9.7 Hz, H2), 4.69 

(0.4H, d, J = 7.6 Hz, H1), 4.51 (0.9H, d, J = 8.4 Hz, H1’), 4.12 (0.5H, m), 4.01 

(4.1H, m), 3.83 (1.1H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 (2.0H, m), 3.27-

3.59 (13.1H, m), 3.13 (2.7H, bs), 3.04 (2.0H, bs), 2.61 (4.2H, m), 2.39 (2.6H, m), 

2.16 (3.8H, bs), 2.07 (1.7H, s), 2.06 (3.9H, s), 1.98 (1H, s), 1.96 (5.3H, s),  1.87 

(1.4H, s), 1.85 (2.9H, s), 1.74 (2.8H, s) ppm. MALDI-TOF (pos) m/z 39700. 

 

15f:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.79 (1.3H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.8H, bs, amide NH’s), 7.46 (2.1H, m, 

CH2NHC(S)NHCH2), 5.21 (0.3H, d, J = 3.2 Hz, H4), 5.17 (1.2H, s, H4’), 5.11 

(0.3H, d, J = 10.3 Hz, H3), 4.92 (1.2H, d, J = 10.3 Hz, H3’), 4.89 (0.3H, t,  J = 9.7  

Hz, H2), 4.69 (0.2H, d, J = 7.6 Hz, H1), 4.51 (1.2H, d, J = 8.4 Hz, H1’), 4.12 

(0.3H, m), 4.01 (3.6H, m), 3.83 (1.3H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 

(2.2H, m), 3.27-3.59 (15.3H, m), 3.13 (3.0H, bs), 3.04 (2.1H, bs), 2.61 (5.0H, m), 

2.39 (2.7H, m), 2.16 (4.4H, bs), 2.07 (1.1H, s), 2.06 (3.4H, s), 1.95 (5.3H, s), 1.87 

(1H, s), 1.85 (3.9H, s), 1.74 (3.7H, s) ppm. MALDI-TOF (pos) m/z 40500. 

 

15g: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs, amide NH’s), 7.81 (1.2H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.8H, bs, amide NH’s), 7.46 (2.0H, m, 
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CH2NHC(S)NHCH2), 5.17 (1.3H, s, H4’), 4.92 (1.3H, d, J = 10.3 Hz, H3’), 4.51 

(1.4H, d, J = 8.4 Hz, H1’), 4.01 (4.9H, m), 3.83 (1.6H, app q, J = 8.4,  9.0, 10.3 

Hz, H2’), 3.27-3.59 (17H, m), 3.13 (2.8H, bs), 3.04 (2.1H, bs), 2.61 (4H, m), 2.39 

(2H, m), 2.16 (3.9H, bs), 2.06 (4.7H, s), 1.95 (5H, s), 1.85 (4.5H, s), 1.74 (4.4H, 

s) ppm. MALDI-TOF (pos) m/z 39300 

 

16a: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.74 (0.9H, bs, 

amide NH’s), 7.45 (2H, bs, CH2NHC(S)NHCH2), 5.21 (1.2H, s, H4), 5.11 (1.3H, 

d, J = 10.3 Hz, H3), 4.89 (1.3H, m, H2), 4.69 (1.1H, d, J = 8.1 Hz, H1), 4.12 

(1.3H, d, J = 6.1 Hz, OCH2CH2O), 4.01 (2.7H, m), 3.76 (1.9H, m), 3.27-3.59 

(11.8H, m), 3.13 (3H, bs), 3.04 (2.2H, bs), 2.61 (4.5H, m), 2.39 (1.8H, m), 2.16 

(3.9H, bs), 2.08 (3.9H, s), 2.00 (8.4H, s), 1.87 (3.6H, s) ppm. MALDI-TOF (pos) 

m/z 122000. 

 

16b:  1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.74-7.79 (1.3H, 

m, amide NH’s, NH’Ac), 7.45 (1.9H, bs, CH2NHC(S)NHCH2), 5.21 (1H, s, H4), 

5.17 (0.2H, s, H4’), 5.11 (1H, d, 10.3 Hz, H3), 4.89 (1H, t,  J = 9.7 Hz, H2), 4.69 

(1H, d, J = 7.6 Hz, H1), 4.51 (0.2H, d, J = 8.4 Hz, H1’), 4.12 (1H, m), 4.01 (2.6H, 

m), 3.83 (0.2H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 (1.5H, m), 3.27-3.59 

(11.4H, m), 3.13 (2.9H, bs), 3.04 (2.3H, bs), 2.61 (4.8H, m), 2.16 (4.1H, bs), 2.08 

(4.2H, s), 1.98 (7.6H, s), 1.87 (3.7H, s) 1.72 (0.8H, s) ppm. MALDI-TOF (pos) 

m/z 119500. 
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16c: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs, amide NH’s), 7.79 (0.6H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.9H, bs, amide NH’s), 7.46 (1.9H, bs, 

CH2NHC(S)NHCH2), 5.21 (2.1H, d, J = 3.3 Hz, H4), 5.17 (0.4H, s, H4’), 5.11 

(2.1H, dd, J = 3.2, 10.3 Hz, H3), 4.92 (0.3H, d, J = 10.3 Hz, H3’), 4.89 (2.1H, t,  J 

= 9.7 Hz, H2), 4.69 (1.9H, d, J = 7.6 Hz, H1), 4.51 (0.2H, d, J = 8.4 Hz, H1’), 4.12 

(2.1H, m), 4.01 (5.4H, m), 3.83 (0.3H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 

(5.4H, m), 3.27-3.59 (17.5H, m), 3.13 (3.2H, bs), 3.04 (2.3H, bs), 2.61 (4.8H, m), 

2.39 (2.8H, m), 2.16 (4.4H, bs), 2.08 (7.8H, s), 2.06 (4.6H, s), 1.96 (5.5H, s), 1.85 

(1.6H, s), 1.74 (1.4H, s) ppm. MALDI-TOF (pos) m/z 119000. 

 

16d: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.81 (0.7H, d, J 

= 9.0 (H2’) Hz, NH’Ac), 7.74 (0.9H, bs, amide NH’s), 7.46 (2H, bs, 

CH2NHC(S)NHCH2), 5.21 (0.7H, d, J = 3.2 Hz, H4), 5.17 (0.6H, s, H4’), 5.11 

(0.7H, d, J = 10.3 Hz, H3), 4.92 (0.6H, d, J = 10.3 Hz, H3’), 4.89 (0.7H, t,  J = 9.7 

Hz, H2), 4.69 (0.6H, d, J = 7.6 Hz, H1), 4.51 (0.5H, d, J = 8.4 Hz, H1’), 4.12 

(0.8H, m), 4.01 (3.2H, m), 3.83 (0.7H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 

(1.7H, m), 3.27-3.59 (12H, m), 3.13 (3H, bs), 3.04 (2.1H, bs), 2.61 (5.4H, m), 

2.39 (2H, m), 2.16 (4H, bs), 2.08 (3.7H, s), 2.00 (5.5H, s), 1.96 (1.7H, s), 1.87 

(1.6H, s), 1.74 (1.4H, s) ppm. MALDI-TOF (pos) m/z 119000. 

 

16e: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs, amide NH’s), 7.79 (0.8H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.7H, bs, amide NH’s), 7.46 (1.8H, m, 
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CH2NHC(S)NHCH2), 5.21 (0.5H, s, H4), 5.17 (0.6H, s, H4’), 5.11 (0.5H, d, J = 

10.3 Hz, H3), 4.92 (0.6H, d, J = 10.3 Hz, H3’), 4.89 (0.5H, t,  J = 9.7 Hz, H2), 

4.69 (0.4H, d, J = 7.6 Hz, H1), 4.51 (0.6H, d, J = 8.4 Hz, H1’), 4.12 (0.6H, m), 

4.01 (3.1H, m), 3.83 (0.8H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.76 (1.5H, m), 

3.27-3.59 (10H, m), 3.13 (2.8H, bs), 3.04 (1.7H, bs), 2.61 (4H, m), 2.39 (2.2H, 

m), 2.16 (3.5H, bs), 2.07 (3.5H, s), 1.98 (0.7H, s), 1.96 (4.4H, s),  1.87 (1.2H, s), 

1.85 (2H, s), 1.74 (1.9H, s) ppm. MALDI-TOF (pos) m/z 121500. 

 

16f: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs, amide NH’s), 7.79 (0.8H, d, J = 

9.0 Hz, NH’Ac), 7.74 (0.7H, bs, amide NH’s), 7.46 (1.6H, bs, 

CH2NHC(S)NHCH2), 5.21 (0.2H, d, J = 3.2 Hz, H4), 5.17 (0.7H, s, H4’), 5.11 

(0.3H, m, Hz, H3), 4.92 (0.7H, d, J = 10.3 Hz, H3’), 4.89 (0.2H, t,  J = 9.7 Hz, 

H2), 4.69 (0.2H, d, J = 7.6 Hz, H1), 4.51 (0.7H, d, J = 8.4 Hz, H1’), 4.12 (0.3H, 

m), 4.01 (2.9H, m), 3.83 (0.9H, app q, J = 8.4,  9.0, 10.3 Hz, H2’), 3.7 (1.2H, m), 

3.27-3.59 (8.6H, m), 3.04-3.13 (2.8H, m), 2.61 (3.2H, m), 2.39 (1.4H, m), 2.16 

(2.9H, bs), 2.07 (3.2H, s), 1.95 (3.9H, s), 1.85 (2.9H, s), 1.74 (2.2H, s) ppm. 

MALDI-TOF (pos) m/z 121500. 

 

16g: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs, amide NH’s), 7.79 (1.1H, d, J 

= 9.0 Hz, NH’Ac), 7.74 (0.8H, bs, amide NH’s), 7.46 (2.8H, m, 

CH2NHC(S)NHCH2), 5.17 (1.1H, s, H4’), 4.92 (1.1H, d, J = 10.3 Hz, H3’), 4.51 

(1.2H, d, J = 8.4 Hz, H1’), 4.01 (4.2H, m), 3.83 (1.2H, app q, J = 8.4,  9.0, 10.3 
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Hz, H2’), 3.27-3.59 (12.7H, m), 3.04-3.13 (4.2H, m), 2.61 (3.9H, m), 2.16 (3.1H, 

bs), 2.06 (4.4H, s), 1.95 (4.1H, s), 1.85 (3.7H, s), 1.74 (3.8H, s) ppm. MALDI-

TOF (pos) m/z 125000 

 
Deacetylated: 
 
General procedure for deacylation of dendrimers 14-16. To the lyophilized solid 

product of compounds 14-16 1 mL of 1:1 water:methanol was added, at which 

point the dendrimer would become a white precipitate solid. To this mixture was 

added 0.2 equivalents of NaOMe (0.8 M in MeOH) for each peripheral 

carbohydrate, and let stir for 3 h. If, at this time, the mixture had not become a 

clear solution a further 0.2 equivalents of NaOMe (0.8 M in MeOH) was added 

and this step was repeated until the mixture became a clear and colorless 

solution. HCl(aq) (0.1 M) was then added slowly until the pH was approximately 7. 

This neutralized solution was placed in a dialysis membrane (Mw cutoff 3500) 

and dialyzed in 1 L of DI water for 8 h, the water was then changed and let stand 

for a further 8 h and repeated once more. The remaining liquid in the membrane 

was frozen and lyophilized to give a white fluffy solid. 

 

14a: 1H NMR (500MHz  d6 DMSO) δ 7.99 (bs, 1H), 7.80 (bs, 1H), 7.50 (bs, 2.1H), 

4.96 (bs, 1.0H), 4.73 (m, 1.0H), 4.61 (bs, 1.2H), 4.44 (bs, 1.2H), 4.10 (d, J = 

5.2Hz, 1.2H), 3.84 (m, 1.5H), 3.63 (m, 2.4H), 3.38-3.60 (m, 30H), 3.17 (bs, 3.2H), 

3.08 (bs, 3.2H), 2.66 (bs, 4.6H), 2.42 (bs, 2.4H), 2.20 (bs, 4.6H) ppm. MALDI-

TOF (pos) m/z 15200. 
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14b: 1H NMR (500MHz  d6 DMSO) δ 8.00 (bs, 1H), 7.81 (bs, 1H), 7.67 (d, J = 8.6 

Hz, 0.2H), 7.50 (bs, 2.1H), 4.95 (bs, 0.7H), 4.60-4.70 (m, 1.5H), 4.43 (bs, 0.8H), 

4.27 (d, J = 8.3 Hz, 0.2H), 4.11 (d, J = 5.2Hz, 0.8H), 3.84 (m, 1.0H),  3.38-3.65 

(m, 27H), 3.17 (bs, 2.8H), 3.08 (bs, 2.6H), 2.66 (bs, 4.0H), 2.42 (bs, 2.3H), 2.20 

(bs, 4.3H), 1.80 (m, 0.9H) ppm. MALDI-TOF (pos) m/z 15000. 

 

14c: 1H NMR (500MHz  d6 DMSO) δ 8.00 (bs, 1H), 7.80 (bs, 0.9H), 7.67 (d, J = 

8.6 Hz, 0.3H), 7.50 (m, 1.5H), 4.95 (bs, 0.6H), 4.50-4.75 (m, 2.1H), 4.43 (bs, 

0.7H), 4.27 (d, J = 8.3 Hz, 0.4H), 4.11 (d, J = 5.2Hz, 0.7H), 3.84 (m, 0.9H),  3.38-

3.65 (m, 24H), 3.17 (bs, 2.3H), 3.08 (bs, 1.9H), 2.66 (bs, 3.4H), 2.42 (bs, 1.8H), 

2.20 (bs, 3.7H), 1.80 (m, 1.0H) ppm. MALDI-TOF (pos) m/z 15100. 

 

14d: 1H NMR (500MHz  d6 DMSO) δ 8.01 (bs, 1H), 7.83 (bs, 0.9H), 7.67 (d, J = 

8.6 Hz, 0.5H), 7.59 (bs, 0.5H), 7.50 (bs, 1.2H), 4.95 (bs, 0.5H), 4.60-4.70 (m, 

2.2H), 4.43 (bs, 0.7H), 4.27 (d, J = 8.3 Hz, 0.7H), 4.11 (d, J = 5.2Hz, 0.6H), 3.84 

(m, 1.0H),  3.38-3.65 (m, 30H), 3.17 (bs, 3.1H), 3.08 (bs, 2.1H), 2.66 (bs, 4.0H), 

2.42 (bs, 1.8H), 2.20 (bs, 3.9H), 1.80 (m, 1.6H) ppm. MALDI-TOF (pos) m/z 

14900. 

 

14e: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.83 (bs, 0.8H), 7.67 (d, J = 

8.6 Hz, 0.7H), 7.59 (bs, 0.6H), 7.50 (m, 1.1H), 4.95 (bs, 0.4H), 4.60-4.70 (m, 

2.4H), 4.43 (bs, 0.5H), 4.27 (d, J = 8.3 Hz, 0.9H), 4.11 (d, J = 5.2Hz, 0.5H), 3.38-
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3.65 (m, 30H), 3.17 (bs, 2.9H), 3.08 (bs, 2.0H), 2.66 (bs, 3.9H), 2.42 (bs, 1.9H), 

2.20 (bs, 3.9H), 1.80 (m, 2.0H) ppm. MALDI-TOF (pos) m/z 15700. 

 

14f: 1H NMR (500MHz  d6 DMSO) δ 8.01 (bs, 1H), 7.82 (bs, 0.9H), 7.67 (d, J = 

8.6 Hz, 0.9H), 7.60 (bs, 0.8H), 7.50 (bs, 0.7H), 4.95 (bs, 0.2H), 4.60-4.70 (m, 

2.6H), 4.43 (bs, 0.2H), 4.27 (d, J = 8.3 Hz, 1.0H), 4.11 (d, J = 5.2Hz, 0.3H), 3.38-

3.65 (m, 23H), 3.17 (bs, 2.6H), 3.08 (bs, 2.61), 2.66 (bs, 3.9H), 2.42 (bs, 1.7H), 

2.20 (bs, 3.7H), 1.80 (m, 2.6H) ppm. MALDI-TOF (pos) m/z 15800. 

 

14g: 1H NMR (500MHz  d6 DMSO) δ 8.01 (bs, 1H), 7.82 (bs, 0.9H), 7.68 (d, J = 

8.6 Hz, 1.0H),7.59 (bs, 0.9H), 7.50 (m, 1.0H), 4.60-4.70 (m, 2.8H), 4.27 (d, J = 

8.3 Hz, 1.1H), 3.77 (m, 3.3H), 3.38-3.65 (m, 30H), 3.17 (bs, 3.3H), 3.10 (bs, 

1.9H), 2.66 (bs, 4.1H), 2.42 (bs, 1.9H), 2.20 (bs, 3.8H), 1.80 (m, 3.0H) ppm. 

MALDI-TOF (pos) m/z 16400. 

 

15a: 1H NMR (500MHz  d6 DMSO) δ 7.97 (bs, 1H), 7.78 (bs, 0.9H), 7.44 (bs, 

2.0H), 4.97 (bs, 0.8H), 4.75 (m, 0.9H), 4.65 (bs, 1.2H), 4.44 (bs, 1.2H), 4.08 (m, 

1.2H), 3.80 (m, 1.5H), 3.38-3.65 (m, 30H), 3.13 (bs, 2.9H), 3.05 (bs, 2.3H), 2.62 

(bs, 4.3H), 2.46 (bs, 2.1H), 2.17 (bs, 3.9H) ppm. MALDI-TOF (pos) m/z 31500. 

 

15b: 1H NMR (500MHz  d6 DMSO) δ 8.01 (bs, 1H), 7.81 (bs, 1H), 7.67 (m, 0.2H), 

7.50 (bs, 1.8H), 4.95 (bs, 0.6H), 4.60-4.70 (m, 2.0H), 4.43 (bs, 0.9H), 4.27 (m, 
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0.2H), 4.11 (m, 0.8H), 3.84 (m, 1.0H), 3.38-3.65 (m, 30H), 3.17 (bs, 2.5H), 3.08 

(bs, 2.6H), 2.66 (bs, 3.9H), 2.42 (bs, 2.1H), 2.20 (bs, 4.1H), 1.80 (m, 0.7H) ppm. 

31200. 

 

15c: 1H NMR (500MHz  d6 DMSO) δ 8.03 (bs, 1H), 7.85 (bs, 0.9H), 7.73 (d, J = 

8.6 Hz, 0.4H), 7.50 (m, 1.6H), 4.95 (bs, 0.4H), 4.50-4.90 (m, 2.3H), 4.52 (bs, 

0.6H), 4.27 (d, J = 8.3 Hz, 0.5H), 4.12 (s, 0.9H), 3.38-3.70 (m, 30H), 3.17 (bs, 

2.7H), 3.08 (bs, 2.1H), 2.66 (bs, 3.8H), 2.42 (bs, 1.8H), 2.20 (bs, 3.9H), 1.80 (m, 

1.2H) ppm. MALDI-TOF (pos) m/z 31700. 

 

15d: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.83 (bs, 0.9H), 7.71 (m, 

0.5H), 7.58 (bs, 0.6H), 7.50 (bs, 1.0H), 4.95 (bs, 0.3H), 4.60-4.70 (m, 1.7H), 4.58 

(bs, 0.5H), 4.48 (bs, 0.5H), 4.27 (d, J = 8.3 Hz, 0.5H), 4.11 (m, 0.4H), 3.84 (m, 

1.6H),  3.38-3.65 (m, 30H), 3.17 (bs, 2.4H), 3.08 (bs, 2.1H), 2.66 (bs, 3.8H), 2.42 

(bs, 1.7H), 2.20 (bs, 4.0H), 1.80 (m, 1.8H) ppm. MALDI-TOF (pos) m/z 33000. 

 

15e: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.83 (bs, 0.8H), 7.67 (d, J = 

8.6 Hz, 0.8H), 7.58 (bs, 0.7H), 7.43 (m, 0.9H), 4.95 (bs, 0.1H), 4.69 (bs, 

1.7H),4.58 (bs, 0.8H), 4.43 (bs, 0.2H), 4.27 (d, J = 8.3 Hz, 0.8H), 4.11 (m, 0.1H), 

3.38-3.65 (m, 30H), 3.17 (bs, 2.5H), 3.08 (bs, 1.8H), 2.66 (bs, 4.1H), 2.42 (bs, 

1.8H), 2.21 (bs, 3.8H), 1.80 (m, 2.2H) ppm. MALDI-TOF (pos) m/z 34300. 
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15f: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.83 (bs, 0.8H), 7.67 (d, J = 

8.6 Hz, 0.9H), 7.58 (bs, 0.8H), 7.44 (bs, 0.8H), 4.68 (m, 1.5H), 4.58 (1.0H), 4.27 

(d, J = 8.3 Hz, 0.9H), 3.38-3.65 (m, 23H), 3.17 (bs, 2.4H), 3.08 (bs, 1.9H), 2.66 

(bs, 3.8H), 2.42 (bs, 1.6H), 2.20 (bs, 3.8H), 1.80 (m, 2.8H) ppm. MALDI-TOF 

(pos) m/z 34300. 

 

15g: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.83 (bs, 0.8H), 7.69 (d, J = 

8.6 Hz, 0.8H),7.58 (bs, 0.8H), 7.43 (m, 0.9H), 4.67 (m, 1.6H), 4.58 (bs, 0.8H), 

4.27 (d, J = 8.3 Hz, 0.8H), 3.38-3.65 (m, 30H), 3.10-3.17 (m, 4.6H), 2.66 (bs, 

3.7H), 2.42 (bs, 1.6H), 2.20 (bs, 3.6H), 1.80 (m, 2.4H) ppm. MALDI-TOF (pos) 

m/z 33300. 

 

16a: 1H NMR (500MHz  d6 DMSO) δ 8.00 (bs, 1H), 7.80 (bs, 0.9H), 7.48 (bs, 

1.6H), 4.99 (bs, 0.7H), 4.80 (m, 0.7H), 4.63 (bs, 0.9H), 4.48 (bs, 0.8H), 4.12 (s, 

0.8H), 3.80 (m, 0.9H), 3.38-3.65 (m, 14H), 3.18 (bs, 2.4H), 3.09 (bs, 1.7H), 2.62 

(bs, 3.3H), 2.46 (bs, 1.5H), 2.17 (bs, 4.0H) ppm. MALDI-TOF (pos) m/z 101000. 

 

16b: 1H NMR (500MHz  d6 DMSO) δ 8.01 (bs, 1H), 7.83 (bs, 0.7H), 7.67 (m, 

0.2H), 7.48 (bs, 1.5H), 5.04 (bs, 0.7H), 4.60-4.70 (m, 1.7H), 4.43 (bs, 0.8H), 4.28 

(m, 0.2H), 4.11 (s, 1.0H), 3.84 (m, 2.0H), 3.38-3.65 (m, 30H), 3.17 (bs, 2.1H), 

3.08 (bs, 1.7H), 2.65 (bs, 3.2H), 2.42 (bs, 1.4H), 2.20 (bs, 3.5H), 1.80 (m, 0.6H) 

ppm. MALDI-TOF (pos) m/z 100000. 
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16c: 1H NMR (500MHz  d6 DMSO) δ 8.03 (bs, 1H), 7.85 (bs, 0.7H), 7.73 (s, 

0.3H), 7.47 (m, 1.4H), 5.07 (bs, 0.5H), 4.68-4.90 (m, 1.7H), 4.63 (bs, 0.4H), 4.54 

(bs, 0.6H), 4.27 (s, 0.4H), 4.12 (s, 0.9H), 3.38-3.70 (m, 30H), 3.17 (bs, 2.2H), 

3.08 (bs, 1.6H), 2.66 (bs, 2.8H), 2.20 (bs, 3.4H), 1.80 (m, 1.2H) ppm. MALDI-

TOF (pos) m/z 101000 

 

16d: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.84 (bs, 0.7H), 7.72 (s, 

0.5H), 7.58 (bs, 0.5H), 7.44 (bs, 0.9H), 5.04 (bs, 0.3H), 4.72 (m, 1.7H), 4.61 (bs, 

0.8H), 4.28 (s, 0.6H), 4.13 (m, 0.4H), 3.38-3.80 (m, 30H), 3.10-3.17 (m, 3.5H), 

2.66 (bs, 3.0H), 2.42 (bs, 1.0H), 2.20 (bs, 3.4H), 1.80 (m, 1.5H) ppm. MALDI-

TOF (pos) m/z 101500 

 

16e: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.84 (bs, 0.8H), 7.72 (s, 

0.4H), 7.57 (bs, 0.5H), 7.48 (m, 0.9H), 5.05 (bs, 0.4H), 4.69 (bs, 1.6H),4.58 (bs, 

0.5H), 4.43 (bs, 0.2H), 4.27 (s, 0.5H), 4.13 (m, 0.5H), 3.38-3.65 (m, 30H), 3.10-

3.17 (bs, 3.6H), 2.66 (bs, 3.0H), 2.42 (bs, 1.3H), 2.21 (bs, 3.3H), 1.82 (m, 1.4H) 

ppm. MALDI-TOF (pos) m/z 102000 

 

16f: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.82 (bs, 0.7H), 7.67 (s, 0.7H), 

7.58 (bs, 0.7H), 7.44 (bs, 0.8H), 5.05 (bs, 0.2H), 4.68 (m, 1.7H), 4.60 (0.7H), 4.28 

(s, 0.7H), 3.38-3.65 (m, 23H), 3.10-3.17 (m, 3.6H), 2.66 (bs, 2.9H), 2.42 (bs, 

0.8H), 2.21 (bs, 3.2H), 1.80 (m, 1.8H) ppm. MALDI-TOF (pos) m/z 106500 
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16g: 1H NMR (500MHz  d6 DMSO) δ 8.03 (bs, 1H), 7.84 (bs, 0.7H), 7.72 (s, 

0.8H), 7.58 (bs, 0.7H), 7.43 (m, 0.9H), 4.73 (m, 1.6H), 4.62 (bs, 0.9H), 4.27 (s, 

0.8H), 3.38-3.65 (m, 30H), 3.10-3.17 (m, 3.8H), 2.66 (bs, 3.0H), 2.42 (bs, 1.2H), 

2.21 (bs, 3.5H), 1.80 (m, 2.2H) ppm. MALDI-TOF (pos) m/z 107500. 

 
 

Table 15 MALDI-TOF data for heterogeneously functionalized dendrimers 14-16 
a-g. 

 
Compound 

number 
 

Mw after 
Galactose 
addition 

Mw  after 
Galactosamine 

addition 

Mw after 
deacylation 

14a 19500 6800 15200 
14b 19100 8950 15000 
14c 19000 11700 15100 
14d 18900 13900 14900 
14e 19300 15700 15700 
14f 19000 18200 15800 
14g   n/a 20000 16400 
15a 40900 13500 31500 
15b 40000 18200 31200 
15c 39700 23900 31700 
15d 40200 28300 33000 
15e 39700 33500 34300 
15f 40500 37200 34300 
15g   n/a 39300 33300 
16a 122000 51000 101000 
16b 119500 66500 100000 
16c 119000 77500 101000 
16d 119000 92000 101500 
16e 121500 101000 102000 
16f 121500 117000 106500 
16g   n/a 125000 107500 
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2,3,4,6-tetra-O-acetyl-β-galactopyranose [1→4] 1,2,3,6-tetra-O-acetyl-β-

glucopyranose. 1.0 g (2.76 mmol) of lactose was added to acetic anhydride (7.9 

mL, 30 equiv.), and the solution was cooled to 0 °C. In(OTf)3 (79.5 mg, 141 µmol,  

0.05 equiv.) was added, and the reaction was allowed to warm to room 

temperature while stirring for 1 h. EtOAc (100 mL) and 10% aqueous Na2CO3 

solution (150 mL) were added, and the mixture was stirred for 1 h. Isolation of the 

organic layer, washing with water (3 x 50 mL) and brine (3 x 50 mL), and dried 

over MgSO4 yielded 1.88 g of product (97% yield). 1H NMR (CDCl3, 300 MHz, 

ppm) δ 1H NMR (CDCl3, 300 MHz, ppm) δ 6.23 (1H, d, J = 3.1 Hz, H1), 5.45 (1H, 

app t, J = 9.6 Hz, H3), 5.34 (1H, d, J = 3.0 Hz, H4’), 5.12 (1H, dd, J = 8.1, 10.1 

Hz, H2’), 4.97 (2H, m), 4.46 (2H, m), 4.09 (5H, m), 3.83 (2H, m), 2.16 (3H, s), 

2.14 (3H, s), 2.11 (3H, s), 2.04 (9H, m), 1.99 (3H, s), 1.95 (3H, s). As reported35 
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13: 1-O-(5-isothiocyanato-3-oxopentyl)- 2,3,4,6-tetra-O-acetyl-β-galactopyranose 

[1→4] 2,3,6-tetra-O-acetyl-β-glucopyranose. 4.4 g of 2,3,4,6-tetra-O-acetyl-β-

galactopyranose [1→4] 1,2,3,6-tetra-O-acetyl-β-glucopyranose. (6.4 mmol) was 

dissolved in dry DMF (20 mL) and 0.77 g of hydrazine acetate (8.4 mmol) was 

added and the reaction mixture was heated to 55oC for 1 h. The mixture was 

then dissolved in 20 mL methylene chloride and washed with brine (2 x 10 mL) 

and water (2 x 10 mL), dried with MgSO4, filtered and solvent removed en vacuo. 

The product was added to 20 mL methylene chloride and 2.3 mL 

trichloroacetonitrile (3.34 g, 23.1 mmol) and cooled in an ice bath, 60 mg of DBU 

(0.32 mmol) was added dropwise and the reaction was stirred for 3 h. The 

reaction mixture was dissolved in 30 mL CH2Cl2,, washed with brine (2 x 10mL) 

and water (2 x 10mL), dried with MgSO4, filtered and solvent removed in vacuo. 

The product was taken up in 50 mL CH2Cl2 with 0.6 g of 6 (4 mmol) and 4 A 

molecular sieves and cooled to 0 oC. 0.6 g BF3OEt2 (4 mmol) was added over 30 

min, let stir and warmed to RT over 2 h. Solvent was removed and the resulting 

residue was taken up in 50 mL ethyl acetate, washed with sat. aqueous NaHCO3 

solution (2 x 20 mL), brine (2 x 20 mL), and water (1 x 20 mL), dried over MgSO4, 

filtered and solvent removed en vacuo. The oily reside was then purified via 
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column chromatography, with a 60:40 ethyl acetate:hexanes eluant, followed by 

a 20:1 ethyl acetate:MeOH eluant to yield 2.6 g of pure material. 1H NMR (300 

MHz CDCl3) δ 5.33 (1H, d, J = 3.1 Hz, H4’), 5.20 (1H, app t, J = 9.3 Hz, H3), 5.09 

(1H, dd, J = 8.1, 10.1 Hz, H2’), 4.93 (2H, m, H2, H3’) 4.50 (3H, m, H1, H1’, H6), 

4.06 (4H, m,), 3.89 (6H, m), 3.78 (3H, m), 3.63 (6H, m), 2.13 (3H, s), 2.10 (3H, 

s), 2.04 (3H, s), 2.02 (9H, m), 1.95 (3H, s) ppm. As reported.35 

 

Galactose:Lactose Dendrimers 
 
Acetylated: 

Representative procedure for the synthesis of heterogeneously functionalized 

PAMAM-based thiourea-linked 1-O-(5-isothiocyanato-3-oxopentyl)- 

2,3,6,2’,3’,4’,6’-per-O-acetyl -β-D-lactose, 1-O-(5-isothiocyanato-3-oxopentyl)- 

2,3,4,6-tetra-O-acetyl -β-D-galactopyranoside. (17-19). An aqueous solution of 

amine terminated Starburst G(4)-PAMAM dendrimer (2.478 g of a 17% w/w 

solution in water, 421.2 mg, 31.2 µmol) was lyophilized to leave a foamy residue. 

7.02 mL of DMSO was added to this residue to give a 60 mg/mL solution. 0.35 

mL of a 300 mM solution of 1-O-(5-isothiocyanato-3-oxopentyl)- 2,3,6,2’,3’,4’,6’-

per-O-acetyl -β-D-lactopyranoside (13, 85 µmol, 40.2 mg) in DMSO was added to 

0.5 mL of a 60 mg/mL G(3) PAMAM dendrimer (30 mg, 4.40 µmol) solution. The 

reaction was stirred for 8 h at which point a 75 µL aliquot was removed for 

MALDI-TOF analysis. After MALDI-TOF analysis indicated reaction completion, 

0.31 mL of a 300 mM solution of 1-O-(5-isothiocyanato-3-oxopentyl)- 2,3,4,6-
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tetra-O-acetyl -β-D-galactopyranoside (11, 73 µmol, 35 mg) was added. The 

solution was then stirred for 8 h. At this time a 75 µL aliquot was removed for 

MALDI-TOF and NMR analysis.  

 

17a: 1H NMR (500MHz  d6 DMSO) δ 7.97 (1H, bs), 7.78 (0.9H, bs), 7.47 (1.5H, 

bs), 5.17 (1.3H, s), 5.11 (2.4H, m), 4.79 (1.5H, app t, J = 9.0 Hz), 4.69 (2.2H, m), 

4.62 (1.1H, J = 9.0Hz), 4.25 (1.2H, d, J = 11.3Hz), 4.16 (1.4H, m), 3.97 (4.3H, 

m), 3.74 (3.7H, m), 3.56 (2.5H, bs), 3.12 (2.7H, bs), 3.04 (2.0H, bs), 2.64 (5.7H, 

bs), 2.16 (4.4H, bs), 2.04 (4.3H, s), 2.02 (4.8H, s), 1.95 (8.9H, s), 1.92 (7.3H, s), 

1.84 (3.9H, s) ppm. . MALDI-TOF (pos) m/z 24400. 

 

17b: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs), 7.75 (1.1H, bs), 7.47 (2H, bs), 

5.21 (0.4H, s), 5.17 (1.3H, s), 5.12 (2.6H, m), 4.89 (0.4H, m), 4.79 (1.5H, app t, J 

= 9.0 Hz), 4.69 (2.4H, m), 4.62 (1.1H, J = 9.0Hz), 4.25 (1.2H, d, J = 11.3Hz), 4.16 

(1.7H, m), 3.98 (4.8H, m), 3.74 (4.1H, m), 3.40-3.56 (16H, m), 3.13 (3.2H, bs), 

3.04 (2.3H, bs), 2.64 (5.9H, bs), 2.16 (4.2H, bs), 2.07 (1.2H, s), 2.05 (3.6H, s), 

2.03 (3.1H, s), 1.96 (10.2H, s), 1.92 (6.2H, s), 1.87 (1.2H, s), 1.84 (3.9H, s) ppm. 

. MALDI-TOF (pos) m/z 24600. 

 

17c: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (1.1H, bs), 7.47 (1.9H, 

bs), 5.21 (0.6H, s), 5.17 (0.9H, s), 5.12 (1.8H, m), 4.89 (0.6H, app t, J = 9.1Hz), 

4.79 (0.9H, app t, J = 9.0 Hz), 4.69 (1.8H, m), 4.62 (0.6H, J = 9.0Hz), 4.25 (0.7H, 
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d, J = 11.3Hz), 4.17 (1.5H, m), 3.98 (3.8H, m), 3.74 (3.2H, m), 3.40-3.56 (20H, 

m), 3.13 (2.7H, bs), 3.04 (2.3H, bs), 2.64 (4.4H, bs), 2.37 (2.9H, bs), 2.16 (4.1H, 

bs), 2.07 (1.9H, s), 2.05 (2.1H, s), 2.03 (2.5H, s), 1.95 (8.4H, s), 1.92 (4.6H, s), 

1.87 (1.5H, s), 1.85 (2.3H, s) ppm. . MALDI-TOF (pos) m/z 22200. 

 

17d: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (0.9H, bs), 7.47 (1.7H, 

bs), 5.21 (0.7H, d, J = 3.1Hz), 5.17 (0.5H, s), 5.12 (1.5H, m), 4.89 (0.7H, app t, J 

= 9.1Hz), 4.79 (0.5H, app t, J = 9.0 Hz), 4.69 (1.3H, m), 4.62 (0.4H, J = 9.0Hz), 

4.25 (0.4H, d, J = 11.3Hz), 4.17 (1.2H, m), 3.98 (3H, m), 3.74 (2.3H, m), 3.40-

3.56 (13H, m), 3.13 (2.5H, bs), 3.04 (1.8H, bs), 2.64 (3.8H, bs), 2.37 (2.1H, bs), 

2.16 (3.5H, bs), 2.07 (2.2H, s), 2.05 (1.2H, s), 2.03 (2.3H, s), 1.95 (4.9H, s), 1.92 

(2.2H, s), 1.87 (1.6H, s), 1.85 (1.3H, s) ppm. MALDI-TOF (pos) m/z 21800. 

 

17e: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (0.9H, bs), 7.47 (1.7H, 

bs), 5.21 (0.9H, s), 5.17 (0.2H, s), 5.12 (1.3H, m), 4.89 (0.9H, app t, J = 9.1Hz), 

4.79 (0.2H, app t, J = 9.0 Hz), 4.69 (1.1H, m), 4.62 (0.2H, J = 9.0Hz), 4.25 (0.2H, 

d, J = 11.3Hz), 4.17 (1.2H, m), 3.98 (2.6H, m), 3.74 (1.9H, m), 3.40-3.56 (13H, 

m), 3.13 (2.7H, bs), 3.04 (1.7H, bs), 2.64 (5H, bs), 2.37 (3H, bs), 2.16 (3.6H, bs), 

2.07 (2.7H, s), 2.05 (0.7H, s), 2.03 (0.6H, s), 1.95 (6.9H, s), 1.92 (1.4H, s), 1.87 

(3H, s) ppm. MALDI-TOF (pos) m/z 20500. 
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18a: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs), 7.78 (0.8H, bs), 7.47 (1.9H, 

bs), 5.17 (1.7H, s), 5.11 (2.8H, m), 4.79 (1.7H, app t, J = 9.0 Hz), 4.69 (2.5H, m), 

4.62 (1.2H, J = 9.0Hz), 4.25 (1.4H, d, J = 10.8Hz), 4.16 (1.6H, m), 3.97 (4.9H, 

m), 3.74 (4.4H, m), 3.40-3.56 (10H, m), 3.12 (2.7H, bs), 3.04 (1.4H, bs), 2.64 

(4.9H, bs), 2.16 (3.8H, bs), 2.04 (5.2H, s), 2.02 (4.7H, s), 1.95 (10.5H, s), 1.92 

(7.4H, s), 1.84 (4.6H, s) ppm. . MALDI-TOF (pos) m/z 54500. 

 

18b: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs), 7.75 (1H, bs), 7.47 (1.7H, bs), 

5.21 (0.3H, s), 5.17 (1.1H, s), 5.12 (2.1H, m), 4.89 (0.3H, m), 4.79 (1.1H, app t, J 

= 9.0 Hz), 4.69 (1.9H, m), 4.62 (0.8H, J = 9.0Hz), 4.25 (1H, d, J = 11.3Hz), 4.16 

(1.3H, m), 3.98 (3.8H, m), 3.74 (3.2H, m), 3.40-3.56 (10H, m), 3.13 (2.7H, bs), 

3.04 (2.1H, bs), 2.64 (5.7H, bs), 2.16 (3.9H, bs), 2.07 (1.1H, s), 2.05 (2.7H, s), 

2.03 (3H, s), 1.96 (8.2H, s), 1.92 (4.5H, s), 1.87 (1H, s), 1.84 (2.5H, s) ppm. . 

MALDI-TOF (pos) m/z 48000. 

 

18c: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (1H, bs), 7.46 (1.7H, bs), 

5.21 (0.5H, s), 5.17 (0.8H, s), 5.12 (1.8H, m), 4.89 (0.5H, app t, J = 9.1Hz), 4.79 

(0.8H, app t, J = 9.0 Hz), 4.69 (1.6H, m), 4.62 (0.6H, J = 9.0Hz), 4.25 (0.7H, d, J 

= 11.3Hz), 4.17 (1.3H, m), 3.98 (3.5H, m), 3.74 (2.8H, m), 3.40-3.56 (10H, m), 

3.13 (2.5H, bs), 3.04 (2H, bs), 2.64 (4.9H, bs), 2.37 (2.3H, bs), 2.16 (4H, bs), 

2.07 (1.6H, s), 2.05 (2.2H, s), 2.03 (1.8H, s), 1.95 (7.8H, s), 1.92 (3.5H, s), 1.87 

(1.4H, s), 1.85 (1.8H, s) ppm. . MALDI-TOF (pos) m/z 45500. 
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18d: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (0.9H, bs), 7.47 (1.9H, 

bs), 5.21 (0.8H, d, J = 3.1Hz), 5.17 (0.6H, s), 5.12 (1.7H, m), 4.89 (0.7H, app t, J 

= 9.1Hz), 4.79 (0.5H, app t, J = 9.0 Hz), 4.69 (1.5H, m), 4.62 (0.4H, J = 9.0Hz), 

4.25 (0.4H, d, J = 11.3Hz), 4.17 (1.4H, m), 3.98 (3.2H, m), 3.74 (2.6H, m), 3.40-

3.56 (10H, m), 3.13 (2.6H, bs), 3.04 (2.1H, bs), 2.64 (6.2H, bs), 2.37 (3H, bs), 

2.16 (3.9H, bs), 2.07 (2.2H, s), 2.05 (1.4H, s), 2.03 (1.2H, s), 1.95 (8.3H, s), 1.92 

(2.5H, s), 1.87 (1.9H, s), 1.85 (1.5H, s) ppm. MALDI-TOF (pos) m/z 41500. 

 

18e: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (0.9H, bs), 7.47 (2H, bs), 

5.21 (1H, s), 5.17 (0.3H, s), 5.12 (1.5H, m), 4.89 (1H, app t, J = 9.1Hz), 4.79 

(0.2H, app t, J = 9.0 Hz), 4.69 (1H, m), 4.62 (0.2H, J = 9.0Hz), 4.25 (0.3H, d, J = 

11.3Hz), 4.17 (1H, m), 3.98 (2.9H, m), 3.74 (2.1H, m), 3.40-3.56 (12H, m), 3.13 

(2.7H, bs), 3.04 (1.9H, bs), 2.64 (5.2H, bs), 2.37 (2.8H, bs), 2.16 (4.3H, bs), 2.07 

(2.8H, s), 2.05 (1H, s), 2.03 (0.9H, s), 1.95 (8.8H, s), 1.92 (1.5H, s), 1.87 (2.5H, 

s) ppm. MALDI-TOF (pos) m/z 41000. 

 

19a: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.76 (0.7H, bs), 7.47 (1.5H, 

bs), 5.17 (1H, s), 5.11 (1.8H, m), 4.79 (1.2H, m), 4.69 (1.5H, m), 4.62 (0.9H, m), 

4.25 (0.9H, m), 4.16 (1H, m), 3.97 (3.2H, m), 3.74 (2.9H, m), 3.56 (1.6H, bs), 

3.04-3.12 (3.8H, m), 2.64 (2.4H, bs), 2.16 (3.3H, bs), 2.04 (3H, s), 2.02 (3.4H, s), 

1.95 (7.1H, s), 1.92 (4.9H, s), 1.84 (3.1H, s) ppm. . MALDI-TOF (pos) m/z 

147000. 
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19b: 1H NMR (500MHz  d6 DMSO) δ 7.95 (1H, bs), 7.75 (0.8H, bs), 7.47 (1.6H, 

bs), 5.21 (0.3H, s), 5.17 (0.8H, s), 5.12 (1.8H, m), 4.89 (0.2H, m), 4.79 (1.2H, m), 

4.69 (1.6H, m), 4.62 (0.8H, m), 4.25 (0.8H, m), 4.16 (1.2H, m), 3.98 (3.4H, m), 

3.74 (2.8H, m), 3.40-3.56 (15H, m), 3.13 (2.6H, bs), 3.04 (1.6H, bs), 2.16 (3.6H, 

bs), 2.05 (4.3H, s), 2.03 (3.5H, s), 1.96 (8H, s), 1.92 (4.8H, s), 1.84 (3.8H, s) 

ppm. . MALDI-TOF (pos) m/z 144000. 

 

19c: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (0.8H, bs), 7.47 (1.4H, 

bs), 5.21 (0.4H, s), 5.17 (0.6H, s), 5.12 (1.4H, m), 4.89 (0.3H, m), 4.79 (0.7H, m), 

4.69 (1.2H, m), 4.62 (0.5H, m), 4.25 (0.5H, m), 4.17 (1H, m), 3.98 (2.6H, m), 3.74 

(2H, m), 3.40-3.56 (8H, m), 3.13 (2H, bs), 3.04 (1.6H, bs), 2.64 (3.9H, bs), 2.37 

(2.3H, bs), 2.16 (2.9H, bs), 2.07 (1.2H, s), 2.05 (1.6H, s), 2.03 (2.3H, s), 1.95 

(6.1H, s), 1.92 (3.1H, s), 1.87 (1H, s), 1.85 (1.9H, s) ppm. . MALDI-TOF (pos) 

m/z 140500. 

 

19d: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (0.8H, bs), 7.47 (1.6H, 

bs), 5.21 (0.6H, m), 5.17 (0.4H, s), 5.12 (1.3H, m), 4.89 (0.5H, m), 4.79 (0.5H, 

m), 4.69 (1.1H, m), 4.62 (0.4H, m), 4.25 (0.4H, m), 4.17 (1H, m), 3.98 (2.4H, m), 

3.74 (1.8H, m), 3.40-3.56 (8.6H, m), 3.13 (2.4H, bs), 3.04 (1.6H, bs), 2.64 (4.1H, 

bs), 2.37 (1.9H, bs), 2.16 (3.1H, bs), 2.07 (1.7H, s), 2.05 (1.2H, s), 2.03 (1.6H, s), 

1.95 (6H, s), 1.92 (2.3H, s), 1.87 (1.3H, s), 1.85 (1.1H, s) ppm. MALDI-TOF (pos) 

m/z 132500. 
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19e: 1H NMR (500MHz  d6 DMSO) δ 7.96 (1H, bs), 7.75 (0.8H, bs), 7.47 (1.6H, 

bs), 5.21 (0.8H, s), 5.17 (0.3H, s), 5.12 (1.2H, m), 4.89 (0.7H, m), 4.79 (0.3H, m), 

4.69 (1.1H, m), 4.62 (0.2H, m), 4.25 (0.2H, m), 4.17 (1.1H, m), 3.98 (2.5H, m), 

3.74 (1.5H, m), 3.40-3.56 (9H, m), 3.13 (2.4H, bs), 3.04 (1.7H, bs), 2.64 (4.8H, 

bs), 2.37 (2.9H, bs), 2.16 (3.2H, bs), 2.07 (2.3H, s), 2.05 (0.8H, s), 2.03 (1.3H, s), 

1.95 (6.8H, s), 1.92 (1.7H, s), 1.87 (2.1H, s), 1.85 (1H, s) ppm. MALDI-TOF (pos) 

m/z 131500. 

 

Deacetylated: 

General procedure for deacylation of dendrimers 17-19. To the lyophilized solid 

product of compounds 17-19, 1 mL of 1:1 water:methanol was added, at which 

point the dendrimer became a white precipitate. To this mixture was added 0.2 

equivalents of NaOMe (0.8 M in MeOH) for each peripheral carbohydrate, and let 

stir for 3 h. If, at this time, the mixture had not become a clear solution a further 

0.2 equivalents of NaOMe (0.8 M in MeOH) was added and this step was 

repeated until the mixture became a clear and colorless solution. Aqueous HCl 

solution (0.1 M) was then added slowly until the pH was ~ 7. This neutralized 

solution was placed in a dialysis membrane (Mw cutoff 3500) and dialyzed in 1 L 

of DI water for 8 h. The water was changed and let stand for a further 8 h twice 

more. The remaining liquid in the membrane was frozen and lyophilized to give a 

white fluffy solid. 
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17a: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.82 (bs 0.9H), 7.54 (bs, 

1.4H), 5.12 (bm, 1.8H), 4.64 (m, 3.7H), 4.33 (m, 2.1H), 3.87 (d, J = 4.8Hz, 1.4H), 

3.74 (m, 1.7H), 3.47-3.62 (m, 18H), 3.17 (bs, 2.6H), 3.08 (bs, 1.7H), 3.03 (m, 

1.3H), 2.66 (bs, 3.7H), 2.43 (bs, 1.9H), 2.20 (bs, 3.6H), 1.89 (s, 0.4H), 1.80 (s, 

0.2H) ppm. MALDI-TOF (pos) m/z 15000. 

 

17b: 1H NMR (500MHz  d6 DMSO) δ 8.04 (bs, 1H), 7.51 (bs 0.8H), 5.08 (bm, 

0.8H), 4.53-4.70 (m, 2.6H), 4.20 (m, 1.0H), 4.09 (s, 0.2H), 3.83 (bs, 0.9H), 3.77 

(m, 1.0H),  3.43-3.58 (m, 13H), 3.14 (bs, 2.0H), 3.05 (bs, 0.6H), 2.62 (bs, 1.8H), 

2.39 (bs, 1.9H), 2.26 (bs, 1.6H), 1.85 (s, 0.1H), 1.76 (s, 0.2H) ppm MALDI-TOF 

(pos) m/z 15100. 

 

17c: 1H NMR (500MHz  d6 DMSO) δ 8.03 (bs, 1H), 7.51 (bs 0.8H), 5.08 (bm, 

0.6H), 4.53-4.70 (m, 2.1H), 4.20 (m, 0.6H), 4.09 (s, 0.3H), 3.82 (bs, 0.7H), 3.72 

(m, 0.7H),  3.43-3.58 (m, 14H), 3.14 (bs, 1.8H), 2.99 (bs, 0.7H), 2.73 (bs, 1.8H), 

2.24 (bs, 1.8H), 1.85 (s, 0.1H), 1.76 (s, 0.3H) ppm. MALDI-TOF (pos) m/z 14900. 

 

17d: 1H NMR (500MHz  d6 DMSO) δ 8.10 (bs, 1H), 7.55 (bs 0.9H), 5.08 (bm, 

0.5H), 4.53-4.70 (m, 2.2H), 4.23 (m, 0.6H), 4.12 (s, 0.6H), 3.85 (bs, 1.2H), 3.72 

(m, 0.7H),  3.43-3.58 (m, 15H), 3.14 (bs, 1.8H), 2.84 (bs, 1.9H), 2.64 (bs, 1.0H), 

2.32 (bs, 1.9H), 1.85 (s, 0.1H), 1.76 (s, 0.1H) ppm. MALDI-TOF (pos) m/z 15700. 
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17e: 1H NMR (500MHz  d6 DMSO) δ 8.08 (bs, 1H), 7.51 (bs 0.9H), 4.33-5.30 (m, 

2.5H), 4.22 (m, 0.4H), 4.12 (s, 0.9H), 3.82 (bs, 1.5H),  3.43-3.65 (m, 20H), 3.14 

(bs, 2.3H),  2.82 (bs, 2.2H), 2.62 (bs, 0.8H), 2.24 (bs, 2.0H) ppm. MALDI-TOF 

(pos) m/z 15800. 

 

18a: 1H NMR (500MHz  d6 DMSO) δ 8.03 (bs, 1H), 7.86 (bs 0.8H), 7.52 (bs, 

1.7H), 5.22 (bs, 1.0H), 5.12 (bm, 1.1H), 4.82 (bs 1.1H), 4.72 (m, 2.1H), 4.55 (m, 

1.9H), 4.22 (m, 2.1H), 3.87 (d, 1.4H), 3.74 (m, 1.8H), 3.47-3.62 (m, 34H), 3.17 

(bs, 2.2H), 3.03 (bs, 1.2H), 2.70 (bs, 3.1H), 2.23 (bs, 3.2H) ppm. MALDI-TOF 

(pos) m/z 31200. 

 

18b: 1H NMR (500MHz  d6 DMSO) δ 8.11 (bs, 1H), 7.57 (bs 0.9H), 5.13 (bm, 

0.9H), 4.53-4.70 (m, 2.3H), 4.22 (m, 0.9H), 4.11 (s, 0.2H), 3.86 (bs, 0.9H), 3.76 

(m, 0.8H),  3.43-3.58 (m, 18H), 3.14 (bs, 1.7H), 3.05 (bs, 0.8H), 2.85 (bs, 1.6H), 

2.39 (bs, 1.5H) ppm. MALDI-TOF (pos) m/z 31700. 

 

18c: 1H NMR (500MHz  d6 DMSO) δ 8.06 (bs, 1H), 7.95 (bs, 0.7H), 7.54 (bs 

1.3H), 5.11 (bs, 0.9H), 4.53-4.70 (m, 3.2H), 4.20 (m, 1.0H), 4.09 (s, 0.4H), 3.82 

(bs, 1.1H), 3.72 (m, 0.9H),  3.43-3.58 (m, 29H), 3.14 (bs, 3.3H), 3.03 (bs, 0.9H), 

2.77 (bs, 3.0H), 2.24 (bs, 3.1H) ppm. MALDI-TOF (pos) m/z 33000. 
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18d: 1H NMR (500MHz  d6 DMSO) δ 8.06 (bs, 1H), 7.95 (bs, 0.7H), 7.55 (bs 

1.3H), 4.53-5.30 (m, 4.0H), 4.22 (m, 0.8H), 4.12 (s, 0.8H), 3.85 (bs, 1.4H), 3.72 

(m, 0.7H),  3.43-3.58 (m, 21H), 3.14 (bs, 3.5H), 2.84 (bs, 3.2H), 2.64 (bs, 0.8H), 

2.32 (bs, 2.7H) ppm. MALDI-TOF (pos) m/z 34300 

 

18e: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.86 (bs, 0.9H), 7.51 (bs, 

1.7H), 4.33-5.30 (m, 4.0H), 4.22 (m, 0.3H), 4.12 (s, 1.0H), 3.85 (bs, 1.3H), 3.43-

3.65 (m, 29H), 3.18 (bs, 4,4H), 2.70 (bs, 3.8H), 2.23 (bs, 3.7H) ppm. MALDI-TOF 

(pos) m/z 34300 

 

19a: 1H NMR (500MHz  d6 DMSO) δ 8.02 (bs, 1H), 7.81 (bs 0.9H), 7.53 (bs, 

1.3H), 5.22 (bs, 0.8H), 5.12 (bs, 0.8H), 4.64 (m, 3.7H), 4.22 (m, 1.7H), 3.87 (m, 

1.2H), 3.74 (bs, 1.4H), 3.47-3.62 (m, 28H), 3.17 (bs, 1.8H), 3.08 (bs, 2.4H), 2.66 

(bs, 2.7H), 2.43 (bs, 1.3H), 2.20 (bs, 3.0H) ppm. MALDI-TOF (pos) m/z 100000 

 

19b: 1H NMR (500MHz  d6 DMSO) δ 8.08 (bs, 1H), 7.57 (bs 0.8H), 5.15 (bm, 

0.9H), 4.53-4.79 (m, 2.3H), 4.23 (m, 0.9H), 4.10 (s, 0.2H), 3.83 (bs, 0.9H), 3.77 

(m, 1.0H),  3.43-3.58 (m, 16H), 3.18 (bs, 1.0H), 3.03 (bs, 0.9H), 2.77 (bs, 1.2H), 

2.29 (bs, 1.0H) ppm. MALDI-TOF (pos) m/z 101000 

 

19c: 1H NMR (500MHz  d6 DMSO) δ 8.06 (bs, 1H),7.83 (bs, 0.6H), 7.55 (bs 

1.2H), 5.13 (m 1.2H), 4.53-4.70 (m, 3.1H), 4.23 (m, 1.0H), 4.12 (s, 0.4H), 3.86 
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(bs, 1.4H), 3.72 (m, 1.0H),  3.43-3.58 (m, 21H), 3.18 (bs, 1.8H), 3.03 (bs, 0.8H), 

2.73 (bs, 2.6H), 2.25 (bs, 2.3H) ppm. MALDI-TOF (pos) m/z 101500 

 

19d: 1H NMR (500MHz  d6 DMSO) δ 8.03 (bs, 1H), 7.89 (bs, 0.9H), 7.55 (bs, 

1.5H), 5.13 (m, 0.9H), 4.53-4.70 (m, 3.1H), 4.23 (m, 0.8H), 4.12 (s, 0.7H), 3.85 

(bs, 1.2H), 3.72 (m, 0.4H),  3.43-3.58 (m, 23H), 3.14 (bs, 4.5H), 2.70 (bs, 3.5H), 

2.23 (bs, 3.5H) ppm. MALDI-TOF (pos) m/z 102000 

 

19e: 1H NMR (500MHz  d6 DMSO) δ 8.06 (bs, 1H), 7.55 (bs 0.8H), 4.33-5.30 (m, 

2.2H), 4.22 (m, 0.4H), 4.12 (s, 0.5H), 3.82 (bs, 0.8H),  3.43-3.65 (m, 12H), 3.14 

(bs, 2.2H),  2.77 (bs, 1.7H), 2.28 (bs, 1.8H) ppm. MALDI-TOF (pos) m/z 106500 

Table 16 MALDI-TOF data for heterogeneously functionalized  
dendrimers 17-19 a-e. 

 
Compound 

number 
 

Mw after 
Galactose 
addition 

Mw after 
Lactose 
addition 

Mw after 
deacylation 

17a 6800 24400 15000 
17b 10200 24600 15100 
17c 13300 22200 14900 
17d 15800 21800 15700 
17e 18400 20500 15800 
18a 13500 54500 31200 
18b 21200 48000 31700 
18c 26700 45400 33000 
18d 30500 41700 34300 
18e 35500 41000 34300 
19a 51000 147000 100000 
19b 68000 144000 101000 
19c 78500 140500 101500 
19d 90500 132500 102000 
19e 102000 131500 106500 
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Figure 88 1H NMR spectrum (300 MHz, d6-DMSO) of 12. 
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Figure 89 1H NMR spectrum (300 MHz, CDCl3) of 11. 
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Figure 90 1H NMR spectrum (300 MHz, CDCl3) of 13. 
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Figure 91 1H NMR spectrum (500 MHz, d6-DMSO) of 14c. (acetylated) 
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Figure 92 1H NMR spectrum (500 MHz, d6-DMSO) of 14c. (deacetylated) 
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Figure 93 1H NMR spectrum (500 MHz, d6-DMSO) of 15b (acetylated). 



 249 

 

Figure 94 1H NMR spectrum (500 MHz, d6-DMSO) of 15b. (deacetylated) 
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Figure 95 1H NMR spectrum (500 MHz, d6-DMSO) of 16f. (acetylated) 
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Figure 96 1H NMR spectrum (500 MHz, d6-DMSO) of 16f. (deacetylated) 
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Figure 97 1H NMR spectrum (500 MHz, d6-DMSO) of 17a. (acetylated) 
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Figure 98 1H NMR spectrum (500 MHz, d6-DMSO) of 17a. (deacetylated) 
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Figure 99 1H NMR spectrum (500 MHz, d6-DMSO) of 17d. (acetylated) 
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Figure 100 1H NMR spectrum (500 MHz, d6-DMSO) of 17d. (deacetylated) 
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Figure 101 1H NMR spectrum (500 MHz, d6-DMSO) of 18a. (acetylated) 
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Figure 102 1H NMR spectrum (500 MHz, d6-DMSO) of 18a. (deacetylated) 
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Figure 103 1H NMR spectrum (500 MHz, d6-DMSO) of 18c. (acetylated) 
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Figure 104 1H NMR spectrum (500 MHz, d6-DMSO) of 18c. (deacetylated) 
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Figure 105 1H NMR spectrum (500 MHz, d6-DMSO) of 19b. (acetylated) 
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Figure 106 1H NMR spectrum (500 MHz, d6-DMSO) of 19b. (deacetylated) 
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Figure 107 1H NMR spectrum (500 MHz, d6-DMSO) of 19e. (acetylated) 
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Figure 108 1H NMR spectrum (500 MHz, d6-DMSO) of 19e. (deacetylated) 



 264 

2600

2800

3000

3200

3400

3600

3800

4000

1 10
4

1.5 10
4

2 10
4

2.5 10
4

3 10
4

3.5 10
4

M/Z  
Figure 109 MALDI-TOF spectra for 14b after second addition.  

MW = 19100 g/mol. 
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Figure 110 MALDI-TOF spectra for 14b after deacetylation. MW = 15000 g/mol. 
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Figure 111 MALDI-TOF spectra for 15c after second addition.  

MW = 39700 g/mol. 
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Figure 112 MALDI-TOF spectra for 15c after deacetylation. MW = 31700 g/mol. 
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Figure 113 MALDI-TOF spectra for 16e after second addition.  

MW = 121500 g/mol. 

3000

3500

4000

4500

6 10
4

8 10
4

1 10
5

1.2 10
5

1.4 10
5

M/Z  
Figure 114 MALDI-TOF spectra for 16e after deacetylation. MW = 102000 g/mol. 
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Figure 115 MALDI-TOF spectra for 17e after first addition. MW = 18400 g/mol. 
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Figure 116 MALDI-TOF spectra for 17e after second addition.  

MW = 20500 g/mol. 



 268 

1800

1900

2000

2100

2200

2300

2400

2500

2600

1 10
4

1.5 10
4

2 10
4

2.5 10
4

3 10
4

In
te
n
s
it
y

M/Z  
Figure 117 MALDI-TOF spectra for 18b after first addition. MW = 21200 g/mol. 
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Figure 118 MALDI-TOF spectra for 18b after second addition. 

 MW = 41700 g/mol. 
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Figure 119 MALDI-TOF spectra for 19d after first addition. MW = 90500 g/mol. 
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Figure 120 MALDI-TOF spectra for 19d after second addition. 

 MW = 132500 g/mol. 
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Figure 121 XPS carbon spectrum for compound 19a. 

 
Figure 122 XPS oxygen spectrum for compound 19a. 



 271 

 

Figure 123 XPS nitrogen spectrum for compound 19a. 

 

Note: XPS analysis of carbon, oxygen and nitrogen peaks is provided, however 

for the purpose of analyzing the dendrimer adsorption only nitrogen percentage 

was utilized and this more extensive peak analysis is for data representation only 

and not used in the discussion of this manuscript. 
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CHAPTER 5 

 

CONCLUDING REMARKS 

 
Until recent advances in analytical tools, complex carbohydrates have 

been notoriously challenging to work with: in synthesis, characterization and 

study in biological systems. Nature, in carbohydrates, has created a structure 

that contains huge amounts of information, with multiple points for conjugation, 

subtle stereochemical changes and complex expression on cellular surfaces. 

These facets make understanding carbohydrate interactions very complicated, 

never mind how nature has made a system to make up for rather weak 

interactions, by having many events depending on multiple points of attachment 

for recognition. This is where knowledge of the characteristics of multivalent 

interactions has become critical to the understanding of biological systems where 

lectin : carbohydrate binding is involved. 

The work performed here was started by creating a multivalent 

carbohydrate display upon a highly dynamic and flexible scaffold in PAMAM 

dendrimers that has evolved into researching multivalent effects at the cellular 

level. Initially this group used a robust system with the well characterized 

jackbean lectin Concanavalin A; and studied it’s binding with mannose 

functionalized dendrimers. This lead to observing a highly optimized system with 

ideal dendrimer loading amounts at fifty percent. From this work, we synthesized 

mannose and glucose functionalized dendrimers and studied their binding with 
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Con A, that proved to be tunable and predictable in a model set out previously by 

another group. This predictable binding however had little effect upon the 

clustering ability of the lectin binding dendrimers. The separation of these two 

modes of interactions was quite remarkable and gave thought to perhaps there is 

a delicate interplay of binding modes that dictate how these events take place.  

With the knowledge gained by the glucose/mannose functionalized 

PAMAM dendrimers interacting with Con A, we turned our attention to a more 

complicated system, that of Galectins. This series of galactose binding lectins are 

ubiquitous in nature and found in the cellular nucleus and cytoplasm as well as 

the extracellular matrix and there is strong indication of roles in multiple diseases 

and involvement in cellular lifetimes. There is most likely a subtle interplay within 

the family of galectins and understanding their relationship to each other is 

important. However, first we need to have a better understanding of the individual 

components and how they interact in these events that appear to be causal in 

tumor formation and proliferation. We started with galectin-3 and future 

experiments will be aimed at the other members of this lectin family. The results 

described in this manuscript indicate galectin-3 functions in a multivalent manner, 

and the specific strength of association of the larger multivalent molecules may 

play a lesser role than the ability to cluster, or aggregate receptors together. This 

was evident in an assay developed to further the techniques available to observe 

lectin : carbohydrate interactions that allowed us to both assess specific 

monomeric binding and surface bound multivalent binding. Efforts to develop 
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methods to understand this exciting series of lectins will no doubt shed more light 

on the binding intricacies involved, and how they affect cellular behavior. 

The field of multivalency is no doubt burgeoning and a fast growing 

number of researchers are lending their efforts toward it’s understanding. This 

work has been invigorating, sometimes confounding and often lead to 

unexpected results that require complex evaluation. The results from these 

studies will certainly lead to insights into diseases and ways to subtly effect some 

of the more challenging health related problems we are currently facing.  
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