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Abstract 

Polymer-protein conjugates are hybrid biomaterials that combine the unique 

biological functions of proteins with the tunable properties of synthetic polymers. 

Conjugates often exhibit unique properties that set them apart from their native 

counterparts, including higher stability towards environmental stressors, altered 

interactions with their substrates, and lowered immunogenicity in therapeutic applications. 

Such qualities have made them excellent candidates for therapeutics, and the development 

of polymer-protein is an intense area of ongoing research. In recent years, increasing 

attention is being paid to controlling conjugate interaction with their substrates solely based 

on size – an effect known as molecular sieving. The grafting polymer forms a porous layer 

which blocks macromolecules above a certain size threshold from approaching the protein 

surface, while smaller substrates can diffuse through and interact with the protein.  

The objective of this work is to present approaches to regulating protein-ligand 

binding stoichiometry and specificity without making genetic modification to the protein 

itself. We first describe the development of a series of dendrimers with a highly stable 

backbone and modular click functionalities. The chemistry of which is then incorporated 

to dendritic architectures in the second portion of our work, where we explore dendritic-

linear architectures as grafting polymers for introducing molecular sieving to chymotrypsin 

conjugates. Lastly, we systematically investigate how size-dependent sieving on avidin is 

controlled by dendron generation on both the protein surface and on its biotin ligands. We 

demonstrate throughout this thesis that dendrimers are a viable platform for tuning binding 

in protein hybrids.  
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Chapter 1.  Introduction 

1.1 Overview of Dendrimers 

Dendrimers, derived from the Greek word ‘dendron’ meaning tree and ‘meros’ 

meaning part, are a class of polymers with successive layers of monomers radially 

branching from a central core. Dendrimers are uniform, structurally perfect 

macromolecules – each dendrimer can be defined exactly by its molecular formula and 

have a dispersity of unity. Dendrimers have narrow, homogeneous particle size 

distributions even at high molecular weights.1 A dendrimer structure is divided into layers 

or generations of monomers, and with each generation the number of monomers at the 

periphery increases exponentially, depending on the number of terminal functionalities on 

monomers of the previous generation (Figure 1.1).  

 

 

Figure 1.1. Schematic of a dendrimer. Successive generations (G1-4) are indicated by a 

deepening green colour. Starting at a bifunctional core (purple), the number of bifunctional 

monomers at each generation is represented by 2n, where n = generation number.  
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As the dendrimer grows, monomers constituting the lower generations form the 

internal branches within the dendrimer. The type of monomer reflects the synthetic 

approach that is used to prepare its dendrimer (e.g., polyester vs. polyamidoamine 

dendrimers), while the generations create internal cavities that can encapsulate small 

molecules at high generations.2–6 The outermost layer from the core, also known as the 

periphery of the dendrimer, is terminated by a discrete number of surface functionalities 

that primarily dictate the overall reactivity, solubility, and valency of the dendrimer. 

Dendrimers have distinct molecular and bulk characteristics from their linear polymer 

counterparts owing to their unique architecture.1 Since dendritic monomers branch 

concentrically from the core moiety instead of as linear chains, dendrimers will adopt an 

increasingly globular conformation with increasing generation and form tightly packed 

spheres with lower hydrodynamic radii (typically 1-10 nm) than their linear counterparts 

in solution. Unlike high MW linear polymers such as poly(ethylene glycol) or polystyrene, 

high generation dendrimers do not undergo chain entanglement and, as such, exhibit lower 

viscosity and higher solubility compared to linear polymers of the same composition and 

molecular weight. Most applications of dendrimers revolve around their unique structural 

features, exploiting reactivity at the core,7 internal cavity,3,8 or periphery,7,9 as well as 

physicochemical interactions arising from the spatial separation between core and 

peripheral moieties created by inner generations of monomers.10–15  

1.2 Synthesis of Dendrimers 

Dendrimers are built by repetitive growth, either 1) outwards i.e., divergently from the 

core, one generation at a time, or 2) inwards from the periphery in a convergent manner to 
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produce dendrons, which are fractional branches of the total dendrimer structure and 

contain a focal point. The archetypical divergent method is an iterative two-step process, 

where the first step is monomer coupling to the core, and the second step is modification 

of the periphery – typically by deprotection – to expose reactive functionalities for further 

growth (Figure 1.2). 

 

Figure 1.2. Divergent and convergent synthesis of dendrimers. 

Each two-step iteration increases the generation number by one and necessitates 

purification of the dendrimer from excess coupling agents, monomer, and/or side-products. 

As such, this method can be inefficient due to product loss from multistep synthesis, 

incomplete functionalization of the periphery, and long reaction times. The divergent 

method was first realized by Vögtle in 1978 by sequential Michael addition of an amine 

core initiator to acrylonitrile, followed by Co(II)-catalyzed reduction to yield 

poly(propylene imine) (PPI) dendrimers.16 In 1985, Tomalia and coworkers reported G1-
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G5 polyamidoamine (PAMAM) dendrimers, which were termed “starburst dendrimers” 

owing to their concentric branching structure from a central core.17 Ammonia was 

exhaustively alkylated via Michael addition to methyl acrylate forming the tri-branched 

core. Subsequent amidation at peripheral ester groups then afforded the next generation 

amine-terminated dendrimer (Figure 1.3). 

 

Figure 1.3. Synthesis of PAMAM "starburst" dendrimers by Tomalia et al. Reused with 

permission.17 Copyright © 1985, The Society of Polymer Science, Japan. 

The convergent approach involves the prior synthesis of dendrons i.e., parts or branches of 

a dendrimer, which are then coupled to the core to form the dendrimer.18 The periphery of 

the dendron forms the periphery of the dendrimer, and focal points of the dendron 

constitute junctions in the final structure.18 A single-stage convergence describes the 

coupling of peripheral dendrons to a non-dendronized core, whereas double-stage 

convergence describes the coupling of peripheral dendrons to core dendrons.4 Hawker and 

Fréchet reported the single-stage convergent synthesis of a poly(aryl ether) dendrimer by 
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coupling three G4 dendrons based on 3,5-dihydroxybenzyl alcohol to a 1,1,l-tris(4-

hydroxyphenyl)ethane core (Figure 1.4).19  

 

Figure 1.4. Convergent synthesis of poly(aryl ether) dendrimers reported by Hawker and 

Fréchet. Reproduced with permission.19 Copyright © 1990, American Chemical Society. 

The same strategy was used by Hult and coworkers to synthesize G1-G4 poly(alkyl ester) 

dendrimers using 2,2-Bis(hydroxymethyl)propionic acid (Bis-MPA) as the monomer and 

tris(hydroxyphenyl)ethane as the core.20 Sequential protection/deprotection steps at the 

periphery and focal points of the dendrons were achieved by O-acetylation of the alcohols 

by oxalyl chloride and hydrogenolysis for deacetylation, respectively. Hult et al. later 

reported a double-stage convergent synthesis of dendrimers based on Bis-MPA. In this 

manner, a G4 dendron was afforded by coupling four G2 dendrons divergently to (i.e., at 

the periphery of) another G2 dendron with a deprotected alcohol periphery (Figure 1.5).18 

Peripheral alcohol groups were protected by acetal formation with 2,2-dimethoxypropane 

which was easily reversible under mildly acidic conditions, which could be efficiently 
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achieved by exposing the acetonide-protected dendrons to sulfonic acid-bearing polymer 

resin (DOWEX) in methanol to regenerate the alcohol periphery.   

 

Figure 1.5. Poly(alkyl ester) dendrimers synthesized by a convergent approach. Reused 

with permission.18 Copyright © 1998, American Chemical Society.  

As seen from these examples, both convergent and divergent methodologies rely 

on a systematic alternation in activating and deactivating orthogonal functional groups to 

selectively couple at either the core or periphery. While the number of synthetic steps to 

reach the dendrimer end-product may be identical between a divergent and convergent 

approach, the final coupling steps in the convergent approach i.e., when dendrons 

culminate to form the dendrimer, generally comprise of fewer coupling steps between the 

dendron focal point(s) and the core moiety (Figure 1.2). However, high-generation 

dendrons may be difficult to synthesize convergently due to site-isolation of the focal points 
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or extreme steric hindrance when assembling large dendrons.10,21 This contrasts with the 

divergent method where the final growth step requires numerous coupling reactions to 

surface groups on a high-generation dendrimer, potentially resulting in surface defects or 

incomplete functionalization.1,22 It is worth noting that while site-isolation and steric 

hindrance limitations of the convergent methodology can be addressed through molecular 

design, for example by introducing spacers to extend the point of attachment away from 

the dendron backbone or by coupling dendrons at lower generation,23 the limitations of 

divergent synthesis can be overcome by efficient coupling reactions.22,24,25 Originally 

developed for small molecule coupling, a number of esterification and amidation reactions 

based on activated imidazolium or imidazole-activated esters have been adapted for 

dendron growth (vida infra).22,24,26 As such, the divergent strategy is as viable and widely 

used as its convergent counterpart in contemporary dendrimer synthesis.  

Since the pioneering work by Bertozzi, Sharpless, and Meldal on the development 

of click chemistry in the early 2000s,27–31 the chemical toolbox available for dendrimer 

synthesis has vastly expanded, as have the menu of surface functionalities and the 

complexity of dendritic architectures.32 Owing to their favourable reaction kinetics, 

regio/stereospecificity, high yields and high atom economy, click reactions are used to 

address synthetic shortcomings that plague dendrimers at high generations, such as 

sluggish coupling steps or incomplete reactions at the periphery. Several types of click 

chemistry, including thiol-e(y)ne,33 aza- and thiol-maleimide Michael addition,34  strain-

promoted alkyne-azide cycloaddition (SPAAC),31,35 copper-catalyzed alkyne-azide 

cycloaddition (CuAAC),29,36 and boronic acid/hydroxamate37,38 have been used to furnish 
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dendrimers in both convergent and divergent manners. Moreover, as they generally proceed 

well in both mild organic and aqueous conditions, and some can tolerate a wide range of 

pHs, click reactions have been heavily used to bridge polymers – including dendrimers – 

to biological interfaces such as peptides, proteins, and cells.26,39–42  In later chapters of this 

work, click-reactive functional groups are installed at dendron focal points or peripheries 

to enable dendron conjugation with small molecules (surface functionalization), other 

dendrons (convergent synthesis), as well as proteins to form polymer-protein conjugates. 

1.3 Dendrimers for Biological Applications 

Dendrimers are an attractive candidate for a myriad of biological applications, 

particularly as a carrier in gene transfection,43 bioimaging,44–46 and small molecule drug 

delivery either by confinement within the dendron cavities or by surface conjugation.2–5,47–

50 Since its inception in the 1970s, every structural domain of dendrimers has been subject 

to investigation for therapeutic or diagnostic use (Figure 1.6).51 Due to its controlled 

multivalency and orthogonality at the core and periphery, the dendrimer can bear a well-

defined number of peripheral functional groups, allowing investigation of multivalent 

effects.52–54 Dendron-bound payloads may behave differently versus their unbound 

counterparts. Functional groups on a dendrimer may produce a response that is 

disproportionate to the number of functional groups available. This disproportionate 

response is termed the “dendritic effect”,55,56 and may present as a positive process, as was 

found by Ford and coworkers, where the rate of decarboxylation of 6-nitrobenzisoxazole-

3-carboxylate catalyzed by o-iodosobenzoate was increased in the presence of a G3 

dendrimer-bound ammonium counterion.55  Alternatively, the effect can present as a 
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negative process where, for example, slowed enzymatic hydrolysis of a triazole nucleoside-

functionalized periphery of G2 PAMAM dendrimers was observed.57 As such, therapeutics 

exhibiting dendritic effects in the context of drug delivery can have longer drug half-lives, 

increased bioavailability, or more controllable release.58 Dendrimers have been surface-

decorated with biomolecules such as peptides,59 lipids,60 carbohydrates, and vitamins to 

target overexpressed receptors on cancer cells and virus-infected cells.50,61–63 The surface 

of the dendrimer allows conjugation with abundant targeting moieties to enhance local 

dendrimer concentration on or within the cell (e.g., by inducing endocytosis), depending 

on payload. The payload can then induce a multitude of effects ranging from drug release 

within the cytosol, to immunostimulation (e.g., by recruiting anti-hapten-antibodies).60 

Dendrimers also serve as grafts on proteins to modulate their binding,26,41 which is explored 

in Chapters 2 and 3 of this work.  
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Figure 1.6. Dendrimer-based drug delivery systems. Reproduced with permission.5 

Copyright © 2022, The Authors. (Licensed under CC-BY 4.0). Published by Springer 

Nature. 

1.4 Amine versus Alcohol-Periphery Dendrons 

PAMAM, PPI, and polylysine dendrimers (Table 1.1) are most frequently encountered 

in the literature for biological use due to their amine-rich periphery, which allows them to 

complex anionic moieties (e.g., siRNA, DNA) via electrostatic interactions.6,51,64,65 Surface 

amines are also frequently covalently functionalized with their payload via amide coupling 

(Figure 1.6).1,6,66,67   

https://creativecommons.org/licenses/by/4.0/
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Table 1.1. Main classes of dendrimers used in biological applications. Reproduced with 

permission.6 Copyright © 2021 Taylor and Francis. 

 

However, there is a long-standing recognition of the in vitro toxicity associated with 

amine-terminated dendrimers due to their strong cationic character under physiological 

pHs. Dendrimer-bound ammonium ions impart high charge density which interacts with 

negatively charged phospholipids on cell membranes, disrupting them via hole formation 

leading to cell death.51,68  PAMAM dendrimers have been found to exhibit generation-

dependent bactericidal properties, with larger dendrimers (G4 and above) inducing 

endocytosis in bacterial cells and subsequent localization at the mitochondrial membrane, 

leading to oxidative stress.69 Recently, Malkoch and coworkers have also found that even 

lower generation (G2-G3) amino-functional dendrimers exhibit antibacterial effects when 

exposed to E. coli at micromolar concentrations, which is considered to be an unacceptably 

high concentration for in vivo use.70 Conversely, alcohol peripheral groups, being neutral, 

do not form complexes with ionic moieties under physiological conditions, and are 

consequently less toxic than their amino-functionalized counterparts.64,71–73 In aqueous 

conditions, the alcohol periphery creates a hydration sphere around the dendrimer by 

hydrogen bonding to multiple water molecules, much akin to the effect achieved by 

PEGylation,74 while the lack of electrostatic interactions deters protein corona formation 
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around the dendrimer.75  Both of these effects lend strong support for the use of polyester 

alcohol-periphery dendrimers in biological applications in which limited interaction with 

the biomacromolecules in the bulk matrix is typically desired. Several studies have shown 

that polyester dendrimers, particularly those based on bis-MPA, are generally non-

cytotoxic, biodegradable, and non-immunogenic,50,76,77 and that they are viable dendritic 

scaffolds for targeted delivery of therapeutics and protein conjugation.26,44,45  

1.5 Polymer-Protein Conjugates and the “Stealth” Effect. 

As a fusion of biological and synthetic components that transcends the sum of their 

parts, polymer-protein conjugates (PPCs) represent one of the smallest and most intimate 

forms of partnerships between nature and human invention. While native proteins have 

unrivalled uniformity and specific functionality, their form and function can be further 

enhanced by conjugation to the massive and ever-growing arsenal of synthetic polymers. 

While native proteins often cannot be administered directly in part due to their instability 

and rapid clearance in vivo, the latter of which is generally due to recognition by the host 

immune system,78–80 polymers have long been recognized for their ability to sterically 

shield the bound protein from antibody recognition and unwanted binding.40 The primary 

effect reported in the literature resulting from polymer conjugation has consistently been 

the protection of the grafted protein, which manifests as lowered protein immunogenicity 

(i.e., stealth, vida infra) and increased protein stability under different stressors, such as 

heat, pH, and in organic solvents.74,81,82 PEGylation is the most influential and well-known 

form of polymer-protein conjugation. PEGylation protects the grafted protein by a 

combination of steric effects and forming a hydration sphere about the protein. Several 
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decades after their inception,83 PEGylated proteins continue to see widespread therapeutic 

applications, with over a dozen FDA-approved PEGylated proteins currently on the 

market.84 However, the issue remains with linear PEGylation that the conjugates can elicit 

an anti-PEG response in vivo and consequently suffer from diminished circulation time and 

increased elimination.85–88 Moreover,  interactions between the grafted linear PEG and the 

protein scaffold can potentially hinder ligand binding,85,89–91 as well as protein 

folding.85,89,91 It has been found that the immunogenicity of PPCs is intricately tied to the 

immunogenic response stemming from the protein scaffold.86 Moreover, the nature of the 

grafting polymers can also impact protein-polymer interaction, which stresses the 

importance of tailoring different polymers to proteins to achieve stealth properties instead 

of relying solely on PEGylation. Hence, recent work in the literature is trending away from 

linear PEGylation of proteins toward other polymers, such as amphiphilic and zwitterionic 

polymers,84,92–96 as well as other ethylene glycol (EG) bearing architectures such as 

poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) or PEG-substituted 

polynorbornenes for synthesizing “stealth” PPCs.74,87,92,97 The most common approach to 

imparting stealth properties is to form a hydration layer around the protein, which is 

accomplished by grafting highly hydrophilic polymers.98 The hydration layer renders 

protein adsorption to the polymer coating entropically unfavourable, and the architecture 

of the grafting polymer is often designed to maximize the thickness of the polymer coat 

and, by extension, of the hydration layer.99 For example, POEGMA selectively grafted via 

ATRP from the N-terminus of proteins has been found to exhibit favourable 

pharmacokinetics and longer circulation time in vivo versus native protein counterparts.100 
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Thiol and sulfoxide-containing polymers have also been found to produce PPCs with 

desirable stealth properties. Tirelli and coworkers reported that a polymer containing both 

glycerol and thiol sidechains, poly(thioglycidyl glycerol) (PTGG) (Figure 1.7), achieved 

both passive and active protection of the grafted proteins.101 

 

Figure 1.7. Protein conjugated with redox-active poly(thioglycidyl glycerol). Reused with 

permission.101 Copyright © 2022 The Authors. Published by American Chemical Society. 

PTGG was found to exhibit low cytotoxicity, only nonspecific uptake by murine 

RAW 264.7 macrophages, and led to lower complement activation compared to PEG of 

similar MW.101 Passive stealth was afforded by the hydrophilic polyols, while the thiols act 

as a sacrificial quencher for reactive oxygen species (ROS) generated via an innate immune 

response. Remarkably, the lysozyme-PTGG PPC retained in vitro antibacterial activity, 

while mouse studies using ovalbumin-PTGG PPCs resulted in an absence of anti-polymer 

IgG/M response and accelerated blood clearance (ABC). The combination of active and 

passive stealth imparted by bifunctional monomers in this case serves as an important 

design guideline for next generation polymers used to construct PPCs.  
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The Chung group utilized several types of orthogonal click chemistry to afford 

densely grafted PPCs. Using a stepwise combination of RAFT followed by ATRP, the 

authors first constructed an azide-terminated, zwitterionic bottlebrush polymer (Figure 1.8). 

A bifunctional TEG linker with SPAAC and trans-cyclooctene (TCO) was then grafted 

onto urate oxidase bearing tetrazines by inverse electron-demand Diels-Alder (IEDDA) 

click reaction, which finally allowed SPAAC addition of the polymer to form the final PPC. 

The conjugates exhibited proteolytic resistance and reduced antibody binding while 

retaining their activity, which was postulated to originate from steric hindrance imparted 

by the grafting polymer.96  Low-fouling polymers can also enable the “stealthy” delivery 

of a protein payload. Whittaker and Fu reported the conjugation of sulfoxide-containing 

polymer to transferrin.98 Cellular uptake and cytotoxicity were similarly low compared to 

PEGylated transferrin, and the sulfoxide-containing PPC exhibited nearly a 3-fold increase 

in circulation time in mice compared to the native protein, which the authors attributed to 

the high hydrophilicity of the polymers. Interestingly, exposure to the presence of high 

ROS in vivo (i.e., inside tumor-bearing mice) induced polymer cleavage and led to the 

accumulation of transferrin within the tumor.98  
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Figure 1.8. Uricase oxidase-zwitterionic bottlebrush (ZBP) polymers developed by Chung 

et al. Reused with permission.96 Copyright © 2024 American Chemical Society. 

Asparaginase, an enzyme commonly used to treat lymphoma (Oncaspar®), is a 

popular protein candidate for polymer modification.102–104 Lu et al. reported an “urchin”-

like PPC using asparaginase and a polyglutamate grafted with tri(ethylene glycol) and 

carboxybetaine pedant groups. The work found lower IgG and IgM response elicited by 

experimental conjugates in mouse studies compared to the traditional PEGylated 

asparaginase.102  

The “hydrophilic” principle could be extended to other hydrophilic polymers. 

Indeed, zwitterionic polymers have emerged in recent years as promising non-fouling, 

biocompatible materials with several PPCs reported in the literature.84,93–95,105–107 Using 

alternating glutamic acid-lysine (EK) dimers, Jiang and coworkers disclosed an alternating 

(EK) polymer grafted onto keyhole limpet hemocyanin (KLH) and asparaginase.94 After 
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initial conjugation of the first EK layer to the protein, one and two successive layers of EK 

dimers were respectively attached to lysine amines. Asparaginase PPCs with double and 

triple EK layers showed complete protein shielding against anti-asparaginase antibodies in 

vitro, and this lowered immunogenicity was mirrored in mouse models wherein the 

circulation halftime of the triple-layered PPC was 2.3-fold longer than that of native 

asparaginase, and negligible levels of anti-polymer IgG and IgM were detected. 

Interestingly, an extension of their work using an EKP (glutamic acid-lysine-proline) 

polymer grafted onto keyhole limpet hemocyanin (KLH), revealed that oligopeptides 

containing sequences EEEKKK and EEEEKKKK elicited much higher levels of anti-

peptide IgM and IgG response versus shorter EK counterparts. The higher immunogenicity 

stemmed from locally-charged domains and competitive charge pairing within the polymer 

chain, which decreased its hydrophilicity.95 In contrast, proline incorporation into the 

monomeric triad resulted in a disordered polymer chain structure that exhibited increased 

radius of gyration and effective hydrodynamic volume versus the classical EK system, 

which helped to protect the protein scaffold. Through mouse models, EKP-fused interferon 

(IFN) exhibited prolonged circulation, low immunogenicity, and maintained circulation 

time even after multiple injections.95  

1.6 Molecular Sieving PPCs 

Molecular sieving is the physical process of excluding ligands from binding to a 

protein based on the ligand’s size and morphology.108 Similar to some PPCs exhibiting 

stealth properties, the grafted polymers function as a coat, or nano armor,109 to surround 

the grafted protein. Ligands below a molecular weight cut-off (MWCO) are allowed 
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passage through the cavities within the polymer coat to the binding site(s) while larger 

ligands are excluded. A seminal report by Gauthier and coworkers first reported molecular 

sieving in 2013 using pOEGMA grafted onto chymotrypsin,97 and later onto asparaginase 

to similar effect.110 A PPC can exhibit the sieving effect provided that the grafted polymer 

layer is situated favourably around the binding pocket(s), such that it can directly influence 

the binding of ligands. While this can theoretically be fulfilled by conjugates that are partly 

grafted with linear polymers, experimentally, the published reports on molecular sieving 

are entirely composed of PPCs that have comb-shaped, branched, or dendronized polymers 

exhaustively conjugated to the surface of the protein.111 Hydrophilic residues such as 

lysines are common sites for functionalization,26,41,97,109 while PPCs grafted at less 

abundant residues (e.g., cysteine) have not been reported to show any explicit sieving due 

to the limited surface coverage in these structures. Coarse-grained simulations by Drossis 

et al. using chymotrypsin-POEGMA PPCs revealed that a grafting polymer backbone with 

a degree of polymerization above a minimum threshold (DP ≥ 5), is required for molecular 

sieving.111 Meanwhile, chemical shift perturbation studies have shown that comb-shaped 

polymers extended further from the protein surface compared to their linear analogues,112 

and also created a denser polymer coat that covered a larger portion of the protein surface, 

both of which were critical in excluding large ligands from the grafted protein.  

In other work, it was found that polymer architectures containing a hydrophobic 

backbone and hydrophilic pendants/chain ends is conducive to molecular sieving (i.e., the 

corresponding PPC exhibits considerably higher activity toward a small ligand than a 

macromolecular ligand). This increase in activity is attributed to a favourable 
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microenvironment established by the hydrophobic backbone closer to the protein surface, 

which may also promote ligand interactions with the protein.111,113,114 Meanwhile, the 

aqueous-facing region of the polymer coat consisting of hydrophilic groups restricts access 

of larger molecules to the inner microenvironment. The density of the polymer coat is 

critical as it dictates both the MWCO of the gaps through which large ligands can diffuse, 

as well as the availability of favourable microenvironments to host small molecules 

approaching the protein.115 Furthermore, the polymer coat acts to slow the diffusion of 

ligands to the active site, with larger molecules diffusing slower than smaller ones due to 

steric hindrance.109 So while linear polymer grafts (e.g., PEG) are commonly used for 

stealth applications, they do not produce a sufficiently dense coverage on the surface of the 

protein for sieving, and elongating linear backbones may lead to self-association and 

entanglement. In fact, overall reduction of ligand binding or catalytic activity in linear 

PPCs is a well-documented phenomenon.85,89,91 Meanwhile, PPCs grafted with low MW 

branched or comb-shaped polymers generally exhibit poorer selectivity of ligand binding 

compared to their native forms.87,92,116 This is presumably caused by several factors, 

including but not limited to an unfavourable microenvironment, nonspecific adsorption of 

other biomacromolecules to the polymer or grafted protein surface,82,117 and incomplete 

exclusion of macromolecular inhibitors from the grafted protein.111 Conversely, while high 

MW branched polymers are well-suited for sieving, in some instances, the conjugates also 

have lower catalytic efficiency compared to their native counterparts.115,118  

The sieving effect was used by Minden and coworkers to separate excess protein 

tag impurities from target proteins (Figure 1.9).119 Biotin carboxy dimethyl maleic 
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anhydride (biotin-CDM) was used to tag protein surfaces by acylation of surface amines, 

and excess tags were quenched by a poly(carboxybetaine methacrylate) (pCBMA)-avidin 

conjugate, dubbed a “caged avidin”.  

 

Figure 1.9. An avidin-based molecular sieve used to scavenge small biotin tags in a protein 

purification process, reported by Minden et al.  Reused with permission.119 Copyright © 

2019 American Chemical Society. 

The tagged target proteins could then be immobilized by commercially available 

avidin-functionalized beads while the caged avidin-biotin-CDM complexes were washed 

away. Finally, the amide bond between biotin-CDM and the protein is hydrolyzed in mildly 

acidic (pH 4) conditions to recover the unmodified protein in high yields (>90%),119 which 

is crucially not achievable in traditional means of purification such as dialysis or spin 
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filtration. Most importantly, the authors demonstrated the utility of molecular sieving by 

integrating a sacrificial sieving protein into an affinity purification.  

Our group previously reported the sieving effect in chymotrypsin-polymer 

conjugates by grafting dendrimers based on 2,2-bis(hydroxymethyl) propionic acid (bis-

MPA).26 The dendrimer-protein conjugate exhibited no significant change in activity 

(versus native chymotrypsin) toward BSA (66 kDa) from G2-6, while binding became 

negligible for G7 and G8 conjugates, indicating that the reduced spacing between 

dendrimers brought about by increasing dendrimer generations was critical for sieving 

efficiency (Figure 1.10). Meanwhile, conjugate activity toward a small ligand (Benzoyl-L-

tyrosine p-nitroanilide, BTpNA) was >100% relative to native chymotrypsin for G2-G8 

conjugates, which was attributed to the backbone of the dendrimer forming a favourable, 

hydrophobic microenvironment for substrate localization.26 

 

Figure 1.10. To-scale 3D models of chymotrypsin grafted with G7 bis-MPA dendrimers, 

showing the structure from the side and from the top, looking directly at the active site 

(coloured red).  Reproduced with permission.26 Copyright © 2019 John Wiley & Sons. 
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In 2021, Russell and coworkers investigated the effects of grafting density on 

molecular sieving using chymotrypsin-polymer conjugates.115 Linear, branched and comb-

shaped pCBMA were grafted from lysine residues by ATRP. Through simulation studies, 

the authors found that free space around the CT active site (shown in green in Figure 1.11) 

decreased with increasing grafting density. The conjugates’ catalytic efficiency toward a 

small peptide mimic (N-Succinyl-l-Ala-l-Ala-l-Pro-l-Phe-p-nitroanilide) were measured in 

the presence of various competitive inhibitors ranging from 6.5 (aprotinin) – 68 (α1 anti-

CT) kDa in size. Only the species with the densest polymer coats (see Figure 1.11d) 

retained their activity when exposed to a high concentration (10-fold to 100-fold eq.) of 

inhibitors.  

 

Figure 1.11. Molecular dynamics simulations of chymotrypsin grafted with different 

pCBMA architectures. (a) Linear pCBMA, 3 chains of DP ~200, (b) linear pCBMA, 7 

chains of DP ~200, (c) Comb-shaped pCBMA, 3 primary chains with 15 pendant chains, 

and (d) Comb-shaped pCBMA, 7 primary chains with 35 pendant chains. Reproduced with 
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permission.115 Copyright © 2021 The Authors. Published by American Chemical Society. 

Licensed under CC-BY-NC-ND 4.0 . 

1.7 Conjugation via Grafting-to Method 

There are two general methods to producing PPCs: grafting-to and grafting-from. 

Grafting-to is the method of conjugating preformed polymer chains onto reactive handles 

present on protein surfaces. Grafting-to exploits the accessibility and universal nature of 

its coupling chemistry. Nucleophilic amino acid residues, such as lysines, are abundant on 

protein surfaces and are often targets of conjugation by acylation. This is often mediated 

by coupling agents such as 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-

hydroxysuccinimide (NHS) esters, phosphonium (e.g., BOP, PyBOP)  and uronium salts 

(e.g., HATU, HBTU).120 Alternatively, amines can also react directly via aza-Michael or 

imine-type chemistries.100,121 A drawback associated with amidation chemistry is often the 

incomplete functionalization and demand for a large excess of polymers relative to protein 

in order to promote product formation. The extent of lysine amidation is also strongly 

dependent on the isoelectric point (pI) of the protein,122 which requires optimization of the 

reaction conditions to balance between conjugation efficiency, stability of the protein, 

and/or cross-reactivity at other residues.122–125  Furthermore, incomplete amidation hinders 

elucidation of the structure-function relationship, especially when grafting density and/or 

conjugate size affect immunogenicity and clearance, respectively. Reactive groups on the 

polymer could be sterically hindered due to polymer chain size or morphology in aqueous 

media, diminishing their reactivity with the protein. To address this diminished reactivity, 

surface residues can be furnished with click-reactive handles to allow rapid and quantitative 

conjugation to allow for more efficient conjugation. Yao and co-workers reported aqueous-

https://creativecommons.org/licenses/by-nc-nd/4.0/
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soluble 3-acyl-4-pyranones with azide- and oligoethylene glycol- functionalities that were 

amenable to aza-Michael addition specifically to lysine residues, while other nucleophilic 

residues were unaffected.126 Williams and coworkers reported a squaramide-mediated 

conjugation to 528mAB, a clinically-relevant antibody.127 Squaric acid diesters are 

susceptible to stepwise amidation under neutral to alkaline pH and product formation is 

favourable due to aromatic effects.128,129 The authors preformed poly(HPMA) and 

poly(HPMA-co-NIPAM) via reversible addition-fragmentation chain-transfer (RAFT) 

polymerization using a squaramide-functionalized chain-transfer agent (CTA). Following 

lysine conjugation, it was possible to obtain monofunctionalized (1:1) PPCs as the major 

product while using as little as a 1:1.2 ratio of antibody:polymer.  Maynard and coworkers 

modified lysines with acid labile handles to enable traceless polymer cleavage from its 

protein scaffold (Figure 1.12).130 A library of phenol linkers was mono-conjugated to 

lysozyme lysine via reductive amination, followed by PEGylation on the linker via copper-

catalyzed azide-alkyne click cycloaddition (CuAAC). The resultant hydroxybenzylamine 

linkers on the PPC were susceptible to hydrolysis proceeding via a quinone methide 

intermediate, selectively liberating native lysozyme under neutral conditions with full 

activity retention.130  
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Figure 1.12. Stepwise grafting-to approach developed by Maynard and co-workers to 

produce a PEG-lysozyme PPC with water-labile handles. Reproduced with permission.130 

Copyright © 2022 American Chemical Society. 

Grafting-to functionalization on cysteine residues has also been explored,39 but the 

degree of functionalization is more localized due to the relative scarcity of cysteines 

compared to lysines. Cysteines form disulfide bridges with thiol-containing polymers and 

thioethers with maleimides and alkenes via thiol-ene click chemistry. The nitrogen on the 

maleimide is linked to the polymer chain typically via a hydroxyethyl, or as more recently 

reported by Konkolewicz,39 amidoethyl end group which results in ester and amide bond 

formation, respectively. These linkages were selected for in vivo use based on a balance 

between hydrolytic stability and rapid biodegradation.39  

1.8 Conjugation via Grafting-from Method 

The grafting-from approach furnishes the protein surface with small molecule initiators 

and the resulting construct subsequently acts as a macroinitiator for polymerization. This 

method has gained considerable popularity over the grafting-to method due to several 
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advantages.40,116,131,132 Grafting-from is generally less limited by steric effects imparted by 

competing large polymer chains for the reactive site(s), which could result in incomplete 

conjugation depending on the proximity of the reactive sites to each other.40 In many cases 

grafting-from also benefits from more favourable reaction kinetics and thermodynamics 

compared to the grafting-to approach.133 Purification is generally simpler compared to the 

grafting-to method due to the large differences in size between monomers and the PPC, 

which makes grafting-from mixtures more conducive to purification by size-exclusion 

chromatography (SEC). Conjugates made via the grafting-from method are subject to 

controlled radical polymerization methods such as reversible addition-fragmentation 

chain-transfer (RAFT) polymerization and atom transfer radical polymerization (ATRP). 

While a significant barrier traditionally facing ATRP and RAFT is that both require a 

rigorous exclusion of oxygen and highly controlled reaction conditions, several recent 

reports have addressed this issue.131,134 In 2018, Russell and Matyjaszewski first reported 

using ATRP for chain extension of oligo(ethylene oxide) methyl ether methacrylate 

(OEOMA) on a bovine serum albumin (BSA) macroinitiator.135 In the presence of a glucose 

oxidase (GOx) and sacrificial glucose and sodium pyruvate, the authors were able to 

produce well-defined PPCs in reactions that were open to air.135 In 2022, Matyjaszewski  

also reported PPC synthesis using photoinduced electron transfer-reversible addition–

fragmentation chain transfer (PET-RAFT) in open air conditions using visible light as a 

catalyst.127,135 Inspired by their work, the same authors later demonstrated a dual 

photoredox/copper catalytic system that allowed open-air ATRP under green light 

irradiation, and yielded polymers with lower dispersity values when compared to PET-
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RAFT.136  Eosin Y was used as a photoinduced electron-transfer catalyst, which under 

irradiation is excited to a triplet state to subsequently reduce Cu(II) to Cu(I). The triplet 

state is reductively quenched by excess of sacrificial amine. In this manner, the authors 

conjugated poly oligo(ethylene glycol) methyl ether methacrylate (pOEOMA) to a BSA-

iBBr macroinitiator via a grafting-from method to yield a PPC with low dispersity (Đ = 

1.28).136 There have also been reports of oxygen-tolerant, UV-induced ATRP systems 

where the method of control included exclusion of oxygen from the headspace and by 

varying concentration of the monomer and/or copper catalyst; without explicitly 

deoxygenating the solvent, one could achieve complete consumption of the protein 

macroinitiator.116,137 Using this approach, Velonia and coworkers reported that a series of 

hydrophobic polymers ranging from styrene, (meth)acrylates, and acrylamides could be 

grown from a BSA-Br macroinitiator with quantitative consumption of the protein 

scaffold.138 The same group later found that disproportionation of CuBr in the presence of 

a large amount of monomers and a protein initiator can graft various hydrophilic and 

hydrophobic polymers from proteins.137 In 2024, Matyjaszewski and colleagues reported 

an aqueous, open-air photo-RAFT method to synthesize chymotrypsin PPCs using sodium 

pyruvate and pyruvate derivatives which were multifunctional as photoinitiators and 

oxygen scavengers and promoters during the growth step.134 The authors demonstrated 

successful PPC synthesis using a typical CT macroinitiator and a range of monomers, 

including neutral (OEGMA), anionic (methacrylic acid), cationic, and zwitterionic, all with 

low dispersity (D < 1.4).134  Pokorski and coworkers reported a grafting-from aqueous ring-

opening metathesis polymerization (ROMP) with lysozyme and bacteriophage Qβ as 
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model protein scaffolds.92 Lysozyme randomly amidated at lysine residues with 

norbornene initiators was subjected to ROMP conditions and the authors showed that 

polynorbornenes respectively derivatized with PEG and poly(sulfobetaine) pendants, as 

well as block copolymers of the two, successfully polymerized from the protein, though 

interestingly, oxanorbornene conversion was less successful. Lu and coworkers reported a 

cryo-ring-opening polymerization (cryo-ROP) of 1,2-dithiolanes directly from an EGFP 

bearing a cysteine near its N-terminus.139 The authors proposed that polymerization is 

favoured at low temperatures (-30 °C) by minimizing the entropic penalty of polymer 

formation. The reaction is also accelerated in water by the increase in local monomer 

concentration as they are expelled from ice crystals. The polymerization was applicable to 

other model proteins and the chains were cleavable when treated with standard reducing 

agents to yield the original proteins retaining their native function. Similarly, Lu reported 

a one-step, grafting-from synthesis of PPCs with lipoic acids and their PEG-esters as the 

grafting polymers via an aggregate-induced ring-opening polymerization (AI-ROP).140  

Complementary to the many grafting-from living polymerization methods such as 

RAFT, ATRP and ROP discussed here, Buchwald and coworkers reported an 

unprecedented grafting-from method using catalyst-transfer polymerization (CTP) to grow 

polyarenes on protein macroinitiators (Figure 1.13).141 Buchwald reported an uncommon 

intersection between the biological interface (proteins) and conjugated polymers, where 

RNAse A was amidated randomly at lysine residues with a preformed palladium oxidative 

addition complex to form a mixture of mono- and difunctionalized macroinitiators. Linear 

poly(pyridine) was then grown from the protein to yield a PPC that contained a terminal 
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pyridyl-Pd complex. It is interesting to note that the reaction was oxygen and water-tolerant, 

but self-terminating due to an unelucidated mechanism. The chain ends were also shown 

to be receptive to thioether formation with exogenous thiols, i.e., cysteine residues of 

another protein.  

 

Figure 1.13. Poly(pyridine)-RNAse conjugates reported by Buchwald et al. The monomers 

bearing boronate esters were polymerized onto an RNAse macroinitiator. Reproduced with 

permission.141 Copyright © 2022, American Chemical Society 

 

Both grafting-to and grafting-from methods are sometimes used together in the 

synthesis of PPCs with complex polymer architectures.96 An interesting recent example is 

a PPC bearing self-immolative disulfide linkages present in the grafted polymer.142–144 

Through a series of reports, Nuhn and co-workers showed that the trithiocarbonate end-

group on RAFT-formed poly(dimethylacrylamide) (pDMA), a PEG alternative,142 

underwent aminolysis in the presence of n-butylamine to yield the corresponding thiol-

terminated pDMA (Figure 1.14).142–144 The thiols were then converted into disulfides by 

either (1) disulfide exchange with symmetrical disulfide carbonates, carbamates,142 or tosyl 

thiolates,144 or (2) oxidative coupling with other thiol bearing desired functional group(s), 

such as an alcohol that was amenable to activation through CDI chemistry.143  PPCs were 
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constructed in the second manner by exhaustive lysine conjugation to CDI-activated 

polymer chains (Figure 1.14), and both exhibited traceless release of the native proteins in 

vitro under reducing conditions (e.g., glutathione, (GSH)) by inducing a backbiting cascade 

to release 2-oxathiolone as the side-product.143,145 

 

Figure 1.14. (A) Aminolysis-induced self-immolative RAFT polymers. (B) Reduction of 

disulfide linkages by glutathione releases the corresponding thiol-terminated polymer from 

the protein. Reproduced with permission.143 Copyright © 2023 The Authors. Published by 

American Chemical Society. Licensed under CC-BY 4.0 . 

1.9 Scope of Thesis 

The goal of this thesis is to investigate dendritic polymers – both dendrimers and 

dendritic-linear polymer hybrids – as a platform for introducing the molecular sieving 

https://creativecommons.org/licenses/by/4.0/
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effect in protein conjugates. In chapter 2, G1-G5 bis-MPA dendrimers were surface-

esterified with a series of neopentyl acids to afford a library of dendrons with modular 

surface functionalities. The neopentyl ester peripheries were fully conducive to 

downstream functionalization via different click-reactions at each dendron generation (i.e., 

regardless of abundance of functional groups). A neopentyl dendron bearing an amine 

periphery was found to exhibit excellent hydrolytic and enzymatic stability compared to its 

linear counterpart, which, given the extensive biological utility of amine-terminated 

dendrons, could be useful for systems requiring prolonged dendrimer fidelity. Chapter 3 

explores the convergent synthesis of a series of PEGylated bis-MPA dendrons. The terminal 

groups of the dendrons were furnished with neopentyl esters to provide a robust linkage 

between the outer dendrons and the inner core, and the latter was furnished with a 

dibenzocyclooctyne at the core to allow subsequent conjugation to chymotrypsin via the 

grafting-to methodology to produce the corresponding dendron-enzyme conjugates for 

molecular sieving. The exclusion of different sized substrates from the enzyme was 

evaluated using UV-VIS spectroscopy.  In Chapter 4, bis-MPA dendrimers were conjugated 

to avidin to evaluate molecular sieving in a multivalent dendrimer-protein conjugate. G3 

to G7 dendrimers were biotinylated at their core to produce a library of ligands of 

increasing size. The series of ligands were evaluated for their binding to G3-G7 dendrimer-

avidin conjugates using isothermal titration calorimetry and UV-vis spectroscopy.  
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Chapter 2.  Neopentyl Dendrimers as Robust Linkers for Introducing 

Functionality to Bis-MPA Dendrimers  

This chapter has been reproduced with permission from Deng, B.; McNelles, S. A.; Da-Ré, 

G.; Marando, V. M.; Ros, S.; Stöver, H. D. H.; Adronov, A. Macromolecules 2022, 55 (1), 

270–275. Copyright 2022, American Chemical Society. 

 

This work detailed in this chapter was carried out in collaboration with Stuart McNelles, 

Giancarlo Da-Ré, Victoria Marando, and Samantha Ros. Billy Deng, Stuart McNelles, 

Giancarlo Da-Ré, and Victoria Marando synthesized and characterized the small molecules 

and polymers. Billy Deng and Samantha Ros performed and analyzed the quantitative 

NMR.  

Graphical Abstract: 

 

2.1 Abstract 

A series of neopentyl carboxylic acids bearing functionality amenable to click 

chemistry were pre-pared, then appended to high generation bis-MPA dendrons via fluoride 

promoted esterification. The nucleophilic stability of the neopentyl and non-neopentyl 
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dendrons in acidic to basic phosphate buffers was compared by monitoring degradation via 

quantitative 1H NMR. The neopentyl periphery dendrons were found to be highly resistant 

to hydrolysis under all experimental conditions. The neopentyl groups also did not impede 

click functionalization onto the dendrons. 

2.2 Introduction 

Polymeric materials have been extensively used for a variety of biomedical 

applications, such as drug delivery, 1–7 gene delivery,8–10 and bioimaging.11–14 While these 

polymeric systems exhibit desirable properties that cannot be found in small molecule 

systems, their performance15 and utility (especially in vivo) are generally limited by their 

dispersity. The use of dendrimers rather than traditional disperse polymers overcomes this 

issue, as they can be prepared with precise architectures,11,16–20 uniform size, and well-

defined core and peripheral functionalization.19,21,22 While several dendrimer architectures 

have been used for biomedical applications such as poly(amidoamine) (PAMAM)18 and 

poly(propyleneimine) (PPI),23 these are both limited by their intrinsic cytotoxicity 

stemming from the highly cationic periphery they exhibit at physiological pH.23,24 In 

contrast, polyester dendrimers based upon the poly(bis-2,2-(hydroxymethylpropionic acid)) 

(bis-MPA) scaffold have been shown to exhibit low cytotoxicity17,25 and are 

biodegradable,25–27 which alleviates the concerns of nanoparticle accumulation in 

tissues.6,22  

A major challenge associated with bis-MPA dendrimers is maintaining their 

uniform peripheral functionality under non-ambient conditions.18,28,29 Bis-MPA dendrimer 
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peripheries with hydroxyl groups are typically coupled with carboxylic acids,18,30 

chloroformates20, and carbonates,27 which in turn can bear the desired reactive group for 

downstream applications. Alternatively, click chemistry via thiol-ene,19,21,31 strain-

promoted alkyne-azide cycloaddition (SPAAC),32 and copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) can also be used to modify the periphery.31 However, these 

approaches invariably introduce α-unsubstituted ester linkages at the periphery that are 

much more hydrolytically labile than the neopentyl esters constituting the dendrimer 

backbone.17,18 While rapid peripheral hydrolysis is desirable in certain situations,10,18,29,33 

it precludes the use of these bis-MPA dendrimers for applications requiring a uniform 

architecture under extended circulation times, such as for anti-cancer drug delivery.29 As a 

general solution to this dilemma, we have esterified a series of 2,2-dimethyl substituted 

(neopentyl) carboxylic acids onto high generation bis-MPA-based alcohol periphery 

dendrons (Scheme 2.1), which can still be modified via click chemistry to provide 

additional functionality. The synthesis of 1-3 is outlined in Scheme 1, in which alkylation 

of ethyl isobutyrate and subsequent ester hydrolysis produces the neopentyl carboxylic 

acids. The alkene and alkyne acids 1 and 2 were readily accessed in two steps, while the 

preparation of the azide first requires alkylation with 3-chloro-1-bromopropane and 

subsequent azidification with sodium azide, followed by ester hydrolysis to yield 3. 1-3 

can be considered as analogues of linear carboxylic acids previously used to introduce click 

functionality to the periphery of bis-MPA dendrimers,10,18,31 as seen in Scheme 2.1.  
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Scheme 2.1. General method for preparing neopentyl carboxylic acids 1-3 and 

representative synthesis of a generation 5 neopentyl periphery bis-MPA dendron. 

 

In this work, we found that the neopentyl periphery dendrons easily underwent 

typical click reactions. Moreover, the water-soluble ammonium derivative of the 5th 

generation (G) azide dendron BnO-G5-N3 was found to be much more resilient toward 

hydrolysis at physiological temperature (37 °C) across different pH values, as well as in 

the presence of esterase versus its corresponding ammonium species furnished with α-

unsubstituted esters.  
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2.3 Results and Discussion 

 

Scheme 2.2. An example of using FPE to prepare BnO-G5-ene. 

A series of benzyl-core (BnO) bis-MPA dendrons of generations 1-5 with peripheral esters 

1-3 were prepared according to the procedures of Malkoch30 and coworkers (Figure S2.1). 

Initial attempts to functionalize the dendrons with the anhydrides of compounds 1-3 were 

unsuccessful, likely due to extreme steric hindrance around the carbonyl groups with two 

neopentyl esters. Methods that activated the carboxylic acid without anhydride formation 

such as Steglich esterification and HOBt ester formation afforded some functionalization 

sluggishly, reaching only approximately 20% conversion over 24 hours. However, using 

the fluoride promoted esterification (FPE) chemistry developed by Malkoch and co-
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workers30 proved highly effective. As seen in Scheme 2.2, the neopentyl acid 1 was first 

activated with 1,1’-carbonyldiimidazole in ethyl acetate for 1 hour at 50°C, followed by 

addition of the alcohol periphery dendron and CsF. The reaction was monitored using ESI-

MS until it reached full conversion, typically overnight. The compiled MALDI-TOF 

spectra for the alkene dendrons are shown in Figure 2.1 (see SI in Chapter 2.5 for additional 

spectra and synthetic details). 

 

Figure 2.1. MALDI-TOF mass spectra of neopentyl alkene dendrons of generation 1-5.   

We then investigated whether the relatively bulkier neopentyl ester groups affected higher 

generation dendrons’ ability to functionalize the reactive peripheral groups by clicking on 

a model substrate for alkene (thioglycerol),21 alkyne (benzyl azide), and azide (DBCO-

COOH) periphery dendrons.34 As a proof of concept, the click reactions were performed 

on BnO-G5-ene/yne/N3 and monitored via 1H NMR and confirmed for completion via 

MALDI-TOF. We were pleased to find that the coupling to each periphery was consistent 

with timeframes reported in literature for the linear analogues. The thiol-ene reaction with 

BnO-G5-ene was complete within 30 minutes (Scheme 3), while the SPAAC and CuAAC 

reactions were complete within 10 minutes and overnight, respectively (See SI in Chapter 

2.5 for synthetic and characterization details). 
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Scheme 2.3. Example thiol-ene click reaction between thioglycerol and BnO-G5-ene 

using DMPA as the photo-initiator. 
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Figure 2.2. Top: structures of BnO-G5-(Neo-NH3

+TFA-)32 and BnO-G5-(Lin-

NH3
+TFA-)32, TFA anions have been omitted for clarity. Bottom left: tracking 1H NMR 

showing BnO-G5-(Neo-NH3
+TFA-)32 (pink) and BnO-G5-(Lin-NH3

+TFA-)32  (blue) in 

pH 8 phosphate buffer at 37 °C. Boxed signals indicate evolution of the degradation peaks. 

Bottom right: graphical summary of hydrolysis 1H NMR data, the neopentyl species did 

not undergo visible hydrolysis, and so all the datapoints are superimposed. 

As mentioned previously, it is well-known that bis-MPA dendrimers are susceptible 

to peripheral degradation.  To demonstrate the hydrolytic stability of the resulting dendrons 

relative to their non-neopentyl counterparts, two G5 amine-periphery dendrons, BnO-G5-

(Neo-NH3
+TFA-)32 and BnO-G5-(Lin-NH3

+TFA-)32 were prepared. The former was 

accessed by catalytic hydrogenation of BnO-G5-N3 using Pd(OH)2/C and in the presence 

of trifluoroacetic acid. The latter was prepared by esterifying BnO-G5-OH with 5-

azidovaleric acid using FPE conditions, followed by reduction and acidification to the 

amine species under the same conditions. The resulting dendrons were isolated as the 

trifluoroacetate salts (Figure 2.2, see SI in Chapter 2.5 for MALDI spectra) and were 
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respectively dissolved in 0.1 M phosphate buffer in D2O at pH 5.8, 7.4 and 8 and incubated 

at 37 °C. Hydrolysis of the periphery, as observed by growth of the free amine (i.e., 5-

aminovalerate) signals at 2.2 ppm, was monitored by 1H NMR using sodium formate as an 

internal standard (see SI in Chapter 2.5 for additional qNMR spectra). In addition to 

hydrolysis, 2D TOCSY (Figure S2.9) of BnO-G5-(Lin-NH3
+TFA-)32 revealed aminolysis 

of the periphery due to intramolecular cyclization (i.e., backbiting).18,35 In pH 8 and 7.4, 

formation of the cyclization product, δ-valerolactam (2.3 ppm), was favoured over 

hydrolysis to the linear amine, whereas in acidic pH hydrolysis was favoured due to most 

of the amines being protonated (Figure 2.3). The peak at 2.45 ppm is unique to the carbonyl 

α-CH2 of the dendron-bound valerate ester, while the other methylene signals were 

superimposed with those from the free amine. Therefore, for BnO-G5-(Lin-NH3
+TFA-)32, 

we derived the relative proportions of dendron-bound amine, hydrolyzed amine, and lactam 

from the NMR signal shifts mentioned above. Over the course of ~1 month, the neopentyl 

dendron exhibited markedly superior peripheral stability across all pH conditions 

compared to its non-neopentyl counterpart. The former retained all its 32 peripheral esters 

in acidic pH, 95% in neutral pH, and 87% of the esters in basic pH (where degradation was 

primarily due to aminolysis). While the latter lost 15% of its peripheral amines via 

hydrolysis and 32% via aminolysis in pH 7.4, and ~62% (47% to aminolysis, 15% to 

hydrolysis) at basic pH (see Figure 2.2 and Figure S2.8) after the same period. The 

degradation of BnO-G5-(Lin-NH3
+TFA-)32 was significantly slower at acidic pH than in 

other treatments (~5% hydrolyzed, 3% aminolyzed), which is consistent with previous 

findings.28,29  
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Figure 2.3. Stacked NMR spectra of 1 mM BnO-G5-(Lin-NH3
+TFA-)32 in 0.1M 

phosphate buffer across three different pH over 1 month. α-CH2 of dendron-bound amine, 

free amine, and lactam are colour-coded. 

 

Figure 2.4. Degradation of BnO-G5-(Neo-NH3
+TFA-)32 and BnO-G5-(Lin-NH3

+TFA-)32 

in 20% porcine esterase solution in pH 7.4 phosphate buffer at 37 °C, as monitored via 1H 

NMR.  
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Polyester-based dendrimers also undergo peripheral ester cleavage catalyzed by 

esterases,29,36 which prompted us next to test the stability of both G5 ammonium species in 

a solution of porcine esterase. The dendrons were respectively incubated with 20% mol eq. 

esterase (vs. amine) in pH 7.4 phosphate buffer at 37 °C and monitored via 1H NMR (Figure 

2.4). Despite relatively high catalytic loading, we found only a minor difference in the 

amount of degraded BnO-G5-(Lin-NH3
+TFA-)32 between the esterase treatment (25%) 

and in just pH 7.4 buffer (18%, Figure S2.8) after 8 days, while BnO-G5-(Neo-NH3
+TFA-

)32 remained stable after the same time. The minor difference afforded by the esterase 

treatment agrees with previous findings that higher generation dendrons better resist 

enzymatic cleavage of the periphery due to steric crowding.36 

2.4 Conclusion 

In conclusion, we have prepared a series of neopentyl carboxylic acids and 

appended these onto generation 1-5 bis-MPA dendrons. The resulting dendrons are 

markedly more resistant to degradation at various pH and under esterase treatment 

compared to the non-neopentyl dendrons, as a result of the increased steric bulk at the 

periphery. The same steric bulk did not noticeably affect click reactivity. We demonstrate 

that it is possible to tune the hydrolytic stability without changing critical surface 

functionality for these dendrons, which could make them relevant to previously unsuitable 

applications. 
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2.5 Supporting Information 

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich and used 

without further purification. THF was dried through a column of activated neutral alumina. 

1H NMR spectroscopy was performed on a Bruker Avance AV600 at 600 MHz. 13C NMR 

spectroscopy was performed either on a Bruker Avance AV600 at 151 MHz or Bruker 

Avance AV700 at 176 MHz. All chemical shifts are reported in ppm. All MALDI mass 

spectra were collected on a Bruker UltraFlextreme spectrometer in positive ion mode using 

either dithranol or sinapic acid as matrix. Electrospray MS was performed using a 

Micromass Quattro triple quadrupole instrument in positive mode. Exact masses were 

collected on either an Agilent 6210 TOF or a Bruker Maxis II Q-TOF. Flash 

chromatography was performed using an AnaLogix Intelliflash 280 automated flash 

chromatography system, equipped with a variable wavelength (200-320 nm) UV detector. 

Sorbtech screwtop flash columns packed with Silicycle R60 20-45 µm silica gel were used 

as chromatography media. 

Ethyl 2,2-dimethylpent-4-enoate 

 

To a flame dried 250 mL Schlenk flask equipped with a magnetic stir bar and placed under 

nitrogen, diisopropylamine (7.29 mL, 51.6 mmol) dissolved in 120 mL of dry THF was 

added. The solution was cooled to -78 °C and a solution of 2.5 M n-butyllithium in hexanes 
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(19.8 mL, 49.5 mmol) was then added dropwise via syringe over 2 minutes, resulting in a 

clear colourless solution. Separately, ethyl isobutyrate (5.00 g, 43.1 mmol) was dissolved 

in 25 mL of THF and cooled to -78 °C. This was then cannulated dropwise into the stirred 

solution of LDA and stirred for 30 minutes at -78 °C before allyl bromide (5.59 mL, 65.6 

mmol) was added in one portion. The solution was left to stir at -78 °C for 2 hours, followed 

by addition of 100 mL of water to quench. The reaction mixture was diluted with 300 mL 

of diethyl ether, then washed with 3 × 100 mL 1 M HCl, 1 × 150 mL brine, and dried over 

MgSO4. The solvent was removed by rotary evaporation to give the crude product as a 

yellow oil. The crude product was purified by flash chromatography using a 50-g silica gel 

silica gel column equilibrated in hexanes. The product was eluted with 100% hexanes 

followed by 5% ether in hexanes over 5 column volumes. The product fractions were then 

pooled and dried by rotary evaporation to give the product as a clear, colourless oil. (5.671 

g, 83%) 1H NMR (700 MHz; CDCl3)
37: δ 5.76-5.70 (m, 1H), 5.05 (t, J = 0.9, 1H), 5.04-

5.02 (m, 1H), 4.11 (q, J = 7.1, 2H), 2.27 (dt, J = 7.4, 1.1, 2H), 1.24 (t, J = 7.1, 3H), 1.16 (s, 

6H).  

2,2-dimethylpent-4-enoic acid (1) 

 

To a 100 mL round-bottomed flask equipped with a magnetic stir bar was added ethyl 2,2-

dimethylpent-4-enoate (3.004 g, 19.3 mmol) and 50 mL of 2:1 EtOH:water, followed by 

potassium hydroxide (10.8 g, 192.6 mmol). The mixture was stirred at 80 °C for 2 hours 
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then left to cool to room temperature. The mixture was diluted with 100 mL of water, 100 

mL of 1 M H3PO4, and extracted with 3 × 100 mL of ether. The combined organic layers 

were washed with 1 × 150 mL brine and dried over MgSO4. The solvent was removed by 

rotary evaporation to give the product as a slightly yellow oil. (1.996 g, 81%) 1H NMR 

(700 MHz; CDCl3)
38: δ 5.80-5.74 (m, 1H), 5.09-5.07 (m, 2H), 2.30 (d, J = 7.4, 2H), 1.20 

(s, 6H). 

Ethyl 2,2-dimethylpent-4-ynoate  

 

To a flame dried 250 mL Schlenk flask equipped with a magnetic stir-bar and placed under 

nitrogen was added diisopropylamine (7.29 mL, 51.6 mmol) dissolved in 120 mL of dry 

THF. The solution was cooled to -78 °C and left to stir for 10 minutes. To this, a solution 

of 2.5 M n-butyllithium in hexanes (19.8 mL, 49.5 mmol) was added dropwise via syringe 

over 2 minutes, resulting in a clear colourless solution. Separately, ethyl isobutyrate (5.00 

g, 43.044 mmol) was dissolved in 25 mL of THF and cooled to -78 °C. This was then 

cannulated dropwise into the stirred solution of LDA and left for 30 minutes at -78 °C 

before an 80% solution of propargyl bromide in toluene (3.43 mL, 45.2 mmol) was added 

in one portion. This was stirred at -78 °C for 2 hours then quenched by adding 100 mL of 

water. The quenched reaction mixture was warmed to room temperature, then diluted with 

300 mL hexanes and washed with 3 × 100 mL of 1 M H3PO4, 1 × 150 mL brine, then dried 
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over MgSO4. The solvent was removed by rotary evaporation to give the crude product as 

a yellow oil. This was purified by flash chromatography using a 50-gram silica gel column 

equilibrated in hexanes. The product was eluted with 100% hexanes followed by 5% ether 

in hexanes over 5 column volumes. The product-containing fractions were then pooled and 

dried by rotary evaporation to give the product as a clear, colourless oil. (5.78 g, 88%) 1H 

NMR (600 MHz, CDCl3)
39 δ 4.09 (q, J = 7.1, 2H), 2.38 (d, J = 2.7, 2H), 1.95 (t, J = 2.6, 

1H), 1.23 – 1.17 (m, 5H). 

2,2-dimethylpent-4-ynoic acid (2) 

 

To a 100 mL round-bottomed flask equipped with a magnetic stir bar was added ethyl 2,2-

dimethylpent-4-ynoate (2.503 g, 16.25 mmol) and 50 mL of 2:1 EtOH:water, followed by 

potassium hydroxide (9.107 g, 162.5 mmol). The mixture was stirred at 80 °C for 2 hours, 

then left to cool to room temperature. The mixture was diluted with 100 mL of water and 

100 mL of 1 M H3PO4 and extracted with 3 × 100 mL of ether. The pooled organic layer 

was washed with 1 × 150 mL brine and dried over MgSO4, and solvent was removed by 

rotary evaporation to give the product as a slightly yellow oil (1.984 g, 97%). 1H NMR 

(500 MHz, CDCl3)
39 δ 2.46 (d, J = 2.69 , 2H) 2.03 (t, 1H), 1.31 (s, 6H). 

 

Ethyl 5-chloro-2,2-dimethylpentanoate  
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To a flame dried 250 mL Schlenk flask equipped with a magnetic stir bar and placed under 

nitrogen, diisopropylamine (7.29 mL, 51.6 mmol) was added via syringe, and 120 mL of 

dry THF was added via cannula. The solution was cooled to -78 °C in a dry ice/acetone 

bath and this was left to cool for 10 minutes with stirring. To this, a solution of 2.5 M n-

butyllithium in hexanes (19.8 mL) was added via syringe over two minutes, resulting in a 

clear colourless solution of LDA in THF. Separately, ethyl isobutyrate (5.00 g, 43.1 mmol) 

was dissolved in 25 mL of THF and cooled to -78 °C in a dry ice/acetone bath. This was 

then cannulated dropwise into the stirred solution of LDA, then left for 30 minutes at -78 

°C before 3-chloro-1-bromopropane (6.385 mL, 64.6 mmol) was added as a neat liquid via 

syringe. This was left to react at -78 °C for 30 minutes, then the reaction mixture was 

warmed to room temperature and left to stir for 3 hours. The reaction was then quenched 

by the addition of 50 mL of water, then diluted with 300 mL of diethyl ether and washed 

with 3 × 100 mL 1 M HCl, 1 × 150 mL brine, dried over MgSO4, filtered, and solvent was 

removed by rotary evaporation to give the crude product as a yellow oil. This was purified 

by flash chromatography using a 50 g silica gel column equilibrated in hexanes and elution 

with 5 column volumes of hexanes, then a gradient from 0% to 12% ether in hexanes over 

20 column volumes. The fractions containing product were pooled and solvent was 

removed by rotary evaporation to give the product as a clear, colourless oil. (7.80 g, 94%). 
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1H NMR (700 MHz, CDCl3)
40: δ 4.12 (q, J = 7.1, 2H), 3.50 (t, J = 6.5, 2H), 1.74-1.70 (m, 

2H), 1.66-1.63 (m, 2H), 1.24 (t, J = 7.1, 3H), 1.18 (s, 6H). 

Ethyl 5-azido-2,2-dimethylpentanoate 

 

A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with a 

solution of sodium azide (3.373 g, 51.9 mmol) in 30 mL of DMSO, and to this ethyl 5-

chloro-2,2-dimethylpentanoate (5.00 g, 25.95 mmol) was added. The solution was stirred 

and heated to 60 °C in an oil bath overnight, and the following day the reaction mixture 

was cooled to room temperature and diluted with 80 mL of water. This reaction mixture 

was then extracted with 3 × 50 mL of ether, and the combined ether layers were washed 

with 1 × 50 mL water, 1 × 50 mL brine, dried over MgSO4, and solvent was removed by 

rotary evaporation to give the product as a clear, colourless oil. (5.16 g, 99%) 1H NMR 

(700 MHz; CDCl3): δ 4.12 (q, J = 7.1, 2H), 3.25 (t, J = 6.5, 2H), 1.60-1.52 (m, 4H), 1.25 

(t, J = 7.1, 3H), 1.18 (s, 6H). 13C NMR (176 MHz; CDCl3): δ 177.6, 60.5, 51.9, 42.0, 37.7, 

25.3, 24.7, 14.4. 

5-azido-2,2-dimethylpentanoic acid (3) 
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A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with ethyl 

5-azido-2,2-dimethylpentanoate (5.12 g, 25.7 mmol) dissolved in 50 mL of 2:1 

EtOH:water, followed by addition of potassium hydroxide (7.20 g, 128.5 mmol). The 

reaction mixture was heated to 80 °C for 2 hours, then left to cool to room temperature. 

The reaction mixture was then diluted with 100 mL of water and 200 mL of H3PO4, then 

washed with 3 × 100 mL ether, and the combined ether layers were washed with 1 × 150 

mL brine, dried over MgSO4, filtered, and solvent was removed by rotary evaporation to 

give the product as a yellow-orange oil. (4.22 g, 96%). 1H NMR (700 MHz; CDCl3): δ 3.27 

(t, J = 5.6, 2H), 1.63-1.58 (m, 4H), 1.22 (s, 6H) 13C NMR (176 MHz; CDCl3): δ 184.5, 

51.8, 42.0, 37.5, 25.1, 24.7. 

The model alcohol periphery dendrons from generations 1-5 were prepared in a divergent 

methodology starting from bis-MPA. This carboxylic acid core was protected with benzyl 

bromide (“BnO”), and the dendrons were grown using fluoride promoted esterification 

using acetonide-protected bis-MPA according to procedures by Malkoch and co-workers 

(Figure S2.1).  
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Figure S2.1. Preparation of G1-G5 benzyl core-protected hydroxyl periphery bis-MPA 

dendrons. 

BnO-G1-OH16 

A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with bis-

MPA (9.00g, 67.11 mmol) dissolved in 50 mL of DMF, along with potassium hydroxide 

(4.300 g, 76.64 mmol), and this was stirred and heated to 100 °C for 1 hour. At this point, 

benzyl bromide (9.602 mL, 80.73 mmol) was added to the reaction mixture, which resulted 

in the formation of a white precipitate. This was left to heat for 16 hours, followed by 

removal of DMF via vacuum distillation. The resulting crude material was dissolved in 100 

mL of DCM and washed with 3 × 50 mL of water, 1 × 50 mL brine, dried over MgSO4, 

filtered, and solvent was removed by rotary evaporation. The crude material was then 

recrystallized from 2:1 hexanes:DCM to give the product as clear, colourless needles 
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(7.22g, 48 %). 1H NMR (600 MHz; CDCl3): δ 7.39-7.32 (m, 5H), 5.22 (s, 2H), 3.94 (dd, J 

= 10.7, 6.8, 2H), 3.74 (dd, J = 11.4, 6.4, 2H), 2.76 (t, J = 6.7, 2H), 1.08 (s, 3H).  

BnO-G2-(Acet)4
16 

A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

Carbonyldiimidazole (9.61 g, 59.27 mmol) dissolved in 30 mL of EtOAc. The mixture was 

stirred and heated to 50 °C. This solution was stirred rapidly while acetonide protected bis-

MPA (10.34 g, 59.28 mmol) was added in small portions over 2 minutes, which resulted 

in the vigorous evolution of gas. This was left stirring at 50 °C for 1 hour, followed by 

addition of BnO-G1-OH (4.43 g, 19.76 mmol) and CsF (1.20 g, 8.90 mmol) in a single 

portion. After 4 hours the reaction was complete by TLC and was quenched with 5 mL of 

water for 1 hour, then diluted with 100 mL of EtOAc and washed with 3 × 100 mL of 10% 

NaHCO3 

and 1 × 100 mL brine, dried over MgSO4, filtered, and solvent was removed by rotary 

evaporation. The crude material was purified by chromatography using a 100-gram silica 

gel silica gel column equilibrated in 5% acetone:hexanes, and the material was purified 

using a gradient from 5% to 50% acetone:hexanes over 20 column volumes, with detection 

at 205 nm. The fractions containing product were pooled and solvent was removed by 

rotary evaporation and the resulting oil was dried in vacuo to give the product as a viscous, 

colourless oil (8.78 g, 83%). 1H NMR (600 MHz; CDCl3): δ 7.37-7.31 (m, 5H), 5.16 (s, 

2H), 4.36-4.32 (m, 4H), 4.10 (d, J = 11.8, 4H), 3.58 (d, J = 11.4, 4H), 1.41 (s, 6H), 1.34 (s, 

6H), 1.30 (s, 3H), 1.10 (s, 6H). 

BnO-G2-(OH)4
16 
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A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with BnO-

G2-Acet (2.15 g, 4.001 mmol) dissolved in 45 mL of EtOH, then 1 scoopula full of 

DOWEX beads was added and the solution was stirred for 3 hours at room temperature 

and monitored by ESI-MS. Once complete deprotection was observed, the solution was 

filtered through a glass frit to recover the DOWEX, and the filtrate was dried by rotary 

evaporation then in vacuo overnight to give the product as a sticky white powder (1.54 g, 

85%) 1H NMR (600 MHz; MeOD): δ 7.40-7.31 (m, 5H), 5.18 (s, 2H), 4.29 (q, J = 9.0, 4H), 

3.63 (dd, J = 10.8, 5.6, 4H), 3.57 (d, J = 10.8, 4H), 1.30 (s, 3H), 1.09 (s, 6H) 

BnO-G3-(Acet)4
16 

A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (4.26 g, 26.30 mmol) and 20 mL of EtOAc, and the mixture was 

stirred and heated to 50 °C. This suspension was stirred rapidly while acetonide protected 

bis-MPA (4.74 g, 27.16 mmol) was added in small portions over 2 minutes, which resulted 

in the vigorous evolution of gas. This was left stirring at 50 °C for 1 hour, followed by 

addition of BnO-G2-(OH)4 (2.002 g, 4.381 mmol) and CsF (0.53 g, 3.51 mmol) in a single 

portion. After 4 hours the reaction was complete by TLC and was quenched with 5 mL of 

water for 1 hour, then diluted with 100 mL of EtOAc and washed with 3 × 100 mL of 10% 

NaHCO3 and 1 × 100 mL brine, dried over MgSO4, filtered, and solvent was removed by 

rotary evaporation. The crude material was purified by chromatography using a 100 g silica 

gel silica gel column equilibrated in 5% acetone:hexanes, and the material was purified 

using a gradient from 5% to 50% acetone:hexanes over 20 column volumes, with detection 

at 205 nm. The fractions containing product were pooled and solvent was removed by 
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rotary evaporation and the resulting oil was dried in vacuo to give the product as a viscous 

oil (4.570 g, 96%). 1H NMR (600 MHz; CDCl3): δ 7.37-7.30 (m, 5H), 5.16 (s, 2H), 4.30-

4.23 (m, 12H), 4.14 (d, J = 11.8, 8H), 3.61 (d, J = 12.0, 8H), 1.40 (s, 12H), 1.34 (s, 12H), 

1.27 (s, 3H), 1.19 (s, 6H), 1.13 (s, 12H).  

BnO-G3-(OH)8
16 

A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with a 

solution of BnO-G3-(Acet) (2.06 g, 1.91 mmol) in 45 mL of EtOH, then 1 scoopula full of 

DOWEX beads were added and the solution was stirred for 3 hours at room temperature, 

Once complete deprotection was observed by ESI-MS, This was filtered through a glass 

frit to recover the DOWEX, and the filtrate was dried by rotary evaporation then in vacuo 

overnight to give the product as a white powder. (1.62 g, 92%) 1H NMR (700 MHz; 

MeOD): δ 7.35 (d, J = 7.1, 2H), 7.31 (t, J = 7.4, 2H), 7.27 (t, J = 7.2, 1H), 5.14 (s, 2H), 

4.27 (d, J = 11.0, 2H), 4.22-4.19 (m, 6H), 4.13 (dd, J = 11.0, 6.6, 4H), 3.61 (dd, J = 10.9, 

3.4, 8H), 3.53 (d, J = 10.8, 8H), 1.25 (s, 3H), 1.14 (s, 6H), 1.08 (s, 12H) 

BnO-G4-(Acet)8
16 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with a 

solution of 1,1’-Carbonyldiimidazole (2.11 g, 13.03 mmol) in 6.5 mL of EtOAc and heated 

to 50 °C. This suspension was stirred rapidly while acetonide protected bis-MPA (2.32 g, 

13.29 mmol) was added in small portions over 2 minutes, which resulted in the vigorous 

evolution of gas. This was left to react for 1 hour, at which point BnO-G3-(OH)8 (1.00 g, 

1.086 mmol) was added, along with CsF (0.26 g, 1.74 mmol). After 6 hours the reaction 

was complete by ESI-MS and was quenched by the addition of 2 mL of water for 1 hour, 
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then diluted with 100 mL of EtOAc and washed with 3 × 100 mL of 10% NaHCO3 and 1 

× 100 mL brine, dried over MgSO4, filtered, and solvent was removed by rotary 

evaporation. The crude material was purified by silica gel chromatography using a 25 g 

silica gel column equilibrated in 5% acetone:hexanes, and the material was purified using 

a gradient from 5% to 50% acetone:hexanes over 20 column volumes, with detection at 

205 nm. The fractions containing product were pooled and solvent was removed by rotary 

evaporation. Solvent was removed in vacuo to give the product as a clear viscous oil. (1.86 

g, 79%) 1H NMR (600 MHz; CDCl3): δ 7.36-7.31 (m, 5H), 5.15 (s, 2H), 4.32-4.27 (m, 

18H), 4.22-4.18 (m, 10H), 4.13 (d, J = 11.9, 16H), 3.61 (dd, J = 11.9, 2.3, 16H), 1.40 (s, 

24H), 1.34 (s, 24H), 1.29 (s, 3H), 1.26 (s, 12H), 1.17 (s, 6H), 1.13 (s, 24H) 

BnO-G4-(OH)16
16 

A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with BnO-

G4-(acet)8 (1.50 g, 0.95 mmol) dissolved in 45 mL of EtOH, followed by addition of 1 

scoopula full of DOWEX beads and was left to stir for 6 hours and monitored by ESI-MS. 

This was filtered through a glass frit to recover the DOWEX, and the filtrate was dried by 

rotary evaporation then in vacuo overnight to give the product as a white powder. (1.11 g, 

86%) 1H NMR (600 MHz, MeOD) δ 7.47 – 7.30 (m, 5H), 5.22 (s, 2H), 4.46 – 4.15 (m, 

28H), 3.67 (dd, J = 10.9, 3.3 Hz, 15H), 3.60 (d, J = 10.9 Hz, 15H), 1.35 (s, 3H), 1.29 (s, 

12H), 1.22 (s, 6H), 1.15 (s, 24H).  

BnO-G5-(Acet)16
16 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

Carbonyldiimidazole (1.36 g, 13.03 mmol) added to 5 mL of EtOAc and heated to 50 °C. 
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This suspension was stirred rapidly while acetonide protected bis-MPA (1.99 g, 8.58 mmol) 

was added in small portions over 2 minutes, which resulted in the vigorous evolution of 

gas. This was left to react for 1 hour followed by addition of BnO-G4-(OH)8 (640 mg, 

0.346 mmol) and CsF (168.2 mg, 1.11 mmol) in a single portion. After 6 hours the reaction 

was complete by ESI-MS and was quenched with 2 mL of water for 1 hour, then diluted 

with 100 mL of EtOAc and washed with 3 × 100 mL of 10% NaHCO3 and 1 × 100 mL 

brine, dried over MgSO4, filtered, and solvent was removed by rotary evaporation. The 

crude material was purified by silica gel chromatography using a 25-gram silica gel column 

equilibrated in 5% acetone:hexanes, and the material was purified using a gradient from 

5% to 50% acetone:hexanes over 20 column volumes, with detection at 205 nm. The 

fractions containing product were pooled and solvent was removed by rotary evaporation 

and the resulting oil was dried in vacuo to give the product as a white solid (1.26 g, 84%). 

1H NMR (600 MHz, CDCl3) δ 7.39 – 7.29 (m, 5H), 5.16 (s, 2H), 4.07 – 4.42 (m, 90H), 

3.74 – 3.53 (m, 32H), 1.41 (m, 45H), 1.34 (d, J = 1.7 Hz, 50H), 1.26 (m, 36H), 1.13 (d, J 

= 2.1 Hz, 60H). 

BnO-G5-(OH)32
16 

A 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with BnO-

G5-(acet)16 (400 mg, 0.092 mmol) dissolved in 25 mL of EtOH, then 1 scoopula full of 

DOWEX beads was added and the mixture was stirred for overnight at room temperature. 

This was filtered through a glass frit to recover the DOWEX, and the filtrate was dried by 

rotary evaporation then in vacuo overnight to give the product as a white powder (329 mg, 

97%). 1H NMR (600 MHz, MeOD) δ 7.49 – 7.35 (m, 5H), 5.26 (s, 2H), 4.45 – 4.22 (m, 
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60H), 3.70 (dd, J = 10.9, 2.9 Hz, 32H), 3.63 (d, J = 10.8 Hz, 32H), 1.36 – 1.26 (m, 45H), 

1.17 (s, 48H). 

2,2-dimethylpent-4-enoic Acid Periphery Dendrons (BnO-Gx-ene) 

BnO-G1-(ene)2 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.108 g, 0.669 mmol) suspended in 0.33 mL of EtOAc and heated to 

50 °C. Compound 1 (87 mg, 0.682 mmol) was added dropwise and stirred for 1 hour. BnO-

G1-(OH)2 (50 mg, 0.223 mmol) was added, along with CsF (14 mg, 0.089 mmol). The 

reaction progress was monitored by TLC (~4 hours) and quenched with 0.1 mL of water. 

The reaction mixture was extracted with, 3 × 30 mL of 10% Na2CO3, 3 × 30 mL of 1 M 

H3PO4, 1 × 50 mL brine, dried over MgSO4, filtered, and solvent was removed by rotary 

evaporation to give the crude product as a slightly yellow oil. The resulting material was 

purified by silica gel chromatography using a 12-gram silica gel column equilibrated in 2% 

acetone:hexanes, then eluted using a gradient from 2% to 20% acetone:hexanes over 20 

column volumes and monitored at 205 nm. The fractions containing product were pooled 

and solvent was removed by rotary evaporation and the resulting oil was dried in vacuo to 

give the product as a clear, colourless oil (73 mg, 74%). 1H NMR (600 MHz; CDCl3): δ 

7.37-7.31 (m, 5H), 5.66 (ddt, J = 17.0, 10.1, 7.2, 2H), 5.15 (s, 2H), 5.04-4.99 (m, 4H), 4.24-

4.20 (m, 4H), 2.21 (d, J = 7.4, 4H), 1.28 (s, 3H), 1.11 (d, J = 1.5, 12H). 13C NMR (176 

MHz; CDCl3): δ 176.9, 172.7, 135.6, 134.0, 128.8, 128.5, 128.3, 118.3, 67.0, 65.6, 46.7, 

44.7, 42.6, 24.8, 18.1. MALDI: [M]calc: 444.3 Da [M+Na]+
found: 466.5 Da.  

BnO-G2-(ene)4 
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A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.108 g, 0.669 mmol) suspended in 0.33 mL of EtOAc and heated to 

50 °C. Compound 1 (87 mg, 0.682 mmol) was added dropwise and stirred for 1 hour. BnO-

G1-(OH)2 (0.050 g, 0.223 mmol) and CsF (0.014 g, 0.089 mmol) was added in a single 

portion. The reaction progress was monitored by TLC (~5 hours) and then quenched by the 

addition of 0.1 mL of water. The reaction mixture was then extracted with, 3 × 30 mL of 

10% Na2CO3, 3 × 30 mL of 1 M H3PO4, 1 × 50 mL brine, dried over MgSO4, filtered, and 

solvent was removed by rotary evaporation to give the crude product as a slightly yellow 

oil. The resulting material was purified by silica gel chromatography using a 10-gram silica 

gel column equilibrated in 2% acetone:hexanes, then eluted using a gradient from 2% to 

20% acetone:hexanes over 20 column volumes and monitored at 205 nm. The fractions 

containing product were pooled and solvent was removed by rotary evaporation and the 

resulting oil was dried in vacuo to give the product as a clear, colourless oil (73 mg, 74%). 

1H NMR (600 MHz; CDCl3): δ 7.37-7.31 (m, 5H), 5.67 (ddt, J = 17.0, 10.0, 7.2, 4H), 5.16 

(s, 2H), 5.04-5.01 (m, 8H), 4.30-4.22 (m, 4H), 4.17 (dd, J = 11.0, 8.7, 4H), 4.11 (dd, J = 

11.1, 6.3, 4H), 2.24 (d, J = 7.3, 8H), 1.26 (s, 3H), 1.16 (s, 6H), 1.14 (s, 24H). 
13C NMR 

(176 MHz; CDCl3): δ 176.8, 172.1, 135.5, 134.0, 128.83, 128.66, 128.56, 118.3, 67.4, 66.2, 

65.2, 46.85, 46.66, 44.7, 42.6, 24.9, 17.90, 17.75. MALDI: [M]calc: 897.5 Da [M+Na]+
found: 

920.3 Da. 

BnO-G3-(ene)8 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.106 g, 0.652 mmol) suspended in 0.33 mL of EtOAc and heated to 
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50 °C. Compound 1 (85 mg, 0.665 mmol) was added dropwise and stirred for 1 hour. BnO-

G3-(OH)16 (0.050 g, 0.0543 mmol) and CsF (0.013 g, 0.087 mmol) was added in a single 

portion. The reaction progress was monitored by MALDI (~6 hours) and then quenched by 

the addition of 1 mL of water. The reaction mixture was then extracted with 3 × 30 mL of 

1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, dried over MgSO4, filtered, and 

solvent was removed by rotary evaporation to give the product as a clear, colourless oil. 

(60 mg, 51 %). 1H NMR (700 MHz; CDCl3): δ 7.37-7.30 (m, 5H), 5.67 (ddt, J = 17.0, 10.1, 

7.1, 8H), 5.15 (s, 2H), 5.04-5.01 (m, 16H), 4.31 (d, J = 11.0, 2H), 4.23-4.13 (m, 26H), 2.24 

(d, J = 7.3, 16H), 1.29 (s, 3H), 1.23 (s, 12H), 1.16 (s, 6H), 1.14 (s, 48H). 13C NMR (176 

MHz; CDCl3): δ 176.7, 172.05, 171.89, 171.5, 135.5, 134.0, 128.82, 128.64, 128.49, 118.3, 

67.3, 66.5, 65.6, 65.1, 46.90, 46.81, 46.66, 44.7, 42.6, 24.9, 18.0, 17.65, 17.55. [M]calc: 

1802.2 Da [M+Na]+
found: 1824.8 Da. 

BnO-G4-(ene)16 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.110 g, 0.681 mmol) dissolved in 0.3 mL of EtOAc and heated to 

50 °C. Compound 1 (0.089 g, 0.694 mmol) was added dropwise and stirred for 1 hour. 

BnO-G4-(OH)16 (0.050 g, 0.027 mmol) was added, along with CsF (0.013 g, 0.087 mmol). 

The reaction mixture was stirred for 12 hours, until MALDI showed complete conversion 

and then quenched by the addition of 0.1 mL of water. The reaction mixture was then 

extracted with 3 × 30 mL of 1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, 

dried over MgSO4, filtered, and solvent was removed by rotary evaporation to give the 

crude product as a clear, colourless oil. This was then purified by flash chromatography in 
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a 12-gram silica gel column using a gradient of 5% to 30% acetone in hexanes over 20 

column volumes, with UV monitoring at 205 nm. The fractions containing product were 

pooled and solvent was removed by rotary evaporation, then dried in vacuo overnight to 

give the product as a clear, colourless oil. (36 mg, 37%). 1H NMR (600 MHz; CDCl3): δ 

7.35-7.34 (m, 4H), 7.33-7.31 (m, 1H), 5.70-5.63 (m, 16H), 5.15 (s, 2H), 5.04 (d, J = 1.1, 

16H), 5.02-5.00 (m, 16H), 4.33 (d, J = 10.9, 2H), 4.26-4.13 (m, 58H), 2.24 (d, J = 7.3, 

32H), 1.31 (s, 3H), 1.23 (s, 36H), 1.19 (s, 6H), 1.14 (s, 96H). 13C NMR (176 MHz; CDCl3): 

δ 176.7, 172.05, 171.86, 171.44, 171.36, 135.6, 134.0, 128.8, 128.6, 128.4, 118.3, 67.3, 

67.0, 65.8, 65.5, 65.0, 47.0, 46.80, 46.65, 18.0, 17.65, 17.52, 17.47. [M]calc: 3609.9 Da 

[M+Na]+
found: 3635.2 Da. 

BnO-G5-(ene)32 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 

compound 1 (0.177 g, 1.381 mmol) dissolved in 0.5 mL of EtOAc at 50 °C, then 1,1’-

carbonyldiimidazole (0.220 g, 1.359 mmol) was added and the reaction mixture vigorously 

bubbled off carbon dioxide. After 30 minutes, BnO-G5-(OH)32 (0.050g, 0.0135 mmol) and 

CsF (0.013 g, 0.086 mmol) was added in a single portion. The reaction mixture was stirred 

overnight, at which point MALDI showed complete conversion, and the reaction was 

quenched by the addition of 1 mL of water. The reaction mixture was then extracted with 

3 × 30 mL of 1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, dried over MgSO4, 

filtered, and solvent was removed by rotary evaporation. The crude product was purified 

using a 10-gram silica gel column using a gradient from 5% to 30% acetone:hexanes over 

20 column volumes, with monitoring at 205 nm. The fractions containing product were 
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pooled and solvent was removed by rotary evaporation and dried in vacuo overnight to 

give the product as a clear, colourless oil. (61 mg, 62%). 1H NMR (600 MHz; CDCl3): δ 

7.35-7.31 (m, 5H), 5.67 (dq, J = 17.2, 8.6, 32H), 5.15 (d, J = 0.4, 2H), 5.03-5.00 (m, 64H), 

4.36-4.13 (m, 124H), 2.24 (d, J = 7.2, 64H), 1.33 (s, 3H), 1.25 (s, 12H), 1.23 (s, 72H), 1.18 

(s, 6H), 1.13 (s, 192H). 13C NMR (176 MHz; CDCl3): δ 176.6, 172.0, 171.5, 134.0, 128.8, 

128.4, 125.5, 121.9, 118.3, 65.3, 65.0, 46.79, 46.64, 44.7, 42.6, 24.9, 18.0, 17.69, 17.65, 

17.4. [M]calc: 7231.9 Da [M+CH3OH]+
found: 7264.4 Da. 

2,2-dimethylpent-4-ynoic Acid Periphery Dendrons (BnO-Gx-yne) 

BnO-G1-(yne)2 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.108 g, 0.669 mmol) suspended in 0.33 mL of EtOAc and heated to 

50 °C. Compound 2 (86 mg, 0.682 mmol) was added dropwise and stirred for 1 hour. BnO-

G1-(OH)2 (0.050 g, 0.223 mmol) and CsF (0.014 g, 0.089 mmol) was added in a single 

portion. The reaction progress was monitored by MALDI (~1 hour) and then quenched by 

the addition of 1 mL of water. The reaction mixture was then extracted with 3 × 30 mL of 

1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, dried over MgSO4, filtered, and 

solvent was removed by rotary evaporation to give the crude product as a clear, colourless 

oil. This was then purified by flash chromatography in a 12-gram silica gel column using 

a gradient of 5% to 30% acetone in hexanes over 20 column volumes, with UV monitoring 

at 205 nm. The fractions containing product were pooled and solvent was removed by 

rotary evaporation, then dried in vacuo overnight to give the product as a clear, colourless 

oil (88 mg, 90%). 1H NMR (600 MHz; CDCl3): δ 7.37-7.31 (m, 5H), 5.16 (s, 2H), 4.29-



74 
 

4.25 (m, 4H), 2.35 (d, J = 2.6, 4H), 1.29 (s, 3H), 1.21 (d, J = 1.9, 12H). 
13C NMR (176 

MHz; CDCl3): δ 175.9, 172.6, 135.6, 128.8, 128.6, 128.4, 80.9, 70.8, 67.1, 65.8, 46.7, 42.4, 

29.6, 24.6, 18.0. [M]calc: 440.2 Da [M+Na]+
found: 462.4 Da.  

BnO-G2-(yne)4 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.213 g, 0.876 mmol) suspended in 0.66 mL of EtOAc and heated to 

50 °C. Compound 2 (167 mg, 0.889 mmol) was added dropwise and stirred for 1 hour. 

BnO-G2-(OH)4 (0.050 g, 0.223 mmol) and CsF (0.013 g, 0.087 mmol) was added in a 

single portion. The reaction progress was monitored by MALDI (~3 hours) and then 

quenched by the addition of 1 mL of water. The reaction mixture was then extracted with 

3 × 30 mL of 1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, dried over MgSO4, 

filtered, and solvent was removed by rotary evaporation to give the crude product as a clear, 

colourless oil. This was then purified by flash chromatography in a 12-gram silica gel 

column using a gradient of 5-30% acetone in hexanes over 20 column volumes, with UV 

monitoring at 205 nm. The fractions containing product were pooled and solvent was 

removed by rotary evaporation, then dried in vacuo overnight to give the product as a clear, 

colourless oil (38 mg, 40 %). 
1H NMR (600 MHz; CDCl3): δ 7.38-7.32 (m, 5H), 5.17 (s, 

2H), 4.30 (d, J = 11.0, 2H), 4.23 (dt, J = 11.0, 7.3, 6H), 4.17 (dd, J = 11.1, 5.0, 4H), 2.40 

(d, J = 2.3, 8H), 1.99 (t, J = 2.5, 4H), 1.27 (s, 3H), 1.25 (s, 23H), 1.19 (s, 6H). 13C NMR 

(151 MHz, CDCl3) δ 175.84, 172.07, 128.86, 128.71, 128.60, 80.92, 70.92, 67.38, 66.15, 

65.32, 46.84, 46.72, 42.44, 29.65, 24.67, 17.86, 17.77. [M]calc: 888.4 Da [M+Na]+
found: 

912.1 Da. 
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BnO-G3-(yne)8 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.106 g, 0.652 mmol) suspended in 0.33 mL of EtOAc and heated to 

50 °C. Compound 2 (84 mg, 0.652 mmol) was added dropwise and stirred for 1 hour. BnO-

G3-(OH)16 (0.050 g, 0.0543 mmol) and CsF (0.013 g, 0.087 mmol) was added in a single 

portion. The reaction progress was monitored by MALDI (~6 hours) and then quenched by 

the addition of 1 mL of water. The reaction mixture was then extracted with 3 × 30 mL of 

1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, dried over MgSO4, filtered, and 

solvent was removed by rotary evaporation to give the crude product as a clear, colourless 

oil. This was purified by flash chromatography in a 12-gram silica gel column using a 

gradient of 5% to 30% acetone in hexanes over 20 column volumes, with UV monitoring 

at 205 nm. The fractions containing product were pooled and solvent was removed by 

rotary evaporation, then dried in vacuo overnight to give the product as a clear, colourless 

oil (74 mg, 63%). 1H NMR (700 MHz; CDCl3): δ 7.40-7.34 (m, 5H), 5.19 (s, 2H), 4.35-

4.22 (m, 28H), 2.42 (d, J = 2.5, 16H), 2.03 (t, J = 2.3, 8H), 1.33 (s, 3H), 1.28 (s, 12H), 1.27 

(s, 48H), 1.20 (s, 6H). 13C NMR (176 MHz; CDCl3): δ 175.8, 171.99, 171.92, 135.5, 

128.83, 128.68, 128.50, 80.9, 71.0, 67.3, 66.5, 65.7, 65.3, 46.89, 46.81, 46.76, 46.72, 42.4, 

29.6, 24.7, 18.0, 17.68, 17.56, 14.4. [M]calc: 1785.9 Da [M+Na]+
found: 1808.1 Da. 

BnO-G4-(yne)16 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.110 g, 0.681 mmol) dissolved in 0.3 mL of EtOAc and heated to 

50 °C. Compound 2 (0.088 g, 0.694 mmol) was added dropwise and stirred for 1 hour. 
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BnO-G4-(OH)8 (0.050 g, 0.027 mmol) and CsF (0.013 g, 0.087 mmol) was added in a 

single portion and stirred for 12 hours and monitored by MALDI and then quenched by the 

addition of 0.1 mL of water. The reaction mixture was then extracted with 3 × 30 mL of 1 

M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, dried over MgSO4, filtered, and 

solvent was removed by rotary evaporation to give the crude product as a clear, colourless 

oil. This was then purified by flash chromatography in a 12-gram silica gel column using 

a gradient of 5% to 40% acetone in hexanes over 20 column volumes, with UV monitoring 

at 205 nm. The fractions containing product were pooled and solvent was removed by 

rotary evaporation, then dried in vacuo overnight to give the product as a clear, colourless 

oil. (48 mg, 49%). 1H NMR (600 MHz; CDCl3): δ 7.39 (d, J = 4.4, 4H), 7.36 (dt, J = 8.6, 

3.8, 1H), 5.19 (s, 2H), 4.38-4.22 (m, 60H), 2.43 (d, J = 2.6, 32H), 2.04 (t, J = 2.6, 16H), 

1.35 (s, 3H), 1.29 (s, 24H), 1.28 (s, 96H), 1.23 (s, 6H). 13C NMR (176 MHz; CDCl3): δ 

175.8, 172.0, 171.50, 171.43, 135.6, 128.85, 128.65, 128.4, 81.0, 71.0, 67.3, 66.9, 65.8, 

65.5, 65.2, 46.82, 46.72, 42.4, 29.6, 18.0, 17.67, 17.56, 17.51. [M]calc: 3579.7 Da 

[M+Na]+
found: 3601.8 Da. 

BnO-G5-(yne)32 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.138 g, 0.850 mmol) dissolved in 0.3 mL of EtOAc and heated to 

50 °C. Compound 2 (0.107 g, 0.850 mmol) was added dropwise and stirred for 1 hour. 

BnO-G5-(OH)8 (0.050 g, 0.014 mmol) and CsF (6.2 mg, 0.041 mmol) was added in a single 

portion and stirred for 12 hours and monitored by MALDI and then quenched by the 

addition of 0.1 mL of water. The reaction mixture was then extracted with 3 × 30 mL of 1 
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M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, dried over MgSO4, filtered, and 

solvent was removed by rotary evaporation to give the crude product as a clear, colourless 

oil. This was then purified by flash chromatography in a 12-gram silica gel column using 

a gradient of 5% to 40% acetone in hexanes over 20 column volumes, with UV monitoring 

at 205 nm. The fractions containing product were pooled and solvent was removed by 

rotary evaporation, then dried in vacuo overnight to give the product as a clear, colourless 

oil. (58 mg, 60%). 1H NMR (600 MHz, CDCl3) δ 7.42 – 7.30 (m, 5H), 5.17 (s, 2H), 4.41 – 

4.09 (m, 124H), 2.40 (d, J = 2.7 Hz, 64H), 2.03 (t, J = 2.7 Hz, 32H), 1.25-1.27 (m, 285H). 

13C NMR (151 MHz, CDCl3) δ 175.60, 171.93, 171.89, 171.41, 171.32, 128.75, 128.30, 

80.84, 80.81, 70.95, 65.27, 65.05, 46.67, 46.64, 46.60, 46.57, 42.27, 30.93, 29.48, 24.54, 

17.86, 17.72, 17.56, 17.53, 17.29. [M]calc: 7167.4 Da [M+Na]+
found: 7192.5 Da. 

5-azido-2,2-dimethylpentanoic acid Periphery Dendrons (BnO-Gx-N3) 

BnO-G1-(N3)2 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.108 g, 0.669 mmol) suspended in 0.33 mL of EtOAc and heated to 

50 °C. Compound 3 (117 mg, 0.682 mmol) was added dropwise and stirred for 1 hour. 

BnO-G3-(OH)8 (0.050 g, 0.2230 mmol) and CsF (0.014 g, 0.0892 mmol) was added in a 

single portion. The reaction mixture was stirred until TLC showed complete conversion 

(~6 hours) and then quenched by the addition of 0.1 mL of water. The reaction mixture was 

then extracted with 3 × 30 mL of 10% Na2CO3, 3 × 30 mL of 1 M H3PO4, 1 × 50 mL brine, 

dried over MgSO4, filtered, and solvent was removed by rotary evaporation to give the 

crude product as a clear, colourless oil. This was then purified by flash chromatography in 
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a 12-gram silica gel column using a gradient of 5% to 30% acetone in hexanes over 20 

column volumes, with UV monitoring at 205 nm. The fractions containing product were 

pooled and solvent was removed by rotary evaporation, then dried in vacuo overnight to 

give the product as a clear, colourless oil (103 mg, 87%), 1H NMR (600 MHz; CDCl3): δ 

7.37-7.33 (m, 5H), 5.16 (s, 2H), 4.25-4.20 (m, 4H), 3.22 (t, J = 6.5, 4H), 1.53 (dq, J = 10.8, 

3.3, 4H), 1.50-1.46 (m, 4H), 1.29 (s, 3H), 1.12 (s, 12H). 13C NMR (176 MHz; CDCl3): δ 

176.9, 172.6, 135.6, 128.8, 128.6, 128.3, 67.1, 65.6, 51.8, 46.7, 42.3, 37.6, 25.2, 24.7, 18.0. 

[M]calc: 530.3 Da [M+Na]+
found: 552.4 Da. 

 

BnO-G2-(N3)4 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.107 g, 0.657 mmol) suspended in 0.33 mL of EtOAc and heated to 

50 °C. Compound 3 (115 mg, 0.670 mmol) was added dropwise and stirred for 1 hour. 

BnO-G2-(OH)4 (0.050 g, 0.223 mmol) and CsF (0.014 g, 0.0892 mmol) was added in a 

single portion. The reaction mixture was stirred until TLC showed complete conversion 

(~3 hours) and then quenched by the addition of 0.1 mL of water. The reaction mixture was 

then extracted with 3 × 30 mL of 10% Na2CO3, 3 × 30 mL of 1 M H3PO4, 1 × 50 mL brine, 

dried over MgSO4, filtered, and solvent was removed by rotary evaporation to give the 

crude product as a clear, colourless oil. This was then purified by flash chromatography in 

a 12-gram silica gel column using a gradient of 5% to 30% acetone in hexanes over 20 

column volumes, with UV monitoring at 205 nm. The fractions containing product were 

pooled and solvent was removed by rotary evaporation, then dried in vacuo overnight to 
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give the product as a clear, colourless oil (71 mg, 61%). 
1H NMR (600 MHz; CDCl3): δ 

7.41-7.36 (m, 5H), 5.19 (s, 2H), 4.33-4.25 (m, 4H), 4.21 (dd, J = 11.0, 8.7, 4H), 4.13 (dd, 

J = 11.0, 6.8, 4H), 3.28 (t, J = 6.5, 8H), 1.58 (q, J = 3.8, 9H), 1.55-1.50 (m, 8H), 1.31 (s, 

3H), 1.20 (s, 6H), 1.19 (s, 24H). 
13C NMR (176 MHz; CDCl3): δ 176.8, 172.0, 135.5, 

128.84, 128.68, 128.54, 67.4, 66.2, 65.1, 51.8, 46.85, 46.71, 42.3, 37.6, 25.2, 24.7, 17.81, 

17.74. [M]calc: 1068.6 Da [M+Na]+
found: 1043.7 Da. 

BnO-G3-(N3)8 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.106 g, 0.652 mmol) suspended in 0.33 mL of EtOAc and heated to 

50 °C. Compound 3 (114 mg, 0.664 mmol) was added dropwise and stirred for 1 hour. 

BnO-G3-(OH)8 (0.050 g, 0.0543 mmol) and CsF (0.013 g, 0.087 mmol) was added in a 

single portion. The reaction mixture was stirred until MALDI showed complete conversion 

(~6 hours) and then quenched by the addition of 1 mL of water. The reaction mixture was 

then extracted with 3 × 30 mL of 1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, 

dried over MgSO4, filtered, and solvent was removed by rotary evaporation to give the 

crude product as a clear, colourless oil. This was then purified by flash chromatography in 

a 12-gram silica gel column using a gradient of 5% to 30% acetone in hexanes over 20 

column volumes, with UV monitoring at 205 nm. The fractions containing product were 

pooled and solvent was removed by rotary evaporation, then dried in vacuo overnight to 

give the product as a clear, colourless oil (74 mg, 63%). 1H NMR (700 MHz; CDCl3): δ 

7.38-7.32 (m, 5H), 5.16 (s, 2H), 4.32 (d, J = 11.0, 2H), 4.24-4.19 (m, 18H), 4.14 (dd, J = 

11.1, 4.3, 8H), 3.25 (t, J = 6.6, 16H), 1.58-1.55 (m, 16H), 1.53-1.48 (m, 16H), 1.30 (s, 3H), 
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1.24 (s, 12H), 1.18 (s, 6H), 1.16 (s, 48H). 13C NMR (176 MHz; CDCl3): δ 176.7, 171.96, 

171.89, 171.5, 128.83, 128.66, 128.4, 67.3, 66.6, 65.7, 65.0, 51.8, 46.91, 46.81, 46.71, 42.3, 

37.6, 24.7, 17.9, 17.62, 17.53. [M]calc: 2146.1 Da [M+Na]+
found: 2167.6 Da. 

BnO-G4-(N3)16 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.110 g, 0.681 mmol) dissolved in 0.3 mL of EtOAc and heated to 

50 °C. Compound 2 (0.088 g, 0.694 mmol) was added dropwise and stirred for 1 hour. 

BnO-G4-(OH)16 (0.050 g, 0.027 mmol) and CsF (0.013 g, 0.087 mmol) was added in a 

single portion. The reaction mixture was stirred for 12 hours, until MALDI showed 

complete conversion and then quenched with 0.1 mL of water. The reaction mixture was 

then extracted with 3 × 30 mL of 1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, 

dried over MgSO4, filtered, and solvent was removed by rotary evaporation to give the 

crude product as a clear, colourless oil. This was then purified by flash chromatography in 

a 12-gram silica gel column using a gradient of 5% to 40% acetone in hexanes over 20 

column volumes, with UV monitoring at 205 nm. The fractions containing product were 

pooled and solvent was removed by rotary evaporation, then dried in vacuo overnight to 

give the product as a clear, colourless oil. (93 mg, 80%). 1H NMR (600 MHz; CDCl3): δ 

7.35 (d, J = 4.4, 4H), 7.32 (dt, J = 8.2, 4.1, 1H), 5.16 (s, 2H), 4.34 (d, J = 10.9, 2H), 4.27-

4.20 (m, 42H), 4.13 (dd, J = 11.0, 5.6, 16H), 3.25 (t, J = 6.6, 32H), 1.58-1.54 (m, 32H), 

1.52-1.47 (m, 32H), 1.31 (s, 3H), 1.24 (d, J = 3.3, 36H), 1.19 (s, 6H), 1.16 (s, 96H). 13C 

NMR (176 MHz; CDCl3): δ 176.7, 171.97, 171.87, 171.43, 171.37, 135.6, 128.8, 128.6, 
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128.4, 67.3, 67.0, 65.8, 65.4, 65.0, 51.8, 46.79, 46.68, 42.3, 37.5, 25.2, 24.7, 17.9, 17.6, 

17.4. [M]calc: 4300.2 Da [M+Na]+
found: 4273.9 Da. 

BnO-G5-(N3)32 

A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.214 g, 1.32 mmol) dissolved in 0.6 mL of EtOAc and heated to 50 

°C. Compound 2 (0.222 g, 1.29 mmol) was added dropwise and stirred for 1 hour. BnO-

G5-(OH)32 (0.100 g, 0.027 mmol) and CsF (0.026 g, 0.173 mmol) was added in a single 

portion. The reaction mixture was stirred overnight at which point MALDI showed 

complete conversion, and the reaction was quenched by the addition of 0.1 mL of water. 

The reaction mixture was then extracted with 3 × 30 mL of 1 M H3PO4, 3 × 30 mL of 10% 

Na2CO3, 1 × 50 mL brine, dried over MgSO4, filtered, and solvent was removed by rotary 

evaporation to give the crude product as a clear, colourless oil. The crude was purified by 

flash chromatography in a 12-gram silica gel column using a gradient of 5% to 40% acetone 

in hexanes over 20 column volumes, with UV monitoring at 205 nm. The fractions 

containing product were pooled and solvent was removed by rotary evaporation, then dried 

in vacuo overnight to give the product as a clear, colourless oil. (165 mg, 71%).  1H NMR 

(600 MHz, CDCl3) δ 7.41 – 7.29 (m, 5H), 5.16 (s, 2H), 4.42 – 3.96 (m, 124H), 3.25 (t, J = 

6.7, 64H), 1.64 – 1.45 (m,  137H), 1.25 (s, 84H), 1.16 (s, 192H). 13C NMR (151 MHz, 

CDCl3) δ 176.71, 172.00, 171.47, 171.40, 128.83, 128.39, 67.04, 65.80, 65.47, 64.99, 

51.79, 47.05, 46.81, 46.71, 42.31, 37.57, 25.22, 24.74, 17.92, 17.64, 17.44. [M]calc: 8608.4 

Da [M+H]+
found: 8500.3 Da. 

BnO-G5-Lin-(N3)32  Linear Azide 
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A 25 mL round-bottomed flask equipped with a magnetic stir bar was charged with 1,1’-

carbonyldiimidazole (0.308 g, 1.90 mmol) dissolved in 2 mL of EtOAc and heated to 50 

°C. 5-azidovaleric acid (0.335 g, 1.96 mmol) was added dropwise and stirred for 1 hour. 

BnO-G5-(OH)32 (0.145 g, 0.039 mmol) was added, along with CsF (0.038 g, 0.250 mmol). 

The reaction mixture was stirred for overnight and monitored by MALDI and then 

quenched by the addition of 0.1 mL of water. The reaction mixture was extracted with 3 × 

30 mL of 1 M H3PO4, 3 × 30 mL of 10% Na2CO3, 1 × 50 mL brine, dried over MgSO4, 

filtered, and solvent was removed by rotary evaporation to give the crude product as a clear, 

colourless oil. This was then purified by flash chromatography in a 12-gram silica gel 

column using a gradient of 5% to 40% acetone in hexanes over 20 column volumes, with 

UV monitoring at 205 nm. The fractions containing product were pooled and solvent was 

removed by rotary evaporation, then dried in vacuo overnight to give the product as a clear, 

colourless oil. (128 mg, 43%). 1H NMR (600 MHz, CDCl3) δ 7.36 (d, J = 4.3 Hz, 4H), 7.33 

(m, 1H), 5.16 (s, 1H), 4.43 – 3.94 (m, 124H), 3.30 (t, J = 6.7, 64H), 2.36 (t, J = 6.7, 64H), 

1.66 (m, 135H), 1.32 (s, 6H) 1.28 – 1.22 (m, 80H). 13C NMR (151 MHz, CDCl3) δ 172.72, 

172.16, 129.03, 128.32, 65.57, 65.12, 51.14, 48.83, 46.78, 46.52, 33.57, 33.47, 28.39, 

28.37, 22.19, 22.12, 17.93, 17.73, 17.44.  

Preparation of Amine Periphery Dendrons 

BnO-G5-(Neo-NH3
+TFA-)32  

A 10 mL round-bottomed flask equipped with a magnetic stir bar was charged with BnO-

G5-(N3)16 (13 mg, 1.5 μmol) dissolved in 1 mL of 1:1 DCM:MeOH, along with 40 μl of 

trifluoroacetic acid. Pd(OH)2/C (12 mg) was added, and the reaction mixture was purged 
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and backfilled three times with hydrogen gas and was left to vigorously stir under a 

hydrogen atmosphere for overnight. The reaction mixture was then filtered through a 0.2 

µm PTFE filter, solvent was removed by rotary evaporation and then dried in vacuo to give 

the product as a clear, colourless oil. (17 mg, 99%) 1H NMR (600 MHz, D2O, vs. NaHCOO-

) δ 4.27 (d, J = 40.0 Hz, 148H), 2.99 – 2.94 (m, 64H), 1.59 (s, 135H), 1.30 (s, 124H), 1.17 

(s, 230H). 13C NMR (151 MHz, D2O, vs. NaHCOO-) δ 179.19, 163.89, 163.66, 163.42, 

163.19, 119.86, 117.93, 115.99, 114.06, 66.00, 47.25, 42.63, 40.16, 36.77, 24.96, 23.18, 

17.83. [M]calc : 7776.7 Da (neutral amine) [M+H]found: 7702.5 Da.  

BnO-G5-(Lin-NH3
+TFA-)32  

A 20 mL scintillation vial equipped with a magnetic stir bar was charged with BnO-G5-

Lin-(N3)32 (22.5 mg, 2.92 μmol) dissolved 1 mL of 1:1 DCM:MeOH, along with 40 μl of 

trifluoroacetic acid. Pd(OH)2/C (10 mg) was added, and the reaction mixture was purged 

and backfilled three times with hydrogen gas and was left to vigorously stir under a 

hydrogen atmosphere for overnight. The reaction mixture was then filtered through a 0.22 

µm PTFE filter, solvent was removed by rotary evaporation and then dried in vacuo to give 

the product as a clear, colourless oil. (14.9 mg, 96%). 1H NMR (600 MHz, D2O) δ 4.27 (d, 

J = 29.7 Hz, 164H), 3.00 (t, J = 7.1 Hz, 64H), 2.45 (t, J = 6.8 Hz, 84H), 1.37 – 1.24 (m, 

100H). 13C NMR (151 MHz, D2O) δ 174.78, 163.16, 162.92, 162.69, 162.45, 119.24, 

117.31, 115.37, 113.43, 65.85, 65.35, 63.85, 57.73, 48.29, 46.58, 46.40, 39.03, 32.96, 

32.90, 26.18, 21.12, 17.02, 16.65. [M]calc: 10528.7 Da [M+H]found: 11185.3 Da, 

[M+2H]2+
found: 5626.5  
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Model Click Reactions 

BnO-G5-(N3)32 SPAAC with DBCO-COOH (BnO-G5-(DBCO)32) 

In a 20 mL scintillation vial charged with a stir bar, BnO-G5-N3 (13 mg, 1.51 μmol) was 

dissolved in 1 mL DCM, DBCO-COOH (14.75 mg, 48.32 μmol) was added in two portions 

between 2-minute intervals. The reaction was complete in 10 minutes by FTIR, and solvent 

was removed by rotary evaporator to yield BnO-G5-(DBCO)32 as a white powder. (27 mg, 

99%) 1H NMR (600 MHz, CDCl3) δ 7.74 – 7.33 (m, 166H), 7.24 – 6.93 (m, 116H), 4.30 

(m, 223H), 2.51 – 0.96 (m, 605H). 13C NMR (151 MHz, CDCl3) δ 177.08, 175.59, 172.15, 

171.84, 170.72, 144.98, 142.61, 141.31, 140.18, 135.84, 134.61, 133.70, 132.62, 131.79, 

131.49, 130.87, 129.89, 129.74, 129.58, 128.99, 128.49, 127.95, 127.55, 127.35, 124.48, 

65.04, 53.04, 51.68, 49.69, 48.89, 46.78, 42.26, 42.20, 37.22, 36.52, 29.86, 29.58, 29.22, 

28.55, 25.60, 25.02, 24.82, 17.91, 17.67, 17.37, 1.16. [M]calc: 18374.0 Da [M+H]found: 

17534.8 Da, [M+2H]2+
found: 8889.1 
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BnO-G5-(yne)32 CuAAC with Benzyl Azide (BnO-G5-(BzTr)32) 

In a 20 mL scintillation vial charged with a stir bar, BnO-G5-yne3 (10 mg, 1.40 μmol) was 

dissolved in 0.5 mL dry THF. Benzyl azide (7.3 μl, 59 μmol) and DIPEA (1.1 μl, 5.8 μmol) 

was added to the stirring mixture, followed by a 0.5 mL solution of Cu(I)OAc (274 μg,  

2.23 μmol). The reaction was stirred vigorously at room temperature overnight. Solvent 

and excess benzyl azide was removed by rotary evaporator, and the crude was redissolved 

in 5 mL DCM and washed with 3 x 5 mL water. DCM was removed by rotary evaporator 

to yield BnO-G5-(BzTr)32 as a greenish sticky solid (14.8 mg, 93%). 1H NMR (600 MHz, 

CDCl3) δ 7.43 – 7.27 (m, 76H), 7.16 (d, J = 7.0 Hz, 82H), 5.41 (s, 64H), 4.16 (m, 135H), 

2.85 (s, 64H), 1.35 – 1.15 (m, 109H), 1.10 (s, 285H). 13C NMR (151 MHz, CDCl3) δ 

176.52, 172.10, 171.57, 144.38, 135.34, 129.11, 128.61, 127.98, 122.81, 65.07, 53.89, 

46.69, 42.95, 35.86, 32.07, 30.25, 29.85, 25.01, 22.84, 17.81, 17.67, 14.27, 1.16. [M]calc: 

11426.4 Da [M+H]found: 11418.1 Da. 
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BnO-G5-(ene)32 thiol-ene click with 1-thioglycerol (BnO-G5-(SR)32) 

In a 1 mL tube, BnO-G5-yne3 (10.6 mg, 1.47 μmol), 1-thioglycerol (6.1 μl, 70.35 μmol) 

and DMPA (263 μg, 1.03 μmol) were dissolved in 0.1 mL acetonitrile. The mixture was 

irradiated with a handheld UV lamp at 365 nm for 30 minutes without stirring. The product 

partially precipitates out as an immiscible oil. Solvent and excess 1-thioglycerol was 

removed by rotary evaporator to yield a colourless oil (15.7 mg, 99%). [M]calc: 10689.7 Da 

[M+H]found: 10429.9 Da. 1H NMR (600 MHz, MeOD) δ 7.63 – 7.24 (m, 5H), 5.25 (s, 2H), 

4.37 – 4.17 (m, 128H), 3.74 (p, J = 5.8 Hz, 32H), 3.62 (dd, J = 11.2, 4.5 Hz, 32H), 3.54 

(dd, J = 11.2, 5.9 Hz, 32H), 2.69 (dd, J = 13.5, 5.7 Hz, 32H), 2.60 – 2.54 (m, 90H), 1.67 – 

1.61 (m, 64H), 1.57 – 1.48 (m, 64H), 1.33 (d, J = 7.4 Hz, 96H), 1.19 (s, 199H). 13C NMR 

(151 MHz, MeOD) δ 178.35, 173.55, 173.09, 72.87, 66.31, 66.09, 43.58, 43.52, 40.87, 

36.47, 34.13, 26.49, 25.94, 18.72, 18.55. [M]calc: 10689.7 Da [M+H]found: 10429.9 Da. 

Hydrolytic Stability Studies 

pH Degradation Studies 
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Potassium phosphate buffers of pH 5.8, 7.4, and 8 were produced with D2O as the solvent, 

and then individually spiked with sodium formate and then diluted with D2O and pH 

adjusted with HCl/NaOH to produce a 0.1 M (as both buffer strength and standard) working 

solution. 500 μl of the corresponding solution was added to 7-10 mg of the dendron of 

interest in a glass NMR tube and incubated at 37 °C and monitored periodically by 1H 

NMR. All qNMR spectra were obtained on a Bruker Avance AV600 at 600 MHz at room 

temperature. All hydrolysis NMR data were acquired with a 90° pulse, 30s relaxation delay 

(d1) and 20 spectral scans. 

Tracking NMR Data 

 

Figure S2.2. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 5.8 

potassium phosphate buffer. 

 

 



88 
 

 

Figure S2.3. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 7.4 potassium 

phosphate buffer. 

 

Figure S2.4. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 8 potassium 

phosphate buffer. Boxed signals are example degradation peaks from the amine and lactam.  
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Figure S2.5. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 5.8 potassium 

phosphate buffer. Boxed signals are example degradation peaks from the amine and lactam. 

 

Figure S2.6. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 7.4 potassium 

phosphate buffer. Boxed signals are example degradation peaks from the amine and lactam. 
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Figure S2.7. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 8 potassium 

phosphate buffer. Boxed signals are example degradation peaks from the amine and lactam. 

 

Figure S2.8. Compiled triplicate 1H NMR measurements showing average % of intact 

dendrons over ~1 month. 
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Figure S2.9. 2D TOCSY (D2O) of BnO-G5-(Lin-NH3
+TFA-)32 in pH 8 buffer after 1 

month.  

Table S2.1. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 5.8 potassium 

phosphate buffer, trial 1.  

Linear Periphery, pH 5.8 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.48 0 0.00 0.0 0.0 100.0 

4 0.48 0 0.00 0.0 0.0 100.0 

6 0.49 0.01 0.01 2.0 2.0 96.1 

12 0.49 0.01 0.02 3.8 1.9 94.2 

14 0.49 0.01 0.02 3.8 1.9 94.2 

25 0.49 0.02 0.02 3.8 3.8 92.5 

29 0.49 0.02 0.03 5.6 3.7 90.7 
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Table S2.2. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 5.8 

potassium phosphate buffer, trial 2. 

Linear Periphery, pH 5.8 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.62 0 0.00 0.0 0.0 100.0 

4 0.66 0 0.01 1.5 0.0 98.5 

6 0.64 0.01 0.01 1.5 1.5 97.0 

12 0.65 0.01 0.02 2.9 1.5 95.6 

14 0.64 0.01 0.02 3.0 1.5 95.5 

25 0.63 0.02 0.02 3.0 3.0 94.0 

29 0.62 0.03 0.03 4.4 4.4 91.2 

 

Table S2.3. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 5.8 

potassium phosphate buffer, trial 3. 

Linear Periphery, pH 5.8 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.66 0 0.00 0.0 0.0 100.0 

4 0.67 0 0.02 2.9 0.0 97.1 

6 0.65 0.01 0.02 2.9 1.5 95.6 

12 0.64 0.01 0.02 3.0 1.5 95.5 

14 0.64 0.01 0.02 3.0 1.5 95.5 

25 0.63 0.02 0.03 4.4 2.9 92.6 

29 0.62 0.02 0.03 4.5 3.0 92.5 
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Table S2.4. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 5.8 potassium 

phosphate buffer, trial 1. 

Neopentyl pH 5.8 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.34 0 0 0 0.0 100.0 

1 0.35 0 0 0 0.0 100.0 

5 0.35 0 0 0 0.0 100.0 

6 0.35 0 0 0 0.0 100.0 

7 0.35 0 0 0 0.0 100.0 

12 0.35 0 0 0 0.0 100.0 

14 0.36 0 0 0 0.0 100.0 

19 0.35 0 0 0 0.0 100.0 

25 0.35 0 0 0 0.0 100.0 

28 0.35 0 0 0 0.0 100.0 

32 0.35 0 0 0 0.0 100.0 

 

Table S2.5. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 5.8 

potassium phosphate buffer, trial 2. 

Neopentyl pH 5.8 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.17 0 0 0 0.0 100.0 

1 0.18 0 0 0 0.0 100.0 

5 0.18 0 0 0 0.0 100.0 

6 0.17 0 0 0 0.0 100.0 

7 0.17 0 0 0 0.0 100.0 

12 0.17 0 0 0 0.0 100.0 

14 0.18 0 0 0 0.0 100.0 

19 0.17 0 0 0 0.0 100.0 
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25 0.18 0 0 0 0.0 100.0 

28 0.17 0 0 0 0.0 100.0 

32 0.18 0 0 0 0.0 100.0 

 

Table S 2.6. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 5.8 

potassium phosphate buffer, trial 3. 

Neopentyl pH 5.8 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.18 0 0 0 0.0 100.0 

1 0.19 0 0 0 0.0 100.0 

5 0.2 0 0 0 0.0 100.0 

6 0.19 0 0 0 0.0 100.0 

7 0.2 0 0 0 0.0 100.0 

12 0.2 0 0 0 0.0 100.0 

14 0.19 0 0 0 0.0 100.0 

19 0.19 0 0 0 0.0 100.0 

25 0.2 0 0 0 0.0 100.0 

28 0.2 0 0 0 0.0 100.0 

32 0.2 0 0 0 0.0 100.0 

 

Table S2.7. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 7.4 potassium 

phosphate buffer, trial 1. 

Linear Periphery, pH 7.4 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.53 0 0.00 0.00 0.0 100 

4 0.5 0.03 0.03 5.36 5.4 89.3 
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6 0.47 0.05 0.03 5.45 9.1 85.5 

12 0.41 0.1 0.06 10.53 17.5 71.9 

14 0.4 0.1 0.06 10.71 17.9 71.4 

25 0.35 0.13 0.07 12.73 23.6 63.6 

29 0.3 0.16 0.08 14.81 29.6 55.6 

 

Table S2.8. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 7.4 potassium 

phosphate buffer, trial 2. 

Linear Periphery, pH 7.4 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.63 0 0.00 0.00 0.0 100 

4 0.54 0.08 0.03 4.62 12.3 83.1 

6 0.5 0.11 0.04 6.15 16.9 76.9 

12 0.45 0.15 0.06 9.09 22.7 68.2 

14 0.43 0.16 0.06 9.23 24.6 66.2 

25 0.36 0.21 0.09 13.64 31.8 54.5 

29 0.34 0.22 0.09 13.85 33.8 52.3 

 

Table S2.9. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 7.4 

potassium phosphate buffer, trial 3 

Linear Periphery, pH 7.4 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.61 0 0.00 0.00 0.0 100 
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4 0.5 0.07 0.02 3.39 11.9 84.7 

6 0.46 0.09 0.03 5.17 15.5 79.3 

12 0.4 0.13 0.05 8.62 22.4 69.0 

14 0.4 0.14 0.06 10.00 23.3 66.7 

25 0.33 0.18 0.08 13.56 30.5 55.9 

29 0.32 0.19 0.09 15.00 31.7 53.3 

 

Table S2.10. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 7.4 

potassium phosphate buffer, trial 1 

Neopentyl Periphery pH 7.4 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.67 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.42 0 0 0.00 0.0 100.0 

1 0.41 0 0 0.00 0.0 100.0 

5 0.41 0 0 0.00 0.0 100.0 

6 0.4 0 0 0.00 0.0 100.0 

7 0.41 0 0 0.00 0.0 100.0 

12 0.41 0 0 0.00 0.0 100.0 

14 0.4 0 0 0.00 0.0 100.0 

19 0.42 0 0 0.00 0.0 100.0 

25 0.42 0.01 0 0.00 2.3 97.7 

28 0.4 0.01 0 0.00 2.4 97.6 

32 0.39 0.01 0 0.00 2.5 97.5 

 

Table S2.11. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 7.4 

potassium phosphate buffer, trial 2 

Neopentyl Periphery pH 7.4 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 



97 
 

0 0.16 0 0 0 0.0 100.0 

1 0.18 0 0 0 0.0 100.0 

5 0.17 0 0 0 0.0 100.0 

6 0.17 0 0 0 0.0 100.0 

7 0.18 0 0 0 0.0 100.0 

12 0.18 0.01 0 0 5.3 94.7 

14 0.18 0.01 0 0 5.3 94.7 

19 0.17 0.01 0 0 5.6 94.4 

25 0.17 0.01 0 0 5.6 94.4 

28 0.17 0.01 0 0 5.6 94.4 

32 0.17 0.01 0 0 5.6 94.4 

 

Table S2.12. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 7.4 

potassium phosphate buffer, trial 3 

Neopentyl Periphery pH 7.4 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.18 0 0 0.0 0.0 100.0 

1 0.18 0 0 0.0 0.0 100.0 

5 0.18 0 0 0.0 0.0 100.0 

6 0.18 0 0 0.0 0.0 100.0 

7 0.18 0 0 0.0 0.0 100.0 

12 0.18 0.01 0 0.0 5.3 94.7 

14 0.17 0.01 0 0.0 5.6 94.4 

19 0.17 0.01 0 0.0 5.6 94.4 

25 0.17 0.01 0 0.0 5.6 94.4 

28 0.17 0.01 0 0.0 5.6 94.4 

32 0.17 0.01 0 0.0 5.6 94.4 

 

Table S2.13. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 8 potassium 

phosphate buffer, trial 1 

Linear Periphery, pH 8.0 
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Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.61 0 0.00 0.00 0.0 100 

4 0.41 0.17 0.04 6.45 27.4 66.1 

6 0.37 0.21 0.05 7.94 33.3 58.7 

12 0.30 0.24 0.06 10.00 40.0 50.0 

14 0.31 0.27 0.08 12.12 40.9 47.0 

25 0.24 0.30 0.09 14.29 47.6 38.1 

29 0.22 0.3 0.09 14.75 49.2 36.1 

 

 

Table S2.14. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 8 potassium 

phosphate buffer, trial 2 

Linear Periphery, pH 8.0 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.49 0 0.00 0.00 0.0 100 

4 0.41 0.07 0.03 5.88 13.7 80.4 

6 0.37 0.12 0.05 9.26 22.2 68.5 

12 0.31 0.18 0.07 12.50 32.1 55.4 

14 0.3 0.17 0.07 12.96 31.5 55.6 

25 0.26 0.2 0.08 14.81 37.0 48.1 

29 0.21 0.23 0.09 16.98 43.4 39.6 

 

Table S2.15. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 0.1 M pH 8 potassium 

phosphate buffer, trial 3 

Linear Periphery, pH 8.0 
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Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.6 0 0.00 0.00 0.0 100 

4 0.43 0.17 0.04 6.25 26.6 67.2 

6 0.38 0.2 0.05 7.94 31.7 60.3 

12 0.33 0.25 0.07 10.77 38.5 50.8 

14 0.31 0.26 0.07 10.94 40.6 48.4 

25 0.24 0.29 0.09 14.52 46.8 38.7 

29 0.23 0.3 0.09 14.52 48.4 37.1 

 

Table S2.16. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 8 potassium 

phosphate buffer, trial 1 

 

Neopentyl Periphery pH 8 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.37 0 0 0 0.0 100.0 

1 0.36 0 0 0 0.0 100.0 

5 0.36 0.01 0 0 2.7 97.3 

6 0.36 0.01 0 0 2.7 97.3 

7 0.36 0.01 0 0 2.7 97.3 

12 0.36 0.01 0 0 2.7 97.3 

14 0.35 0.01 0 0 2.8 97.2 

19 0.35 0.02 0 0 5.4 94.6 

25 0.35 0.02 0 0 5.4 94.6 

28 0.35 0.02 0 0 5.4 94.6 

32 0.35 0.02 0 0 5.4 94.6 
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Table S2.17. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 8 potassium 

phosphate buffer, trial 2 

Neopentyl Periphery pH 8 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.16 0 0 0 0.0 100.0 

1 0.16 0 0 0 0.0 100.0 

5 0.16 0.01 0 0 5.9 94.1 

6 0.15 0.01 0 0 6.3 93.8 

7 0.16 0.01 0 0 5.9 94.1 

12 0.15 0.02 0 0 11.8 88.2 

14 0.15 0.02 0 0 11.8 88.2 

19 0.14 0.02 0 0 12.5 87.5 

25 0.15 0.03 0 0 16.7 83.3 

28 0.14 0.03 0 0 17.6 82.4 

32 0.14 0.03 0 0 17.6 82.4 

 

Table S2.18. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 0.1 M pH 8 potassium 

phosphate buffer, trial 3 

Neopentyl Periphery pH 8 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.17 0 0 0.0 0.0 100.0 

1 0.17 0 0 0.0 0.0 100.0 

5 0.17 0.01 0 0.0 5.6 94.4 

6 0.16 0.01 0 0.0 5.9 94.1 

7 0.17 0.01 0 0.0 5.6 94.4 

12 0.16 0.01 0 0.0 5.9 94.1 

14 0.16 0.02 0 0.0 11.1 88.9 
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Esterase Degradation Studies 

 

Figure S2.10. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 20% mol eq. (vs. 

amine group) esterase in 0.1 M pH 7.4 potassium phosphate buffer. 

 

19 0.15 0.02 0 0.0 11.8 88.2 

25 0.15 0.02 0 0.0 11.8 88.2 

28 0.15 0.03 0 0.0 16.7 83.3 

32 0.15 0.03 0 0.0 16.7 83.3 
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Figure S2.11. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 20% mol eq. (vs. 

amine group) esterase in 0.1 M pH 7.4 potassium phosphate buffer. Boxed signals are of 

the hydrolyzed ammonium-containing valeric acid. 

 

Table S2.19. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 20% esterase in 0.1 M 

pH 7.4 potassium phosphate buffer, trial 1 

Linear Periphery, esterase 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.75 0 0.00 0.0 0.0 100.0 

4 0.62 0.1 0.05 6.5 13.0 80.5 

6 0.58 0.12 0.05 6.7 16.0 77.3 

8 0.54 0.14 0.05 6.8 19.2 74.0 
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Table S2.20. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 20% esterase in 0.1 M 

pH 7.4 potassium phosphate buffer, trial 2 

Linear Periphery, esterase 2  

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.91 0 0.00 0.0 0.0 100.0 

4 0.84 0.1 0.05 5.1 10.1 84.8 

6 0.80 0.14 0.08 7.8 13.7 78.4 

8 0.77 0.14 0.07 7.1 14.3 78.6 

 

Table S2.21. Tracking 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in 20% esterase in 0.1 M 

pH 7.4 potassium phosphate buffer, trial 3 

Linear Periphery, esterase 3 

Time 

(days) 

Dendron-

bound 

amine 

(t, 2.45 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 2.31 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(t, 2.2 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.79 0 0.00 0.0 0.0 100.0 

4 0.69 0.1 0.05 6.0 11.9 82.1 

6 0.65 0.15 0.07 8.0 17.2 74.7 

8 0.63 0.15 0.07 8.2 17.6 74.1 
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Table S2.22. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 20% esterase in 0.1 M 

pH 7.4 potassium phosphate buffer, trial 1 

Neopentyl Periphery, esterase 1 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.37 0 0 0 0.0 100.0 

4 0.38 0 0 0 0.0 100.0 

6 0.38 0 0 0 0.0 100.0 

8 0.38 0 0 0 0.0 100.0 

 

Table S2.23. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 20% esterase in 0.1 M 

pH 7.4 potassium phosphate buffer, trial 2 

Neopentyl Periphery, esterase 2 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.16 0 0 0 0.0 100.0 

4 0.17 0 0 0 0.0 100.0 

6 0.17 0 0 0 0.0 100.0 

8 0.17 0 0 0 0.0 100.0 
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Table S2.24. Tracking 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in 20% esterase in 0.1 M 

pH 7.4 potassium phosphate buffer, trial 3 

Neopentyl Periphery, esterase 3 

Time 

(days) 

Dendron-

bound 

amine 

(s, 2.96 

ppm), 

 (Int. vs. 

HCOONa) 

Aminolysis;  

δ-

valerolactam 

 (t, 3.26 ppm; 

Int) 

Hydrolysis; 

 5-

aminovalerate  

(s, 1.6 ppm; 

Int) 

 5-aminovalerate 

as a (%) of total 

amines 

Lactam 

as a (%) 

of total 

amines 

Intact 

Amines 

(%) 

0 0.18 0 0 0 0.0 100.0 

4 0.17 0 0 0 0.0 100.0 

6 0.18 0 0 0 0.0 100.0 

8 0.16 0 0 0 0.0 100.0 

 

Product NMR Spectra  

Small Molecule NMR Data  

 

Figure S2.12. 1H NMR spectrum of ethyl 2,2-dimethylpent-4-enoate in CDCl3. 
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Figure S2.13. 13C UDEFT NMR spectrum of ethyl 2,2-dimethylpent-4-enoate in CDCl3. 

 

Figure S2.14.  1H NMR spectrum of ethyl 2,2-dimethylpent-4-enoic acid in CDCl3. 
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Figure S2.15. 13C UDEFT NMR spectrum of ethyl 2,2-dimethylpent-4-enoic acid in 

CDCl3. 

 

Figure S2.16. 1H NMR spectrum of ethyl 2,2-dimethylpent-4-ynoate in CDCl3. 
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Figure S2.17. 13C UDEFT NMR spectrum of ethyl 2,2-dimethylpent-4-ynoate in CDCl3. 

 

Figure S2.18. 1H NMR of ethyl 5-chloro-2,2-dimethylpentanoate in CDCl3. 
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Figure S2.19. 13C UDEFT NMR of ethyl 5-chloro-2,2-dimethylpentanoate in CDCl3. 

 

Figure S2.20. 1H NMR of ethyl 5-azido-2,2-dimethylpentanoate in CDCl3. 
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Figure S2.21. 13C UDEFT NMR of ethyl 5-azido-2,2-dimethylpentanoate in CDCl3. 

 

Figure S2.22. 1H NMR of 5-azido-2,2-dimethylpentanoic acid in CDCl3. 
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Figure S2.23. 13C UDEFT NMR of 5-azido-2,2-dimethylpentanoic acid in CDCl3. 

Dendron NMR Data  

Figure S2.24. 1H NMR of BnO-G1-(OH)2 in CDCl3. 
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Figure S2.25. 1H NMR of BnO-G2-(acet)2 in CDCl3. 

Figure S2.26. 1H NMR of BnO-G2-(OH)4 in MeOD. 
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Figure S2.27. 1H NMR of BnO-G3-(acet)4 in CDCl3. 

Figure S2.28. 1H NMR of BnO-G3-(OH)8 in MeOD. 
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Figure S2.29. 1H NMR of BnO-G4-(acet)8 in CDCl3. 

 

Figure S2.30. 1H NMR of BnO-G4-(OH)16 in MeOD. 

 



115 
 

 

Figure S2.31. 1H NMR of BnO-G5-(acet)16 in CDCl3. 

 

Figure S2.32. 1H NMR of BnO-G5-(OH)32 in MeOD. 
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Figure S2.33. 1H NMR of BnO-G1-(N3)2 in CDCl3. 

 

Figure S2.34. 13C NMR of BnO-G1-(N3)2 in CDCl3. 
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Figure S2.35. 1H NMR of BnO-G2-(N3)4 in CDCl3. 

 

Figure S2.36. 13C NMR of BnO-G2-(N3)4 in CDCl3. 
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Figure S2.37. 1H NMR of BnO-G3-(N3)8 in CDCl3. 

 

Figure S2.38. 13C NMR of BnO-G3-(N3)8 in CDCl3. 
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Figure S2.39. 1H NMR of BnO-G4-(N3)16 in CDCl3. 

 

Figure S2.40. 13C NMR of BnO-G4-(N3)16 in CDCl3. 
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Figure S2.41. 1H NMR of BnO-G5-(N3)32 in CDCl3. 

 

Figure S2.42. 13C NMR of BnO-G5-(N3)32 in CDCl3. 
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Figure S2.43. 1H NMR of BnO-G5-Lin-N3 in CDCl3. 

 

Figure S2.44. 13C NMR of BnO-G5-Lin-N3 in CDCl3. 
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Figure S2.45. 1H NMR of BnO-G1-(ene)2 in CDCl3. 

 

 
Figure S2.46. 13C NMR of BnO-G1-(ene)2 in CDCl3. 
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Figure S2.47. 1H NMR of BnO-G2-(ene)4 in CDCl3. 

 
Figure S2.48. 13C NMR of BnO-G2-(ene)4 in CDCl3. 
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Figure S2.49. 1H NMR of BnO-G3-(ene)8 in CDCl3. 

 
Figure S2.50. 13C NMR of BnO-G3-(ene)8 in CDCl3. 
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Figure S2.51. 1H NMR of BnO-G4-(ene)16 in CDCl3. 

 
Figure S2.52. 13C NMR of BnO-G4-(ene)16 in CDCl3. 
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Figure S2.53. 1H NMR of BnO-G5-(ene)32 in CDCl3. 

 
Figure S2.54. 13C NMR of BnO-G5-(ene)32 in CDCl3. 
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Figure S2.55. 1H NMR of BnO-G1-(yne)2 in CDCl3. 

 
Figure S2.56. 13C NMR of BnO-G1-(yne)2 in CDCl3. 
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Figure S2.57. 1H NMR of BnO-G2-(yne)4 in CDCl3. 

 

 

Figure S2.58. 13C NMR of BnO-G2-(yne)4 in CDCl3. 
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Figure S2.59. 1H NMR of BnO-G3-(yne)8 in CDCl3. 

 

Figure S2.60. 13C NMR of BnO-G3-(yne)8 in CDCl3. 
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Figure S2.61. 1H NMR of BnO-G4-(yne)16 in CDCl3. 

 

 

Figure S2.62. 13C NMR of BnO-G4-(yne)16 in CDCl3. 
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Figure S2.63. 1H NMR of BnO-G5-(yne)32 in CDCl3. 

  

 

Figure S2.64. 13C NMR of BnO-G5-(yne)32 in CDCl3 
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Figure S2.65. 1H NMR of BnO-G5-(Neo-NH3
+TFA-)32 in D2O with NaHCOO- as 

reference. TFA anions have been omitted from the structure. 

 

 

Figure S2.66. 13C NMR of BnO-G5-(Neo-NH3
+TFA-)32 in D2O with NaHCOO- (δ = 

171.67 ppm) as reference. 
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Figure S2.67. 1H NMR of BnO-G5-(Lin-NH3
+TFA-)32 in D2O. TFA anions have been 

omitted from the structure. 

 

Figure S2.68. 13C NMR of BnO-G5-(Lin-NH3
+TFA-)32 in D2O. 
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Figure S2.69. 1H NMR of BnO-G5-(DBCO)32 in CDCl3. 

 

Figure S2.70. 13C NMR of BnO-G5-(DBCO)32 in CDCl3. 
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Figure S2.71. 1H NMR of BnO-G5-(BzTr)32 in CDCl3. 

 

Figure S2.72. 13C NMR of BnO-G5-(BzTr)32 in CDCl3. 
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Figure S2.73. 1H NMR of BnO-G5-(SR)32 in MeOD. 

 

Figure S2.74. 13C NMR of BnO-G5-(SR)32 in MeOD. 
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Dendron MALDI Mass Spectra 

Alkene Dendrons 

 
Figure S2.75. MALDI mass spectrum of BnO-G1-(ene)2. 

 
Figure S2.76. MALDI mass spectrum of BnO-G2-(ene)4. 

 
Figure S2.77. MALDI mass spectrum of BnO-G3-(ene)8. 
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Figure S2.78. MALDI mass spectrum of BnO-G4-(ene)16. 

 
Figure S2.79. MALDI mass spectrum of BnO-G5-(ene)32. 

Alkyne Dendrons 

 
Figure S2.80. MALDI mass spectrum of BnO-G1-(yne)2. 
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Figure S2.81. MALDI mass spectrum of BnO-G2-(yne)4. 

 
Figure S2.82. MALDI mass spectrum of BnO-G3-(yne)8. 

 
Figure S2.83. MALDI mass spectrum of BnO-G4-(yne)16 
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Figure S2.84. MALDI mass spectrum of BnO-G5-(yne)32 

Azide Dendrons 

 
Figure S2.85. MALDI mass spectrum of BnO-G1-(N3)2. 

 
Figure S2.86. MALDI mass spectrum of BnO-G2-(N3)4. 
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Figure S2.87. MALDI mass spectrum of BnO-G3-(N3)8. 

 
Figure S2.88. MALDI mass spectrum of BnO-G4-(N3)16. 

 

 

Figure S2.89. MALDI mass spectrum of BnO-G5-(N3)32. 
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Figure S2.90. MALDI mass spectrum of BnO-G5-(Neo-NH2)32. 

 

Figure S2.91. MALDI mass spectrum of BnO-G5-(Lin-NH3
+TFA-)32 showing [m+H]+ 

and [m+2H]2+. Inset: magnification showing the [m+H]+ species. 

Click-reacted Dendrons 

 

Figure S2.92. MALDI mass spectrum of BnO-G5-(BzTr)32, the CuAAC product of BnO-

G5-(yne)32. 
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Figure S2.93. MALDI mass spectrum of BnO-G5-(SR)32, the thiol-ene click product of 

BnO-G5-(ene)32. 

 

Figure S2.94. MALDI mass spectrum of BnO-G5-(DBCO)32, the SPAAC click product 

of BnO-G5-(N3)32. 
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Chapter 3.  Molecular Sieving with PEGylated Dendron-Protein 

Conjugates 

This chapter has been reproduced with permission from Deng, B.; Burns, E.; McNelles, S. 

A.; Sun, J.; Ortega, J.; Adronov, A. Molecular Sieving with PEGylated Dendron-Protein 

Conjugates. Bioconjugate Chemistry 2023, 34 (8), 1467–1476. Copyright 2023, American 

Chemical Society. 

 

This work detailed in this chapter was carried out in collaboration with Evan Burns, Stuart 

McNelles, Jingyu Sun and Joaquin Ortega. Billy Deng and Evan Burns synthesized and 

characterized the small molecules and dendrimers. Billy Deng synthesized, characterized, 

and assayed the dendron-protein conjugates. Jingyu Sun and Joaquin Ortega performed 

cryo-EM microscopy. Billy Deng, Jingyu Sun, Joaquin Ortega, Stuart McNelles and Alex 

Adronov prepared the manuscript. 

Graphical Abstract: 

 

3.1 Abstract 

A series of generation 3–5 dendrons based on a bis(2,2-hydroxymethylpropionic acid) 

(bis-MPA) scaffold bearing three respective lengths of linear poly(ethylene glycol) at their 
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periphery and a dibenzocyclooctyne unit at their core was prepared. These dendrons were 

appended to the surface of azide-decorated α-chymotrypsin (α-CT) via strain-promoted 

azide–alkyne cycloaddition to yield a library of dendron-protein conjugates. These 

conjugates were characterized by FT-IR and NMR spectroscopy and were imaged using 

cryo-electron microscopy. The activity of the PEGylated α-CT-dendron conjugates was 

investigated using a small molecule (benzoyl-l-tyrosine p-nitroanilide) as well as different 

proteins of different sizes and crystallinities (casein and bovine serum albumin) as 

substrates. It was found that the activity of the conjugates toward the small molecule was 

largely retained, while the activity toward the proteins was significantly diminished. 

Furthermore, the results indicate that for most of the conjugates the PEG length had a more 

pronounced impact on enzyme activity than the dendron generation. Overall, the highest 

sieving ratios were found for α-CT-dendron conjugates decorated with G3-PEG2000, G4-

PEG2000, and G5-PEG1000, with the latter two structures offering the best combination of 

sieving ratio and small molecule activity. 

3.2 Introduction 

Polymer-protein conjugates are versatile therapeutic agents that exhibit unique 

characteristics relative to their native counterparts, such as polymer shielding of antigenic 

epitopes and increased protein stability in vivo.1–6 One of the most common methods of 

modifying proteins is the grafting of poly(ethylene glycol) (PEG) chains onto the surface 

of proteins, also known as PEGylation. PEGylated proteins have been found to exhibit 

lower immunogenicity7–9 and increased half-life, and PEG grafts have also been employed 

to improve protein solubility in both aqueous and organic media. As such, despite having 
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begun nearly 50 years ago,10,11 PEGylation is still widely considered to be the gold-standard 

for protein modification. Innovations in utility and architecture continue to be reported, 

such as controlled and site-specific PEGylation for increasing enzyme stability,2,12,13 and 

protein grafting with PEG-derived, comb-shaped poly[oligo(ethylene glycol)]  (pOEGMA) 

to impart stealth properties while minimizing anti-PEG antigenicity.1,14 Hyper-PEGylation 

with high-density PEG brushes has also been used to prevent protein-surface 

interactions14,15 and even to inhibit phagocytic cell uptake of ovalbumin nanocapsules.16 In 

recent years, enzymes grafted with PEG-brushes and combs have been used to selectively 

block protein-protein interactions while still allowing small molecule substrates to diffuse 

through to the active site – an effect known as molecular sieving.8,17 The seminal work by 

Gauthier and coworkers showcased this size-based effect with chymotrypsin18 (CT) and L-

asparaginase19 conjugates, respectively, using pOEGMA comb polymers. The authors 

noted that sieving efficiency was affected by polymer molecular weight and conformation 

in solution. Moreover, the conformation of the grafted monolayer in solution depended on 

its grafting density and the flexibility of the polymer chain, the latter of which was in turn 

tunable by altering the backbone and sidechain lengths. The comb polymer architecture 

was further employed by Russell and coworkers using poly(carboxybetaine methacrylate) 

(PCBMA) grafted to avidin, with similar results.20 The authors therein elegantly 

demonstrated that sieving activity (as measured through binding kinetics of biotin and 

biotin-PEG ligands) positively correlated with grafting density on the surface of avidin. In 

contrast to Gauthier’s findings,18 however, the molecular weight of the grafted PCBMA 

had only a small influence on sieving activity relative to grafting density. Nonetheless, the 
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general trend appears to be that a high-density monolayer comprised of polymers that 

occupy a large hydrodynamic volume correlates with better exclusion of macromolecules. 

The above work infers that optimizing sieving activity on a protein conjugate is a multi-

faceted process that cannot simply be achieved through modifying grafting density, 

architecture, or molecular weight alone. Using a different approach, our group has recently 

explored molecular sieving in dendritic polymer conjugates, specifically high-generation 

dendrimer-chymotrypsin (CT) hybrids.21 Dendrimers offer excellent control over 

dispersity and morphology, which we rationalized would ensure a uniform monolayer when 

grafted onto the enzyme. In our work, CT was conjugated with a library of poly(bis-2,2-

(hydroxymethylpropionic acid)) (bis-MPA)-based polyester dendrimers, spanning 

generations (G) 2-8. When compared to native CT, the two highest generation (G7 and G8) 

protein-dendrimer conjugates exhibited unhindered activity toward a small molecule 

substrate, while exhibiting low activity (9% and 4%, respectively) toward the ~60 kDa 

BSA.21 We reported that dendrimer generation positively correlated with hydrodynamic 

volume, which in turn led to increasingly hindered activity toward the macromolecular 

substrate. A critical generation (G7) had to be reached before a significant sieving effect 

was observed. Moreover, all the conjugates showed unaffected activity toward casein (22 

kDa) which was likely due to the flexible structure of this substrate, thus allowing it to fit 

through the interstitial space of the dendrimers.21 While all these results have corroborated 

the fact that dense coverage on the protein surface is necessary, the influence of polymer 

architecture on sieving activity is still underexplored, given that only a few comb, brush, 

and dendritic structures have been reported as effective sieving architectures thus far.  
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Although we have shown that a dendritic scaffold is an effective architecture for sieving, 

the high dendrimer generations that were required to achieve the desired result are 

synthetically prohibitive. In addition, the dendritic surface coating is more compact relative 

to what is achieved with linear polymers,22,23 and it is possible that the relatively thin 

coating will not fully prevent protein-protein interactions. To address these shortcomings, 

we combined the synthetic ease of using linear polymers with the advantages of dendritic 

architectures by utilizing low-to-medium generation linear-dendritic hybrid structures 

(Figure 3.1). This approach allows the use of easily synthesized lower generation dendrons 

that are surface functionalized with linear PEG chains to achieve a dense coating on the 

enzyme surface.24–26 The linear-dendritic regime can also mitigate poor sieving associated 

with the lower internal density observed in lower generation dendrons.21 Linear PEG is a 

promising candidate polymer to be introduced at the dendron periphery as it has previously 

been shown to prevent cell-adhesion and repel protein adsorption,15,27–30 but has yet to be 

used widely in the context of molecular sieving.31,32 While it has been found that 

introduction of multiple PEG chains directly on the protein surface can result in significant 

loss of activity,9,12,33–35 we hypothesized that a dendritic spacer could serve as a buffer 

against PEG-protein self-association or blockage of the active site.36,37 Therefore, in a 

continued effort to explore optimal architectures for molecular sieving, we herein present 

a series of α-CT conjugates with bis-MPA dendrons of generations (G) 3-5 with three 

different PEG chain lengths at their periphery (Mw = 350 Da, 1 kDa, 2 kDa, n = 8, 22, 45 

respectively). We demonstrate the effect of both dendron generation and PEG chain length 

on the reactivity of α-CT toward both small and large substrates.  



153 
 

 

Figure 3.1. Dendritic architectures used for grafting onto proteins for molecular sieving. 

3.3 Results and Discussion 

Synthesis of PEGylated Dendrons. The third generation (G3) hydroxyl terminated bis-

MPA dendron was prepared via the divergent approach,21,38,39 starting with the mono CBZ-

protected N-Z-1,4-butanediamine hydrochloride as the core and the acetonide-protected 

bis-MPA as the building block (Scheme 3.1). All dendrons up to G3 were prepared in good 

yields (94% or higher) and were characterized by 1H NMR and ESI-MS (see SI in Chapter 

3.5). The benzyl carbamate on CBz-G3-(OH)8 was then removed by hydrogenation using 

Pd/C to liberate the reactive amine core. The amine core of H2N-G3-OH was then amidated 

using DBCO-N-hydroxysuccinimide (DBCO-NHS) to install the reactive cyclooctyne that 

enables SPAAC reactions (Scheme 3.2). Functionalization of the peripheral hydroxyl 

groups with PEG chains was accomplished through initial activation using 1,1’-

carbonyldiimadazole (CDI) to produce the acylimidazole activated periphery (DBCO-G3-
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IMI) followed by amidation using mPEG-NH2
40–42  (Scheme 3.2) to yield the DBCO-G3-

(PEGx)8 (x = 350, 1000, 2000) series of dendrons.  

 

Scheme 3.1. Synthesis of the benzyl carbamate protected G3 dendron CBz-G3-(OH)8. 

 

Scheme 3.2. Synthesis of the SPAAC-reactive PEGylated dendrons, DBCO-G3-(PEGx)8 

(x = 350, 1000, 2000). 
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It should be noted that the introduction of PEG chains on higher generation 

dendrons (G4, G5) did not result in quantitative functionalization, especially with the 

higher molecular weight PEG1000 and PEG2000. Additionally, all attempts at convergent 

growth of PEGylated G3 using known esterification conditions to access higher generation 

dendrons were unsuccessful. Having previously shown that the SPAAC reaction allows 

facile preparation of peripherally-functionalized high generation dendrons,43 we chose to 

use this approach to prepare our desired G4 and G5 PEGylated dendrons. This required 

preparation of azide-terminated G1 and G2 “inner” dendrons, which could subsequently be 

coupled to the DBCO-G3-(PEGx)8 “outer” dendrons to produce the desired G4 and G5 

structures. Synthesis of the “inner” dendrons required a slight modification to the synthetic 

scheme presented above, in which we started with the mono Boc-protected 1,4-

butanediamine. Iterative coupling with the acetonide protected bis-MPA anhydride 

followed by deprotection yielded Boc-G1-(OH)2 and Boc-G2-(OH)4. These structures were 

then esterified with 5-azido-2,2-dimethyl valeric acid, using N,N,N′,N′-

tetramethylchloroformamidinium hexafluoro-phosphate (TCFH) activation as described 

by Beutner et al.,44 to introduce the required terminal azides on these internal dendrons 

(Scheme 3). The resulting neopentyl ester linkage mimics the bis-MPA dendron backbone 

and imparts hydrolytic stability to the resulting structure.38 The Boc-G1-(N3) and Boc-G2-

(N3) structures were then deprotected under acidic conditions to liberate the core amine, 

and subsequently reacted with DBCO-G3-PEG8 via SPAAC to cleanly produce the 

PEGylated G4 and G5 dendrons bearing a single amine at the core. These dendrons were 

then treated with DBCO-NHS to install the reactive cyclooctyne functionality at the core 
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(Scheme 3.3). The resulting neopentyl ester linkage mimics the bis-MPA dendron backbone 

and imparts hydrolytic stability to the resulting structure.38 The Boc-G1-(N3) and Boc-G2-

(N3) structures were then deprotected under acidic conditions to liberate the core amine, 

and subsequently reacted with DBCO-G3-PEG8 via SPAAC to cleanly produce the 

PEGylated G4 and G5 dendrons bearing a single amine at the core. These dendrons were 

then treated with DBCO-NHS to install the reactive cyclooctyne functionality at the core 

(Scheme 3.3). Quantitative conversion from the SPAAC assembly of the G4 and G5 

dendrons was easily monitored by infrared (IR) spectroscopy through the disappearance of 

the azide stretch at ~2100 cm-1 (see SI in Chapter 3.5 for DRIFTS-IR spectra). Additionally, 

1H NMR was used to follow the SPAAC reaction by monitoring the methylene protons 

adjacent to the amide in DBCO, which shift from a sharp signal at 5.17 ppm to a broad 

signal at ~6 ppm upon triazole formation (see Figure S3.18). MALDI-TOF-MS was 

attempted to characterize the PEGylated dendrons but produced extremely weak and broad 

signals due to poor ionization associated with the abundance and dispersity of the 

peripheral PEG chains (data not shown).  

 

 

 



157 
 

 

Scheme 3.3. Synthesis of the G4 and G5 dendrons (DBCO-G4-(PEGx)16 and DBCO-G5-

(PEGx)32, respectively, x = 350, 1000, or 2000) by convergent SPAAC reaction of G1 and 

G2 azide-terminated dendrons with DBCO-G3-(PEGx)8, followed by installation of 

DBCO at the core. 

  

Synthesis and Characterization of PEGylated α-CT-Dendron Conjugates. Having 

prepared the PEGylated dendrons with reactive DBCO units at the core, we proceeded to 

graft these structures to the surface of α-CT, following previously established protocols.21 

Treatment of the 14 surface lysine residues of α-CT with 2-azidoacetic acid introduced the 

required azide functionalities on the enzyme to allow SPAAC coupling with the dendrons, 

while maintaining aqueous solubility. Complete conversion of all the lysines was 

confirmed by MALDI-TOF-MS (Figure S3.29). Interestingly, catalytic activity of the 
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azide-decorated enzyme was not significantly altered, showing a slight increase in activity 

toward the small molecule substrate, BTpNA, relative to the native enzyme (Figures S3.39 

and S3.40). The azidfied enzyme was then treated with an excess of the DBCO-core 

dendrons (20-25 mol eq. to α-CT, ~1.4-1.8 eq. dendron per azide) to produce a library of 

nine polymer-protein conjugates (Figure 3.2).  

 

Figure 3.2. Schematic representation depicting the preparation of PEGylated α-CT-

dendron conjugates, where the dendron is varied from G3 to G5, and the PEG chain lengths 

were 350, 1000, and 2000 Da at each dendron generation (a total of 9 different conjugates). 

 

Unreacted dendron and buffer salts were removed by dialyzing against deionized 

water. Complete conjugation to α-CT was verified via diffuse-reflectance IR spectroscopy 

(DRIFTS) by the disappearance of the azide signal at ~2100 cm-1 (Figure 3.3), as well as 

comparing mass fractions of grafted dendrons to the whole conjugate by quantitative 1H 

NMR spectroscopy (qNMR).21 The relative integration of the inner ester methylene protons 

of the conjugate was examined against a sodium formate internal standard (See SI in Chapter 

3.5 for details).  The measured mass fraction of the dendrons in the overall conjugate by 

qNMR generally agreed well with theoretical values (Table 3.1).  In some instances, such 

as α-CT-G3-PEG350, α-CT-G4-PEG350, and α-CT-G4-PEG2000, the measured mass fraction 

of the dendron is slightly lower than the calculated value, indicating that one of the 14 
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azides may have been left uncoupled in some fraction of the sample. Overall, the majority 

of the measured values was in agreement with expectations, indicating that the SPAAC 

reaction was highly efficient in allowing near complete dendronization of α-CT.  

 

 

Figure 3.3. DRIFTS IR spectra of α-CT-(N3)14 (black), and a fully conjugated α-CT-G3-

PEG350 (red). The azide peak at 2100 cm-1 completely disappears after SPAAC coupling. 

 

Table 3.1. Calculated vs. experimentally measured dendron mass fractions. 

Conjugate 

Calcd. 

Dendrimer Mass 

Fraction (%) 

Expt. Dendrimer 

Mass Fraction 

(%) 

CT-G3-PEG350  66.7 62.7 

CT-G3-PEG1000 81.8 78.0 

CT-G3-PEG2000 89.7 87.0 

CT-G4-PEG350 81.8 76.0 

CT-G4-PEG1000  90.5 86.2 

CT-G4-PEG2000 94.7 89.3 

CT-G5-PEG350 90.9 90.4 

CT-G5-PEG1000 95.1 93.0 

CT-G5-PEG2000 97.3 98.6 
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In addition to the FT-IR and NMR measurements, the PEGylated α-CT-dendron 

conjugates were investigated by cryo-electron microscopy (cryo-EM). As seen in Figure 

3.4, it was possible to observe the individual conjugates as discrete spherical structures. 

Considering that the CT-G5-PEG2000 has a mass of 1,023 kDa, it was clearly visible in the 

cryo-EM images, exhibiting roughly spherical structures having an average diameter of 

19.7 ± 2.8 nm (n = 20). Conversely, the CT-G3-PEG2000 structure has a mass of 273 kDa, 

which is on the lower edge of molecular weights that can be reliably observed with low-

dose cryo-EM methods. Nevertheless, it was possible to visualize spherical structures 

having an average diameter of 6.3 ± 1.1 nm (n = 20), roughly one quarter the size of the 

G5 structures, as expected from the relative molecular weights.  Interestingly, both the G3 



161 
 

and G5 structures are relatively monodisperse and do not exhibit significant aggregation, 

likely a result of extended PEG chains providing steric stabilization in solution. 

 

Figure 3.4. Cryo-electron microscopy of CT-G3-PEG2000 (273 kDa) and CT-G5-PEG2000 

(1023 kDa). The top three panels show representative cryo-EM images from CT-G3-

PEG2000. The inset in the top right picture shows a zoomed view of the area included in the 

white frame. The arrowheads point to individual CT-G3-PEG2000 dendrons. The bottom 

panels display three representative cryo-EM images from the CT-G5-PEG2000 sample. In 

this case, the images on the left and middle panels were taken inside the grid holes. The 

left panel shows a zoomed view of the two dendrons shown in the image. The right panel 

shows an image of the carbon area between holes. Given the higher affinity of CT-G3-

PEG2000 dendrons towards carbon, this area shows a higher density of dendrons than images 

inside the holes, but with higher background caused by the continuous carbon layer.  

Arrowheads point to individual CT-G5-PEG2000 dendrons. The 50 nm scale bar in the top 

left panel applies to all panels as all images were taken at 80,000× magnification. 

Small Molecule Assay. Enzymatic activity toward the small molecule substrate, BTpNA, 

was investigated by performing an assay with the series of PEGylated α-CT-dendron 

conjugates in tris buffer and DMF. Activity of over 100% of native α-CT in the G3-PEG350, 

G3-PEG1000 and G4-PEG350 conjugates was observed, which is consistent with previous 
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findings that suggest grafted polymers on the protein promote local hydrophobic 

interactions between the substrate and the enzyme.1,18 Independent studies by Russell45 and 

Ding,46 as well as simulations by Drossis et al.17 have also shown that enzymes grafted 

with short-chain polymers could surpass the activity of native enzymes, which was 

postulated to be due to microenvironmental effects that induce pre-concentration of 

substrates near the active site. Within the series of G3 and G4 PEGylated dendrons, it is 

clear that increasing PEG chain length causes a decrease in enzyme activity (Figure 3.5), 

which is reminiscent of what has been reported with directly conjugated PEG-α-CT 

species;35 direct PEGylation to an enzyme surface is known to lower its activity.7,12,13,33,34 

In our case, this is likely due to the steric congestion introduced around the enzyme’s active 

site, slowing down the diffusion of the substrate. Interestingly, in the G5 series, there was 

an observable increase in activity when the PEG chain length increased from PEG350 to 

PEG1000, but then the activity drops dramatically with PEG2000 chains. It is possible that the 

G5-PEG1000 structure did not undergo quantitative reaction with the enzyme, where only 

13 of the 14 available sites may have reacted. This could have provided a pathway for the 

substrate to access the active site and resulted in the anomalous increase in activity for this 

structure. In addition, as the dendron generation (and hence the density of PEG chains at 

the surface) increases, the enzyme activity again decreases. This trend is most clearly 

observed with the G3-G5 series having PEG350 chains at the periphery. Even with PEG1000 

and PEG2000, it is clear that activity at G5 is lower than that at G3. Again, this supports the 

hypothesis that, as the steric congestion at the enzyme periphery increases, it diminishes 

the ability of substrates to access the enzyme’s active site. Control experiments in which 
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native α-CT was mixed with the appropriate ratio (14 equivalents) of un-conjugated 

PEGylated dendrons of each generation and PEG length were also performed and showed 

that there was no impact on enzyme activity when the dendrons were not attached (Figure 

3.5). 

 

Figure 3.5. Relative activity of the PEGylated α-CT conjugates (G3-G5) toward BTpNA 

versus native chymotrypsin. As well, control data for native α-CT in the presence of un-

conjugated G3-G5 PEGylated dendrons is provided. Error bars indicate standard error 

(n=3).  One-way ANOVA was performed to determine significance of PEG length and 

dendron generation on relative activity (p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), NS = 

not significant). 

 

Casein and Bovine Serum Albumin (BSA) Assays and Sieving Ratios. Having 

established the dendronized enzyme’s activity toward its small molecule substrate, we 

investigated activity toward two macromolecular substrates, milk casein (22 kDa) and 

bovine serum albumin (BSA, 66 kDa). Interestingly, apart from the case of CT-G3-PEG350, 

reactivity toward casein decreased significantly at all generations and PEG lengths when 
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compared to the native α-CT (Figure 3.6). Consistent with observations with the small 

molecule substrate, it is clear that the PEGylated dendron periphery impedes casein’s 

ability to access the enzyme’s active site. Additionally, as the dendron generation increased, 

the enzyme activity generally decreased. In the conjugates bearing PEG2000 chains, activity 

toward casein was very similar, regardless of generation, indicating that the steric 

congestion at the enzyme’s surface was high enough to impede reactivity even at the third 

generation. Upon increasing PEG length within any one generation, enzyme activity 

decreased dramatically, especially with PEG2000 chains. Unsurprisingly, with the more rigid 

and larger BSA, activity also decreased with all conjugates. Consistent with our previous 

findings, activity toward BSA was much lower than that toward casein. BSA is large and 

crystalline while casein is small, amorphous, and much more flexible, allowing it to 

intercalate through the PEG layer more effectively. For G3 and G4, activity toward BSA 

dropped dramatically when PEG2000 chains were appended to the dendron periphery. With 

G5 dendrons, the activity was extremely low and within error for all PEG lengths. 

Comparison of enzyme activity toward small and large substrates allows calculation 

of the sieving ratio, which, in our case, is defined as the measured activity toward BTpNA 

divided by the activity toward the protein (casein or BSA). Figure 3.6B shows the sieving 

ratios of all the conjugates with respect to both casein and BSA. In the case of casein, 

although the sieving ratios are small for all the conjugates studied, it is clear that as the 

PEG chain length increases, the sieving ratio increases. In fact, the dendron generation does 

not seem to play any role in dictating sieving with these conjugates. The only anomaly is 

the G5-PEG2000 conjugate, which shows the lowest sieving ratio of all the structures. This 
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observation stems from the fact that the G5-PEG2000 structure is so sterically congested that 

it impedes reactivity for both casein and the small molecule substrate, BTpNA. Since 

activity toward both substrates is similarly low, the ratio is also low. In the case of BSA, 

the pattern of sieving ratios is somewhat different. For the G3 and G4 conjugates, there 

was no significant difference between structures bearing PEG350 and PEG1000 chains.  

However, a large increase in sieving ratio was observed for the PEG2000 analogs 

because activity toward BSA is almost completely eliminated with these structures (Figure 

3.6A).  For the G5 series of conjugates, the sieving ratios for G5-PEG350 and G5-PEG1000 

were significantly higher than the analogous structures at the lower generations, again 

because of the highly congested polymer shell present within these conjugates. However, 

similarly to the situation with casein, the sieving ratio for G5-PEG2000 dropped dramatically 

because this structure had significantly reduced activity to both the large protein and the 

small molecule. It should be noted that, although large sieving ratios toward BSA were 

observed with several of the conjugates, this metric is of limited utility when the activity 

toward the small molecule is diminished. A high sieving ratio is only useful in cases where 

the small molecule activity is preserved relative to the native enzyme. Based on these 

results, it seems that the G4-PEG2000 and G5-PEG1000 conjugates offer the best combination 

of sieving ratio and small molecule activity. Control experiments in which native α-CT was 

mixed with the appropriate ratio (14 equivalents) of un-conjugated PEGylated dendrons of 

each generation and PEG length again indicated no impact on enzyme activity toward the 

protein substrates, which translated to a lack of any sieving (Figure 3.6).  
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Figure 3.6. (A) Relative activity of the G3-G5 PEGylated conjugates toward casein and 

BSA. One-way ANOVA was performed to determine significance of PEG length and 

dendron generation on relative activity (p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), NS = 

not significant). (B) Sieving ratios for the G3-G5 PEGylated conjugates, expressed as a 

ratio of activity toward BTpNA and the respective proteins (casein and BSA). For both (A) 

and (B), control data from mixtures of the native α-CT in the presence of un-conjugated 

G3-G5 PEGylated dendrons are provided. 

 

 



167 
 

3.4 Conclusion 

We have prepared a series of PEGylated α-CT-dendron conjugates of generation 3, 4, and 

5, bearing 8, 16, and 32 linear PEG chains, respectively. The PEG chains also varied in 

length, with 8, 22, and 45 repeat units (350, 1000, and 2000 Da, respectively). The SPAAC 

reactions between azide-decorated α-CT and the dendrons bearing a DBCO unit at their 

core proceeded with high efficiency, allowing production of the desired conjugates in good 

yield. Relative to native α-chymotrypsin, activity of these conjugates toward a small 

substrate (BTpNA) was retained when low generation dendrons and low molecular weight 

PEG chains were attached (G3-PEG350, G3-PEG100, G4-PEG350), while the other 

conjugates had lower activity, likely because of steric congestion around the active site. 

Decreased activity toward casein and BSA was also observed, though the effect was more 

pronounced for BSA on account of its larger size and higher crystallinity. In general, as the 

dendron generation and PEG length increased, the activity of the conjugate decreased. The 

ratio of activity toward BTpNA and the macromolecules, also referred to as the sieving 

ratio, was observed to be highest for the G3-PEG2000, G4-PEG2000, and G5-PEG1000 

conjugates. Interestingly, not all the structures that had low activity toward the 

macromolecules exhibited high sieving ratios. 

3.5 Supporting Information 

Cryo-Electron Microscopy (cryo-EM) Methods. Sample vitrification was performed 

using a Vitrobot Mark IV (Thermo Fisher Scientific). Holey carbon grids (C-Flat 2/2-3Cu-

T) were washed with chloroform for 2 hours and glow discharge in air at 10 mA for 15 

seconds before the sample was applied. For both the CT-G3-PEG2000 and CT-G5-PEG2000, 
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a volume of 3.6 μL of the sample was applied to the grids. The grids were then blotted with 

filter paper (Standard Vitrobot Filter Paper, Ø55/20mm, Grade 595) once for 3 sec, using 

a blot force +1 and a drain time of 0.5 seconds, before they were plunged into liquid ethane 

at ~-190 °C. The blotting camera in the Vitrobot was set at 25°C and 100% relative 

humidity. Grids were loaded into the Tecnai F20 electron microscope operated at 200 kV 

at the Facility for Electron Microscopy Research (FEMR) at McGill using a Gatan 626 

single tilt side entry cryo-holder. This holder maintained the sample at -180 °C during 

imaging. The data acquisition was performed using SerialEM software,47 and images were 

recorded with a TVIPS XF416 CMOS camera. All images were collected at a magnification 

of 80,000x, which produced images with a calibrated pixel size of 1.358 Å. The total dose 

and defocus used to collect the images were ~ 30 e−/Å2 and −5 μm, respectively. 

Measurements of particle size were done using Photoshop tools to measure the diameter of 

the dendrons in pixels. The number of pixels was multiplied by the image sampling (1.358 

Å/px). Average and standard deviation calculations were performed in Microsoft Excel. 

Synthetic Procedures 

General Procedure 1: Synthesis of G1-G3 bis-MPA Dendrimers 

Prepared according to literature procedures.21 A round bottom flask was equipped with a 

magnetic stir bar and charged with bis-MPA acetonide (synthesized according to previous 

procedures)21  (4 eq. per dendron OH), EDC (2 eq. per dendron OH), and DCM. The 

mixture was stirred at room temperature for 30 min. Separately, 1 eq. of either N-Z-1,4-

butanediamine hydrochloride (G0), CBz-, or Boc-Gx-(OH)y and DMAP (0.25 eq. per 

dendron OH) were dissolved in pyridine and were then added to the mixture followed by 
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2 eq. per -OH of TEA. The reaction mixture was left stirring overnight at which point it 

was quenched with 1 mL of water and allowed to stir for 1 h. The crude mixture was diluted 

with 50 mL of DCM and then washed with 1M H3PO4 (3 x 50 mL), 10% Na2CO3 (3 x 50 

mL), and brine (1 x 50 mL). The organic layer was dried with MgSO4, filtered, then 

concentrated by rotary evaporation. The crude material was purified by flash 

chromatography using a 40 g silica flash column with 10-60% acetone in hexanes and 

monitored at 205 nm. Fractions containing product were combined, concentrated by rotary 

evaporation, and dried under vacuum to afford CBz- or Boc-Gx+1-(acet)y as a clear viscous 

oil.  

General Procedure 2: Deprotection of Acetonide-Periphery Dendrons 

A round bottom flask was equipped with a magnetic stir bar and charged with 1 eq. of CBz- 

or Boc-Gx-(acet)y, MeOH, and DOWEX® 50WX2 beads. This was left stirring at room 

temperature until completion, as monitored by TLC and/or ESI-MS. The mixture was 

vacuum filtered and rinsed with MeOH to recover the catalyst, and the solution was 

concentrated by rotary evaporation, followed by drying in vacuo to afford Boc-Gx-(OH)2y 

as a viscous pale-yellow oil. 

General Procedure 3: PEGylation of DBCO-G3 Dendrons 

A round bottom flask was equipped with a magnetic stir bar and charged with 1 eq. of 

DBCO-G3-(IMI)8, 1.5 eq./imidazole of mPEG-NH2, 2 eq./imidazole of TEA, and DCM. 

The reaction mixture was left stirring overnight at room temperature. The next day, the 

solvent was removed by rotary evaporation under mild heating (< 37°C) and the crude 
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material was dissolved in ~2 mL of deionized water and purified by dialysis overnight 

using either 3.5 kDa or 12 kDa MWCO dialysis tubing. Dialysis water was changed twice 

over the span of a 24 h period and the solution was then lyophilized overnight to afford the 

product. 

Boc-G1-(acet)1  

 

A round bottom flask was equipped with a magnetic stir bar and charged with bis-MPA-

acetonide (1.33 g, 7.65 mmol), EDC (733 mg, 3.82 mmol), and DCM (15 mL).  This was 

left stirring at room temperature for 30 min at which point N-Boc-1,4-butanediamine (360 

mg, 1.91 mmol) and TEA (800 µL, 5.74 mmol) were added. The mixture was left stirring 

overnight. The following day the reaction mixture was quenched with 500 µL of water and 

stirred for 1 h. The mixture was then diluted with 40 mL of DCM and washed with 1M 

H3PO4 (3 x 40 mL), 10% Na2CO3 (3 x 40 mL), and brine (1 x 40 mL). The organic layer 

was dried with MgSO4, filtered, and then concentrated by rotary evaporation. The crude 

material was purified by flash chromatography using a 40 g silica flash column with 10-

60% acetone in hexanes (loaded in DCM) and monitored at 205 nm. Fractions containing 

product were combined, concentrated by rotary evaporation and dried under vacuum to 

afford the product as a clear oil (607 mg, 92%). 1H NMR (600 MHz; CDCl3):  7.09 (s, 

1H), 4.58 (s, 1H), 3.90 (d, J = 12.4 Hz, 2H) 3.76 (d, J = 12.4 Hz, 2H), 3.32 (q, J = 6.3 Hz, 
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2H), 3.14 (d, J = 5.6 Hz, 2H), 1.59-1.53 (m, 4H), 1.47 (s, 3H), 1.40-1.39 (m, 12H), 1.00 (s, 

3H). MS (ESI+) m/z calc’d for C17H32N2O5 [M+H]+ = 345.23, found [M+H]+ 345.2 

Boc-G1-(OH)2  

 

Following General Procedure 2, a round bottom flask was equipped with a magnetic stir 

bar and charged with Boc-G1-(acet)1 (500 mg, 1.45 mmol), DOWEX® beads (750 mg), 

and MeOH (50 mL). The reaction was stirred at room temperature for 4 hs. The mixture 

was vacuum filtered, and the solution was concentrated by rotary evaporation, then dried 

under vacuum to afford the product as a clear oil (439 mg, 99%). 1H NMR (600 MHz; 

MeOD):  3.63 (q, J = 13.5 Hz, 4H), 3.22 (t, J = 6.7 Hz, 2H), 3.04 (t, J = 6.7 Hz, 2H), 1.53-

1.43 (m, 13H), 1.11 (s, 3H). MS (ESI+) m/z calc’d for C14H28N2O5 [M+H]+ = 305.20, found 

[M+H]+ 305.2. 

Boc-G2-(acet)2  

 

Following General Procedure 1, a round bottom flask was equipped with a magnetic stir 

bar and charged with bis-MPA-acetonide (686 mg, 3.94 mmol), EDC (378 mg, 1.97 mmol), 

and DCM (2 mL). This was left stirring at room temperature for 30 min. Separately, Boc-
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G1-(OH)2 (150 mg, 0.49 mmol), and DMAP (30 mg, 0.25 mmol), were dissolved in 

pyridine (1.3 mL) and were then added to the mixture followed by TEA (293 µL, 1.97 

mmol). The reaction mixture was left stirring overnight at which point it was quenched 

with 350 µL of water and stirred for 1 h. The mixture was then diluted with 40 mL of DCM 

and washed with 1M H3PO4 (3 x 40 mL), 10% Na2CO3 (3 x 40 mL), and brine (1 x 40 mL). 

The organic layer was dried with MgSO4, filtered, and then concentrated by rotary 

evaporation. The crude material was purified by flash chromatography using a 12 g silica 

flash column with 10-60% acetone in hexanes (loaded in DCM) and monitored at 205 nm. 

Fractions containing product were combined, concentrated by rotary evaporation and dried 

under vacuum to afford the product as a clear oil (290 mg, 95%). 1H NMR (600 MHz; 

CDCl3):  6.53 (s, 1H), 4.67 (s, 1H), 4.36 (d, J = 11.2 Hz, 2H), 4.29 (d, J = 11.2 Hz, 2H), 

4.17 (d, J = 11.9 Hz, 4H), 3.66 (d, J = 11.9 Hz, 4H), 3.26 (q, J = 6.3 Hz, 2H), 3.13-3.10 (m, 

2H), 1.53-1.49 (m, 4H), 1.44 (m, 15H), 1.37 (s, 6H), 1.28 (s, 3H), 1.12 (s, 6H). MS (ESI+) 

m/z calc’d for C30H52N2O11 [M+Na]+ = 639.35, found [M+Na]+ 639.3.  

Boc-G2-(OH)4 

  

Following General Procedure 2, a round bottom flask was equipped with a magnetic stir 

bar and charged with Boc-G2-(acet)2 (280 mg, 0.45 mmol), DOWEX® beads (420 mg), 

and MeOH (15 mL). The reaction was stirred at room temperature for 4 hs. The mixture 
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was vacuum filtered, and the solution was concentrated by rotary evaporation, then dried 

under vacuum to afford the product as a clear oil (241 mg, 99%). 1H NMR (600 MHz; 

MeOD):  4.26 (q, J = 9.8 Hz, 4H), 3.69 (d, J = 10.9 Hz, 4H), 3.60 (d, J = 10.9 Hz, 4H), 

3.21 (q, J = 6.3 Hz, 2H), 3.05 (t, J = 6.8 Hz, 2H), 1.55-1.43 (m, 13H), 1.27 (s, 3H), 1.15 (s, 

6H). MS (ESI+) m/z calc’d for C24H44N2O11 [M+H]+ = 537.29, found [M+H]+ 537.2. 

Boc-G1-(N3)2  

 

An oven dried round bottom flask was equipped with a magnetic stir bar, purged under 

vacuum and backfilled with nitrogen three times before addition of 5-azido-2,2-

dimethylpentanoic acid (synthesized according to previous procedures)38 (225 mg, 1.31 

mmol), NMI (370 µL, 4.60 mmol), dry MeCN (1 mL), and N,N,N′,N′-

tetramethylchloroformamidinium hexafluorophosphate (TCFH) (369 mg, 1.31 mmol). 

This was left to stir for 10 min at room temperature at which point a solution of Boc-G1-

(OH)2 (100 mg, 0.33 mmol) in 500 µL of dry MeCN was added. The mixture was left 

stirring at room temperature for 30 min at which point it was quenched with 100 µL of 

water and stirred for another 5 min. The reaction mixture was then diluted with 40 mL of 

EtOAc and washed with water (3 x 60 mL), 1M H3PO4 (3 x 60 mL), 10% Na2CO3 (3 x 60 

mL), and brine (1 x 60 mL). The organic layers were then dried with MgSO4, filtered, and 

concentrated under rotary evaporation. The crude material was then purified using a 12 g 
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silica flash column with 5-60% acetone in hexanes (loaded in DCM) and monitored at 205 

nm. Fractions containing product were combined, concentrated by rotary evaporation and 

dried under vacuum to afford the product as a yellow oil. (142 mg, 71%). 1H NMR (600 

MHz; CDCl3):  6.20 (s, 1H), 4.63 (s, 1H), 4.23-4.19 (m, 4H), 3.30-3.26 (m, 6H), 3.13 (d, 

J = 5.9 Hz, 2H), 1.60-1.56 (m, 4H), 1.54-1.49 (m, 8H), 1.44 (s, 9H), 1.25 (s, 3H), 1.18 (s, 

12H). 13C NMR (150 MHz; CDCl3):  176.8, 172.1, 79.3, 66.4, 51.7, 46.4, 42.2, 39.9, 39.4, 

37.5, 28.4, 27.7, 26.5, 25.1, 24.6, 18.0. HRMS (ESI+) m/z calc’d for C28H50N8O7 [M+H]+ 

= 611.3875, found [M+H]+ 611.3871. 

NH2-G1-(N3)2  

 

A round bottom flask was equipped with a magnetic stir bar and charged with Boc-G1-

(N3)2 (43 mg, 0.07 mmol) and DCM (2 mL). TFA (1 mL) was added dropwise, and the 

reaction was stirred at room temperature for 1 h at which point it was diluted with 10 mL 

of DCM and brought to pH ~14 by adding saturated KOH dropwise. The aqueous layer 

was extracted with DCM (6 x 20 mL) and the organic layers were washed with brine (1 x 

20 mL), dried with MgSO4, filtered, then concentrated under rotary evaporation. The 

product was dried under vacuum to afford a yellow oil (20 mg, 56%). 1H NMR (600 MHz; 

CDCl3):  6.68 (s, 1H), 4.20 (q, J = 9.2 Hz, 4H), 3.28-3.25 (m, 6H), 2.74 (t, J = 6.2 Hz, 

2H), 1.59-1.49 (m, 12H), 1.24 (s, 3H), 1.24 (RNH3
+, s, 3H; overlapping with s at 1.24), 
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1.18 (s, 12H). 13C NMR (151 MHz, CDCl3) δ 176.79, 171.98, 77.21, 77.00, 76.79, 66.34, 

51.65, 46.34, 42.20, 41.47, 39.63, 37.48, 30.62, 29.67, 27.00, 25.08, 24.57, 18.04. HRMS 

(ESI+) m/z calc’d for C23H42N8O5 [M+H]+ = 511.3351, found [M+H]+ 511.3361. 

Boc-G2-(N3)4  

 

An oven dried round bottom flask was equipped with a magnetic stir bar, purged under 

vacuum and backfilled with nitrogen three times before addition of 5-azido-2,2-

dimethylpentanoic acid (498 mg, 2.91 mmol), NMI (811 µL, 10.2 mmol), dry MeCN (1 

mL), and TCFH (816 mg, 2.91 mmol). This was left to stir for 10 min at room temperature 

at which point a solution of Boc-G2-(OH)2 (195 mg, 0.36 mmol) in 500 µL of dry MeCN 

was added. The mixture was left stirring at room temperature for 30 min at which point it 

was quenched with 200 µL of water and stirred for another 5 min. The reaction mixture 

was then diluted with 40 mL of EtOAc and washed with water (3 x 60 mL), 1M H3PO4 (3 

x 60 mL), 10% Na2CO3 (3 x 60 mL), and brine (1 x 60 mL). The organic layers were then 

dried with MgSO4, filtered, and concentrated under rotary evaporation. The crude material 

was then purified using a 12 g silica flash column with 5-60% acetone in hexanes (loaded 

in DCM) and monitored at 205 nm. Fractions containing product were combined, 
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concentrated by rotary evaporation and dried under vacuum to afford the product as a 

yellow oil (344 mg, 82%). 1H NMR (600 MHz; CDCl3):  6.36 (s, 1H), 4.85 (s, 1H), 4.24-

4.13 (m, 12H), 3.29-3.24 (m, 10H), 3.12 (d, J = 6.1 Hz, 2H), 1.58-1.48 (m, 20H), 1.42 (s, 

9H), 1.25 (s, 9H), 1.16 (s, 24H). 13C NMR (151 MHz, CDCl3) δ 176.8, 171.8, 171.4, 79.1, 

67.2, 65.0, 51.6, 46.7, 46.3, 42.2, 40.0, 39.6, 37.4, 30.9, 28.4, 27.6, 26.6, 25.0, 24.6, 17.7. 

HRMS (ESI+) m/z calc’d for C52H88N14O15 [M+H]+ = 1149.6626, found [M+H]+ 1149.6618. 

NH2-G2-(N3)4  

 

A round bottom flask was equipped with a magnetic stir bar and charged with Boc-G2-

(N3)2 (90 mg, 0.08 mmol) and DCM (2 mL). TFA (1 mL) was added dropwise, and the 

reaction was stirred at room temperature for 1 h at which point it was diluted with 10 mL 

of DCM and brought to pH ~14 by adding saturated KOH dropwise. The aqueous layer 

was extracted with DCM (6 x 20 mL) and the organic layers were washed with brine (1 x 

20 mL), dried with MgSO4, filtered, then concentrated under rotary evaporation. The 

product was dried under vacuum to afford a yellow oil (60 mg, 73%). 1H NMR (600 MHz; 

CDCl3):  6.90 (t, J = 5.4 Hz, 1H), 4.26-4.13 (m, 12H), 3.29-3.25 (m, 10H), 2.75 (t, J = 6.6 
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Hz, 2H), 1.61-1.49 (m, 20H), 1.26 (s, 9H), 1.17 (s, 24H). 13C NMR (150 MHz; CDCl3):  

176.7, 171.9, 171.3, 67.3, 65.1, 51.6, 46.7, 42.2, 41.6, 39.8, 37.4, 27.0, 25.1, 24.6, 17.8. 

HRMS (ESI+) m/z calc’d for C47H80N14O13 [M+H]+ = 1049.6102, found [M+H]+ 1049.6104. 

Cbz-G1-(acet)1  

 

Following General Procedure 1, a round bottom flask was equipped with a magnetic stir 

bar and charged with bis-MPA-acetonide (1.32 g, 7.61 mmol), EDC (729 mg, 3.80 mmol) 

and DCM (6.3 mL).  This was left stirring at room temperature for 30 min at which point 

N-Z-1,4-butanediamine HCl (820 mg, 3.17 mmol) and TEA (1.6 mL, 11.10 mmol) were 

added. The mixture was left stirring overnight. The following day the reaction mixture was 

diluted with 50 mL of DCM and washed with 1M H3PO4 (3 x 50 mL), 10% Na2CO3 (3 x 

50 mL), and brine (1 x 50 mL). The organic layer was dried with MgSO4, filtered, and then 

concentrated by rotary evaporation. The crude material was purified by flash 

chromatography using a 40 g silica flash column with 10-60% acetone in hexanes (loaded 

in DCM) and monitored at 205 nm. Fractions containing product were combined, 

concentrated by rotary evaporation and dried under vacuum to afford the product as a clear 

oil (1.151 g, 96%). 1H NMR (600 MHz; CDCl3):  7.33-7.28 (m, 5H), 7.09 (s, 1H), 5.06 

(s, 2H), 4.82 (s, 1H) 3.87 (d, J = 12.16 Hz, 2H), 3.73 (d, J = 12.28 Hz, 2H), 3.30-3.20 (m, 

4H), 1.58-1.54 (m, 4H), 1.45 (s, 3H), 1.39 (s, 3H), 0.97 (s, 3H). HRMS (ESI+) m/z calc’d 

for C20H30N2O5 [M+Na]+ = 401.2047, found [M+Na]+ 401.2051. 
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Cbz-G1-(OH)2  

 

Following General Procedure 2, Cbz-G1-(acet)1 (745 mg, 1.97 mmol) was dissolved in 110 

mL of MeOH followed by the addition of DOWEX® beads (1 scoop, ~1.12 g) and stirred 

for 3 h. (Yield: 666 mg, 99%). 1H NMR (600 MHz; MeOD):  7.34-7.27 (m, 5H), 5.09 (s, 

2H), 3.65 (d, J = 10.94 Hz, 2H), 3.60 (d, J = 10.94 Hz, 2H), 3.22-3.12 (m, 4H), 1.53-1.49 

(m, 4H), 1.09 (s, 3H). HRMS (ESI+) m/z calc’d for C17H26N2O5 [M+Na]+ = 361.1734, 

found [M+Na]+ 361.1736. 

Cbz-G2-(acet)2  

 

Following General Procedure 1, bis-MPA-acetonide (3.292 g, 18.9 mmol) and EDC (1.813 

g, 9.46 mmol) were dissolved in 5.6 mL of DCM followed by addition of Cbz-G1-(OH)2 

(3) (800 mg, 2.36 mmol), DMAP (144 mg, 1.18 mmol) and TEA (1.3 mL, 9.46 mmol), in 

3.8 mL of pyridine. (Yield:1.445 g, 94%). 1H NMR (600 MHz; CDCl3):  7.35-7.28 (m, 

5H), 6.50 (s, 1H), 5.07 (s, 2H), 4.93 (s, 1H), 4.33 (d, J = 11.25 Hz, 2H), 4.26 (d, J = 11.26 

Hz, 2H), 4.14 (d, J = 11.90 Hz, 4H), 3.63-3.61 (m, 4H), 3.26-3.15 (m, 4H), 1.52-1.47 (m, 

4H), 1.39 (s, 6H), 1.32 (s, 6H), 1.23 (s, 3H), 1.07 (s, 6H). HRMS (ESI+) m/z calc’d for 

C33H50N2O11 [M+Na]+ = 673.3313, found [M+Na]+ 361.3316. 
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Cbz-G2-(OH)4  

 

Following General Procedure 2, Cbz-G2-(acet)2 (1.654 g, 2.54 mmol) was dissolved in 145 

mL of MeOH followed by the addition of DOWEX® (4 scoops, ~6.25 g) and stirred for 3 

h. (Yield: 1.448 g, 99%). 1H NMR (600 MHz; MeOD):  7.37-7.30 (m, 5H), 5.06 (s, 2H), 

4.28-4.22 (m, 4H), 3.68 (d, J = 10.84 Hz, 4H), 3.59 (d, J = 10.87 Hz, 4H), 3.23-3.11 (m, 

4H), 1.56-1.48 (m, 4H), 1.27 (s, 3H), 1.15 (s, 6H). HRMS (ESI+) m/z calc’d for 

C27H42N2O11 [M+Na]+ = 593.2687, found [M+Na]+ 593.2693. 

Cbz-G3-(acet)4  

 

Following General Procedure 1, bis-MPA-acetonide (5.662 g, 32.5 mmol) and EDC (3.118 

g, 16.3 mmol) were dissolved in 7 mL of DCM, followed by addition of Cbz-G2-(OH)4 (5) 

(1.16 g, 2.03 mmol), DMAP (248 mg, 2.03 mmol) and TEA (2.3 mL, 16.3 mmol), in 4.7 

mL of pyridine. (Yield: 2.306 g, 95%). 1H NMR (600 MHz; CDCl3):  7.33-7.27 (m, 5H), 

6.37 (s, 1H), 5.39 (s, 1H), 5.06 (s, 2H), 4.33-4.17 (m, 12H), 4.13-4.09 (m, 8H), 3.61-3.56 
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(m, 8H), 3.28-3.17 (m, 4H), 1.56-1.50 (m, 4H), 1.37 (s, 12H), 1.30 (s, 12H), 1.23-1.21 (m, 

9H), 1.08 (s, 12H). HRMS (ESI+) m/z calc’d for C59H90N2O23 [M+H]+ = 1195.6007, found 

[M+H]+ 1195.6015. 

Cbz-G3-(OH)8  

 

Following General Procedure 2, Cbz-G3-(acet)4 (870 mg, 0.73 mmol) was dissolved in 330 

mL of MeOH followed by the addition of DOWEX beads (5 scoops, ~8.7 g) and stirred for 

3 h. (Yield: 745 mg, 98%). 1H NMR (600 MHz; MeOD):  7.38-7.27 (m, 5H), 5.07 (s, 2H), 

4.31-4.21 (m, 12H), 3.68-3.66 (m, 8H), 3.57-3.60 (m, 8H), 3.23-3.13 (m, 4H), 1.57-1.49 

(m, 4H), 1.29-1.27 (m, 9H), 1.15 (s, 12H). HRMS (ESI+) m/z calc’d for C47H74N2O23 

[M+H]+ = 1035.4755, found [M+H]+ 1035.4767. 

NH2-G3-(OH)8 
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A round bottom flask was equipped with a magnetic stir bar and charged with Cbz-G3-

(OH)8 (1.00 g, 0.97 mmol), Pd(OH)2/C (100 mg, 10 wt.%), and a solution of 1:1 

DCM:MeOH (10 mL). The reaction vessel was purged under vacuum and backfilled with 

hydrogen gas three times and was then left stirring at room temperature overnight under a 

hydrogen balloon. The next day the reaction was filtered over a 0.22 µm PTFE filter, 

concentrated by rotary evaporation, and then dried under vacuum overnight to afford NH2-

G3-(OH)8 as a white sticky solid (840 mg, 97%). 1H NMR (600 MHz; MeOD):  4.30-4.22 

(m, 12H), 3.69-3.67 (m, 8H), 3.60-3.58 (m, 8H), 3.23 (t, J = 7.1 Hz, 2H), 2.85 (t, J = 7.4 

Hz, 2H), 1.61-1.58 (m, 4H), 1.30 (s, 9H), 1.14 (s, 12H). MS (ESI+) m/z calc’d for 

C39H68N2O21 [M+H]+ = 901.44, found [M+H]+ 901.4. 

DBCO-G3-(OH)8 (prepared according to literature procedures48).  

 

A round bottom flask was equipped with a magnetic stir bar and charged with NH2-G3-

(OH)8 (230 mg, 0.26 mmol), and MeOH (2 mL). To this, DBCO-NHS (98 mg, 0.24 mmol) 

dissolved in DCM (1 mL), was added, followed by TEA (53 µL, 0.38 mmol). The reaction 

mixture was stirred at room temperature for 1.5 h and then concentrated by rotary 

evaporation. The crude residue was dissolved in 2 mL of 1:1 DMSO:H2O and purified by 
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reverse phase flash chromatography with 5-100% MeCN in H2O and monitored at 205 nm. 

Fractions containing product were combined, and MeCN was removed by rotary 

evaporation. The remaining water was lyophilized over two nights to give DBCO-G3-

(OH)8 as a white powder (233 mg, 81%). 1H NMR (600 MHz; MeOD):  7.65 (d, J = 7.4 

Hz, 1H), 7.61-7.59 (m, 1H), 7.48-7.45 (m, 3H), 7.38-7.32 (m, 2H), 7.26-7.25 (m, 1H), 5.13 

(d, J = 14.1 Hz, 1H), 4.30-4.22 (m, 12H), 3.71 (d, J = 14.1 Hz, 1H), 3.67-3.66 (m, 8H), 

3.59-3.57 (m, 8H), 3.18 (t, J = 7.1 Hz, 2H), 3.10-3.05 (m, 2H), 2.72-2.66 (m, 1H), 2.37-

2.31 (m, 1H), 2.19-2.14 (m, 1H), 2.01-1.96 (m, 1H), 1.50-1.45 (m, 2H), 1.42-1.38 (m, 2H), 

1.28 (s, 9H), 1.14 (s, 12H).  MS (ESI+) m/z calc’d for C58H81N3O23 [M+Na]+ = 1210.52, 

found [M+H]+ 1210.5. 

Synthesis of DBCO-G3-(IMI)8 

 

A round bottom flask was equipped with a magnetic stir bar and charged with DBCO-G3-

(OH)8 (230 mg, 0.19 mmol) and dry MeCN (2 mL). To this, CDI (1.255 g, 7.74 mmol) 

dissolved in dry MeCN (8 mL) was added in one portion. The reaction mixture was stirred 

overnight at room temperature at which point white solids precipitated out of solution. The 



183 
 

mixture was cooled to 0 °C and filtered by vacuum filtration and washed with a 50 mL 

solution of 1:1 ether/hexanes. The solid was then dried under vacuum to afford DBCO-G3-

(IMI)8 as a cream-coloured powder (268 mg, 71%). 1H NMR (600 MHz; DMSO-d6):  

8.24 (s, 8H), 7.73 (t, J = 5.3 Hz, 1H), 7.68-7.61 (m, 2H), 7.55 (s, 8H), 7.49-7.42 (m, 2H), 

7.38-7.28 (m, 3H), 7.03 (s, 8H), 5.01 (d, J = 14.1 Hz, 1H), 4.59-4.54 (m, 16H), 4.21 (s, 

8H), 4.08-4.01 (m, 4H), 3.60 (d, J = 14.0 Hz, 1H), 2.98-2.88 (m, 4H), 2.59-2.55 (m, 1H), 

2.24-2.18 (m, 1H), 1.99-1.94 (m, 1H), 1.79-1.74 (m 1H), 1.32-1.24 (m, 16H), 1.10 (s, 9H). 

MS (ESI+) m/z calc’d for C90H97N19O31 [M+Na]+ = 1962.65, found [M+H]+ 1962.7. 

DBCO-G3-(PEG350)8  

 

Following General Procedure 3, DBCO-G3-(IMI)8 (80 mg, 0.04 mmol), PEG350-NH2 (190 

mg, 0.50 mmol), and TEA (105 µL, 0.74 mmol) were dissolved in DCM (2 mL). The 

mixture was purified using 3.5 kDa MWCO dialysis tubing and the product was afforded 

as a dark yellow oil. (131 mg, 71%). 1H NMR (600 MHz; CDCl3):  7.65 (d, J = 5.3 Hz, 

1H), 7.52-7.49 (m, 1H), 7.39-7.30 (m, 5H), 7.16-7.10 (m, 1H), 6.75 (s, 1H), 6.60 (s, 1H), 
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5.54 (br. s, 8H), 5.13 (d, J = 13.9 Hz, 1H), 4.25-4.12 (m, 28H), 3.75-3.53 (m, 240H), 3.37 

(s, 24H), 3.32 (s, 16H), 3.20-3.08 (m, 4H), 2.78-2.70 (m, 1H), 2.45-2.35 (m, 1H), 2.22-

2.16 (m, 1H), 2.04-1.99 (m, 1H), 1.25-1.08 (m, 25H).  

DBCO-G3-(PEG1000)8  

Following General Procedure 3, DBCO-G3-(IMI)8 (30 mg, 0.016 mmol), PEG1000-NH2 

(186 mg, 0.19 mmol), and TEA (39 µL, 0.28 mmol) were dissolved in DCM (2 mL). The 

mixture was purified using 12 kDa MWCO dialysis tubing and the product was afforded 

as a white powder. (75 mg, 52%). 1H NMR (600 MHz; CDCl3):  7.66 (d, J = 5.3 Hz, 1H), 

7.49-7.47 (m, 1H), 7.40-7.30 (m, 5H), 7.17-7.11 (m, 1H), 6.88 (s, 1H), 6.78 (s, 1H), 5.50 

(d, J = 120.6 Hz, 8H), 5.13 (d, J = 13.9 Hz, 1H), 4.26-4.12 (m, 28H), 3.77-3.53 (m, 720H), 

3.38 (s, 24H), 3.33 (s, 16H), 3.22-3.10 (m, 4H), 2.78-2.70 (m, 1H), 2.45-2.35 (m, 1H), 

2.22-2.16 (m, 1H), 2.04-1.99 (m, 1H), 1.31-1.09 (m, 25H). 

DBCO-G3-(PEG2000)8  

Following General Procedure 3, DBCO-G3-(IMI)8 (33 mg, 0.017 mmol), PEG2000-NH2 

(411 mg, 0.20 mmol), and TEA (43 µL, 0.31 mmol) were dissolved in DCM (2 mL). The 

mixture was purified using 12 kDa MWCO dialysis tubing and the product was afforded 

as a white powder. (190 mg, 64%). 1H NMR (600 MHz; CDCl3):  7.66-7.64 (m, 1H), 7.52-

7.49 (m, 1H), 7.39-7.30 (m, 5H), 7.16-7.10 (m, 1H), 6.88 (s, 1H), 6.77 (s, 1H), 5.68-5.43 

(m, 8H), 5.13 (d, J = 13.9 Hz, 1H), 4.30-4.11 (m, 28H), 3.76-3.51 (m, 1520H), 3.38 (s, 
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24H), 3.32 (s, 16H), 3.20-3.09 (m, 4H), 2.78-2.70 (m, 1H), 2.45-2.35 (m, 1H), 2.22-2.16 

(m, 1H), 2.04-1.99 (m, 1H), 1.31-1.13 (m, 25H).  

General Procedure 4: Synthesis of G4 and 5 Dendrons 

A round bottom flask was equipped with a magnetic stir bar and charged with 1 eq. of H2N-

Gx-(N3)y dissolved in DCM. A 1 eq. per azide solution of DBCO-G3-(PEGn)8 in DCM was 

added to the mixture in 100 µL aliquots. The reaction was left to stir at room temperature 

for 20 minutes after every addition of an aliquot and monitored by FTIR to observe the 

disappearance of the azide peak at ~2100 cm-1. At full disappearance of the azide signal, 

the solvent was removed by rotary evaporation and the mixture was dissolved in ~1 mL of 

deionized water and purified by dialysis using either 12 kDa or 100 kDa MWCO dialysis 

tubing. Dendrimers dialyzed with 12 kDa tubing were dialyzed overnight and water was 

changed twice. Dendrimers dialyzed with 100 kDa tubing were dialyzed for ~24 h and the 

water was changed thrice. After dialysis the solution was lyophilized overnight to afford 

the NH2-Gx-(PEGn)y.  

To amidate the amine core with DBCO (i.e., to make DBCO-Gx-(PEGn)y), a round bottom 

flask was equipped with a magnetic stir bar and charged with H2N-Gx-(PEG)y (1 eq.), 

DCM, DBCO-NHS (10 eq.) and TEA (12 eq). The reaction mixture was left stirring at 

room temperature overnight. The next day the solvent was concentrated by rotary 

evaporation and the crude material was directly purified using a 12 g flash column with a 

gradient of 1-2% MeOH in DCM to elute all small molecules (monitored at 254 nm), 

followed by isocratic elution with 20% MeOH in DCM until the dendrimer was fully eluted 

(monitored at 205 nm). Fractions containing dendrimer were collected, concentrated in 
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vacuo and passed through a neutral alumina plug to remove residual DBCO-containing 

small molecules. The plug was then flushed with 100% MeOH to elute the dendrimer. The 

collected fractions were dried in vacuo and then lyophilized overnight to afford the product, 

DBCO-Gx-(PEGn)y.  

 

NH2-G4-(PEG350)16  

Following General Procedure 2, NH2-G1-(N3)2 (9 mg, 0.018 mmol) was dissolved in 100 

µL of DCM. A solution of DBCO-G3-(PEG350)8 (157 mg, 0.035 mmol) in DCM (3 mL) 

was added in 100 µL aliquots until complete disappearance of the azide peak was observed 

and reaction was deemed finished. The mixture was purified using 12 kDa MWCO dialysis 

tubing and the product was obtained as a sticky orange oil (87 mg, 52%). 1H NMR (600 

MHz; CDCl3):  7.64-7.02 (m, 20H), 6.03 (dd, J = 46.8, 12.9 Hz, 2H), 5.66-5.35 (m, 16H), 

4.26-4.11 (m, 64H), 3.76-3.54 (m, 480H), 3.37 (s, 48H), 3.32 (s, 32H), 3.21-3.09 (m, 12H), 

1.47-1.10 (m, 85H). 

NH2-G4-(PEG1000)16  
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Following General Procedure 2, NH2-G1-(N3)2 (5 mg, 0.010 mmol) was dissolved in 100 

µL of DCM. A solution of DBCO-G3-(PEG1000)8 (184 mg, 0.020 mmol) in DCM (3 mL) 

was added in 100 µL aliquots until complete disappearance of the azide peak was observed 

and reaction was deemed finished. The mixture was purified using 100 kDa MWCO 

dialysis tubing and the product was obtained as a flaky pale orange powder (46 mg, 24%). 

1H NMR (600 MHz; CDCl3):  7.62-7.03 (m, 20H), 6.09-5.97 (m, 2H), 5.59-5.34 (m, 16H), 

4.26-4.12 (m, 64H), 3.76-3.51 (m, 1440H), 3.37 (s, 48H), 3.32 (s, 32H), 3.25-3.14 (m, 

12H), 1.30-1.12 (m, 85H). 

NH2-G4-(PEG2000)16  

Following General Procedure 2, NH2-G1-(N3)2 (3 mg, 0.006 mmol) was dissolved in 100 

µL of DCM. A solution of DBCO-G3-(PEG2000)8 (206 mg, 0.012 mmol) in DCM (3 mL) 

was added in 100 µL aliquots until complete disappearance of the azide peak was observed 

and reaction was deemed finished. The mixture was purified using 100 kDa MWCO 

dialysis tubing and the product was obtained as a white powder (31 mg, 15%). 1H NMR 

(600 MHz; CDCl3):  7.59-7.02 (m, 20H), 6.10-5.97 (m, 2H), 5.68-5.47 (m, 16H), 4.36-

4.11 (m, 64H), 3.76-3.51 (m, 3040H), 3.38 (s, 48H), 3.33 (s, 32H), 3.27-3.16 (m, 12H), 

1.30-1.10 (m, 85H). 
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NH2-G5-(PEG350)32  

Following General Procedure 2, NH2-G2-(N3)4 (15 mg, 0.014 mmol) was dissolved in 100 

µL of DCM. A solution of DBCO-G3-(PEG350)8 (255 mg, 0.057 mmol) in DCM (3 mL) 

was added in 100 µL aliquots until complete disappearance of the azide peak was observed 

and reaction was deemed finished. The mixture was purified using 12 kDa MWCO dialysis 

tubing and the product was obtained as a sticky orange oil (172 mg, 64%). 1H NMR (600 

MHz; CDCl3):  7.60-7.03 (m, 40H), 6.05-5.97 (m, 4H), 5.62-5.33 (m, 32H), 4.40-4.12 (m, 

132H), 3.75-3.54 (m, 960H), 3.37 (s, 96H), 3.32 (s, 64H), 3.20-3.08 (m, 20H), 1.45-1.09 

(m, 169H). 

NH2-G5-(PEG1000)32  

Following General Procedure 2, NH2-G2-(N3)4 (8 mg, 0.008 mmol) was dissolved in 100 

µL of DCM. A solution of DBCO-G3-(PEG1000)8 (287 mg, 0.031 mmol) in DCM (3 mL) 

was added in 100 µL aliquots until complete disappearance of the azide peak was observed 

and reaction was deemed finished. The mixture was purified using 100 kDa MWCO 

dialysis tubing and the product was obtained as an orange oil (62 mg, 21%). 1H NMR (600 
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MHz; CDCl3):  7.61-7.03 (m, 40H), 6.06-5.97 (m, 4H), 5.64-5.31 (m, 32H), 4.40-4.16 (m, 

132H), 3.75-3.52 (m, 2280H), 3.37 (s, 96H), 3.32 (s, 64H), 3.25-3.11 (m, 20H), 1.47-1.08 

(m, 169H). 

NH2-G5-(PEG2000)32  

Following General Procedure 4, NH2-G2-(N3)4 (3 mg, 0.003 mmol) was dissolved in 100 

µL of DCM. A solution of DBCO-G3-(PEG1000)8 (200 mg, 0.014 mmol) in DCM (3 mL) 

was added in 100 µL aliquots until complete disappearance of the azide peak was observed 

and reaction was deemed finished. The mixture was purified using 100 kDa MWCO 

dialysis tubing and the product was obtained as a white powder (46 mg, 23%). 1H NMR 

(600 MHz; CDCl3):  7.60-7.03 (m, 40H), 6.06-5.95 (m, 4H), 5.72-5.30 (m, 32H), 4.38-

4.18 (m, 132H), 3.75-3.50 (m, 6080H), 3.36 (s, 96H), 3.31 (s, 64H), 3.19-3.10 (m, 20H), 

1.44-1.08 (m, 169H). 

 

DBCO-G4-(PEG350)16  
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Following General Procedure 4, NH2-G4-(PEG350)16 (83 mg, 0.009 mmol) and DBCO-

NHS (35 mg, 0.088 mmol) were dissolved in 1 mL of DCM, followed by addition of TEA 

(34 µL, 0.25 mmol). The product was obtained as a sticky orange oil (71 mg, 83%). 

DBCO-G4-(PEG1000)16 

Following General Procedure 4, NH2-G4-(PEG1000)16 (63 mg, 0.003 mmol) and DBCO-

NHS (13 mg, 0.033 mmol) were dissolved in 1 mL of DCM, followed by addition of TEA 

(13 µL, 0.091 mmol). The product was obtained as an off-white to orange oil (47 mg, 73%). 

DBCO-G4-(PEG2000)16  

Following General Procedure 4, NH2-G4-(PEG2000)16 (41 mg, 0.001 mmol) and DBCO-

NHS (5 mg, 0.011 mmol) were dissolved in 1 mL of DCM, followed by addition of TEA 

(2 µL, 0.014 mmol). The product was obtained as a white powder (25 mg, 61%). 

 

DBCO-G5-(PEG350)32  
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Following General Procedure 3, NH2-G5-(PEG350)32 (71 mg, 0.004 mmol) and DBCO-

NHS (15 mg, 0.038 mmol) were dissolved in 1 mL of DCM, followed by addition of TEA 

(6.3 µL, 0.045 mmol). The product was obtained as a sticky orange oil (58 mg, 81%). 

DBCO-G5-(PEG1000)32  

Following General Procedure 3, NH2-G5-(PEG1000)32 (37 mg, 0.001 mmol) and DBCO-

NHS (4 mg, 0.010 mmol) were dissolved in 1 mL of DCM, followed by addition of TEA 

(1.6 µL, 0.012 mmol). The product was obtained as a sticky orange oil (26 mg, 70%). 

DBCO-G5-(PEG2000)32  

Following General Procedure 3, NH2-G5-(PEG2000)32 (46 mg, 0.0006 mmol) and DBCO-

NHS (3 mg, 0.0065 mmol) were dissolved in 1 mL of DCM, followed by addition of TEA 

(1.1 µL, 0.008 mmol). The product was obtained as a white powder (19 mg, 41%).  

Synthesis of azide-CT and CT-dendron Conjugates 

Azide-CT was synthesized from modified procedures.21 2-Azidoacetic acid (51 mg, 0.5 

mmol) and N-hydroxysuccinimide (348 mg, 3.03 mmol) were dissolved in 450 µL of 0.1 

M phosphate buffer (pH 8), Separately, EDC · HCl (290 mg, 4.53 mmol) was dissolved in 

300 µL of 0.1 M phosphate buffer and added to the reaction mixture. The solution was 

stirred under ambient conditions for 1.5 hours and then directly added to a solution of α-

chymotrypsin (270 mg) dissolved in 8 mL of 0.1 M phosphate buffer (pH 8). The reaction 

mixture was then stirred at 4 °C in a fridge for overnight, at which point the pH was adjusted 

back to ~ 8 via dropwise addition of 2 M KOH, then left to stir for an additional hour at 

4 °C. The reaction mixture was then dialyzed in 12 kDa  tubing against deionized water. 
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Changing water 3 times over 24 hours then lyophilized, giving CT-N3 as a fluffy white 

powder. (173 mg, 62%) 

General Procedure 5: Preparation of CT-Dendron Conjugates 

A 20 mL scintillation vial was equipped with a magnetic stir bar and charged with 

approximately 20-28 eq. (i.e., 1.4-2 eq. per azide) of DBCO-Gx-(PEGn)y dissolved in 400-

800 µL of 0.1 M pH 8 phosphate buffer. Separately, 1 eq. of azide functionalized -

chymotrypsin was dissolved in 400-800 µL of 0.1 M pH 8 phosphate buffer. The dendron 

solution was added to the protein solution and stirred for overnight at 4 °C. The mixture 

was then directly dialyzed using 50-1000 kDa MWCO tubing for 2 days against deionized 

water. Water was changed 3 times. The solution was then lyophilized overnight to afford 

the conjugate as a white solid. 

CT-G3-(PEG350)8 

Using general procedure 5, DBCO-G3-(PEG350)8 (23.2 mg, 0.0058 mmol) was dissolved 

in 400 uL of 0.1 M phosphate buffer and added to a solution of CT-N3 (8.1 mg, 0.00029 

mmol) in 400 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 12 kDa MWCO 

tubing and isolated as a fluffy white powder (16 mg, 67%). 

CT-G3-(PEG1000)8 

Using general procedure 5, DBCO-G3-(PEG1000)8 (90 mg, 0.01 mmol) was dissolved in 

1000 uL of 0.1 M phosphate buffer and added to a solution of -CT-N3 (14 mg, 0.0004 
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mmol) in 500 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 50 kDa MWCO 

tubing and isolated as a fluffy white powder (54 mg, 71%). 

CT-G3-(PEG2000)8 

Using general procedure 5, DBCO-G3-(PEG2000)8 (88 mg, 0.005 mmol) was dissolved in 

2000 uL of 0.1 M phosphate buffer and added to a solution of -CT-N3 (5 mg, 0.0002 mmol) 

in 500 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 50 kDa MWCO tubing 

and isolated as a fluffy white powder (22 mg, 44%).  

CT-G4-(PEG350)16 

Using general procedure 5, DBCO-G4-(PEG350)16 (54 mg, 0.006 mmol) was dissolved in 

2000 uL of 0.1 M phosphate buffer and added to a solution of -CT-N3 (6 mg, 0.0002 mmol) 

in 500 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 100 kDa MWCO 

tubing and isolated as a fluffy white powder (15 mg, 45%).  

CT-G4-(PEG1000)16 

Using general procedure 5, DBCO-G4-(PEG1000)16 (57 mg, 0.003 mmol) was dissolved in 

2000 uL of 0.1 M phosphate buffer and added to a solution of -CT-N3 (2.9 mg, 0.00010 

mmol) in 500 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 100 kDa 

MWCO tubing and isolated as a fluffy white powder (27 mg, 84%).  

CT-G4-(PEG2000)16 

Using general procedure 5, DBCO-G4-(PEG2000)16 (60 mg, 0.0017 mmol) was dissolved 

in 2000 uL of 0.1 M phosphate buffer and added to a solution of -CT-N3 (1.7 mg, 6.07 x 
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10-5 mmol) in 500 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 300 kDa 

MWCO tubing and isolated as a fluffy white powder (24 mg, 75%). 

CT-G5-(PEG350)32 

Using general procedure 5, DBCO-G5-(PEG350)32 (118 mg, 0.006 mmol) was dissolved in 

2000 uL of 0.1 M phosphate buffer and added to a solution of -CT-N3 (8 mg, 0.0003 mmol) 

in 500 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 300 kDa MWCO 

tubing and isolated as a fluffy white powder (34 mg, 37%).  

CT-G5-(PEG1000)32 

Using general procedure 5, DBCO-G5-(PEG1000)32 (152 mg, 0.004 mmol) was dissolved 

in 2000 uL of 0.1 M phosphate buffer and added to a solution of -CT-N3 (5 mg, 0.0002 

mmol) in 500 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 500 kDa 

MWCO tubing and isolated as a fluffy white powder (59 mg, 58%). 

CT-G5-(PEG2000)32 

Using general procedure 5, DBCO-G4-(PEG2000)32 (50.8 mg, 0.0007 mmol) was dissolved 

in 2000 uL of 0.1 M phosphate buffer and added to a solution of -CT-N3 (1 mg, 3.57 x 

10-5 mmol) in 500 uL of 0.1 M phosphate buffer. The conjugate was dialyzed in 1000 kDa 

MWCO tubing and isolated as a fluffy white powder (33 mg, 89%). 
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NMR Spectra of Synthesized Compounds 

 

Figure S3.1. 1H NMR of Boc-G1-(N3)2 

 

Figure S3.2. 13C NMR of Boc-G1-(N3)2 
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Figure S3.3. 1H NMR of NH2-G1-(N3)2 

 

Figure S3.4. 13C NMR of NH2-G1-(N3)2 
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Figure S3.5. 1H NMR of Boc-G2-(N3)4 

 

Figure S3.6. 13C NMR of Boc-G2-(N3)4 
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Figure S3.7. 1H NMR of NH2-G2-(N3)4 

 

Figure S3.8. 13C NMR of NH2-G2-(N3)4 
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Figure S3.9. 1H NMR of DBCO-G3-(PEG350)8. 

 

Figure S3.10. 1H NMR of DBCO-G3-(PEG1000)8 
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Figure S3.11. 1H NMR of DBCO-G3-(PEG2000)8 

 

Figure S3.12. 1H NMR of NH2-G4-(PEG350)16 
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Figure S3.13. 1H NMR of NH2-G4-(PEG1000)16 

 

 

Figure S3.14. 1H NMR of NH2-G4-(PEG2000)16 
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Figure S3.15. 1H NMR of NH2-G5-(PEG350)32 

 

Figure S3.16. 1H NMR of NH2-G5-(PEG1000)32 
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Figure S3.17. 1H NMR of NH2-G5-(PEG2000)32 
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Figure S3.18. Monitoring 1H NMR spectra of DBCO-G3-(PEGx)8 (bottom spectrum) 

undergoing SPAAC to form NH2-G5-(PEG)32 (top spectrum) with critical integral values 

illustrating complete PEGylation.  

Determination of Degree of Protein Conjugation by 1H qNMR 

Quantitative 1H NMR spectra were recorded on either a Bruker NEO 600 or NEO 700 

Spectrometer. A known mass of conjugate was dissolved in 500 µL of D2O containing 5 

mg/mL sodium formate (HCOONa, i.e., 2.5 mg) as the internal standard. The experiment 

was run with an RF pulse of 90° and a relaxation time of 30 seconds between pulses at 64 

scans. The dendrimer signal at 4.2 ppm was integrated with the assumption of 1 molar 

equivalent of dendron. which allowed for the determination of the relative molar ratio of 

HCOONa to dendron, which was then compared to the initial weighed mass of the dendron 

to determine the mass fraction.  
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Calculating Degree of Conjugation of -CT-N3 using DBCO-G3-(PEG2000)8 

Calculations are done according to previous procedures.21 Assume 1 eq. dendron, 

integrating the HCOONa singlet at 8.44 ppm against dendron ester α-methylene at 4.22 

ppm.

 

Figure S3.19. 1H qNMR of CT-G3-PEG2000. The ester multiplet at 4.22 ppm is highlighted 

red in the inset structure. Correspondingly, the same multiplet integrates to 56 in CT-G4 

and 112 in CT-G5. 

Molar ratio of HCOONa to dendrimer =  
IntδH(8.44 ppm)= 569

IntδH(4.2 ppm)= 1
  

NHCOONa =  
mHCOONa

𝑀𝑊HCOONa
 

=  
0.0025 g

68.01 g mol−1
 =  3.676 × 10−5 mol 

NDendrimer =  
3.676 × 10−5  mol

569
 =  6.460 × 10−8 mol 

mDendrimer = 6.460 × 10−8 mol  × 17500 g mol−1 =  1.13 mg 
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1.13 mg of dendrimer was conjugated to the enzyme. Given that 1.30 mg of conjugate 

was initially added: 

Experimental dendrimer mass % =  
1.13 mg

1.30 mg
 × 100 = 𝟖𝟕. 𝟎% 

Theoretical dendrimer mass % of dendrimer (assuming full conjugation of 14 eq.of 

dendrimer per CT) is calculated as follows: 

𝑀𝑊conjugate =  273,000 g/mol 

14 ×  𝑀𝑊Dendron = 245,000 g/mol 

Calculated dendrimer 𝑚𝑎𝑠𝑠 % =  
245000 g/mol

273000 g/mol
 × 100% = 𝟖𝟗. 𝟕% 

Mass % of a single conjugated dendron is calculated as follows:  

Mass % (dendron) =
𝑀𝑊Dendron

𝑀𝑊Conjugate − 𝑀𝑊CT

=  
17500 g mol−1

273000 g mol−1 − 28000 g mol−1
 × 100% = 𝟕. 𝟏𝟒%   

Therefore, since the difference between the experimental and theoretical dendrimer mass % 

(Δ = 2.7%) is within the calculated mass % of a single dendron, the average conjugate is 

assumed to have 14 dendrons functionalized to it. 

Table S3.1. Mass fraction of dendron-protein conjugates. 

Conjugate Calculated 

Conjugate 

MW (g/mol) 

Calcd. 

Dendrimer 

Mass Fraction 

(%)a 

Expt. 

Dendrimer 

Mass Fraction 

(%)b 

Calcd. Mass 

Fraction (%) 

of 1 dendron 

CT-G3-

PEG350  

84000 66.7 65.0 4.76 

CT-G3-

PEG1000 

154000 81.8 75.1 5.84 

CT-G3-

PEG2000 

273000 89.7 91.4 6.41 
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CT-G4-

PEG350 

154000 81.8 76.0 5.84 

CT-G4-

PEG1000  

294000 90.5 86.2 6.46 

CT-G4-

PEG2000 

525252 94.7 89.3 6.76 

CT-G5-

PEG350 

306670 90.9 90.4 6.49 

CT-G5-

PEG1000 

568960 95.1 93.0 6.79 

CT-G5-

PEG2000 

1022882 97.3 98.6 6.95 

aInterpreted as the ratio of MW of 14 dendrons and MW of the conjugate.  bObtained from 
1H NMR. Relative integration of dendritic ester CH2 (4.22 ppm) vs. the sodium formate 

(HCOONa, 8.44 ppm) internal standard. 

 

Quantitative NMR for Determining Dendrimer Conjugation to  CT 

 

 
Figure S3.20. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G3-

PEG350. 
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Figure S3.21. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G3-

PEG1000. 

 

Figure S3.22. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G3-

PEG2000. 
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Figure S3.23. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G4-

PEG350. 

 

Figure S3.24. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G4-

PEG1000. 
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Figure S3.25. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G4-

PEG2000. 

 

Figure S3.26. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G5-

PEG350. 
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Figure S3.27. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G5-

PEG1000. 

 

Figure S3.28. 1H NMR spectrum for quantitation of dendron mass fraction of CT-G5-

PEG2000. 



212 
 

MALDI-TOF Spectra of Functionalized CT 

 

Figure S3.29. MALDI-TOF Spectra of Native CT and CT functionalized with 14 azides. 

Expected mass increase = 1.4 kDa. 

 

DRIFTS-IR Spectra of Dendrimer-CT Conjugates 

 

Figure S3.30. DRIFTS FTIR Spectrum of CT-G3-PEG350. 
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Figure S3.31. DRIFTS FTIR Spectrum of CT-G3-PEG1000. 

 

Figure S3.32. DRIFTS FTIR Spectrum of CT-G3-PEG2000. 
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Figure S3.33. DRIFTS FTIR Spectrum of CT-G4-PEG350. 

 

Figure S3.34. DRIFTS FTIR Spectrum of CT-G4-PEG1000. 
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Figure S3.35. DRIFTS FTIR Spectrum of CT-G4-PEG2000. 

 

Figure S3.36. DRIFTS FTIR Spectrum of CT-G5-PEG350. 
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Figure S3.37. DRIFTS FTIR Spectrum of CT-G5-PEG1000. 

 

Figure S3.38. DRIFTS FTIR Spectrum of CT-G5-PEG2000. 
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stock solution of native α-chymotrypsin (CT), azide-CT, or CT-dendrimer conjugate was 

prepared in 0.1 M tris buffer (pH 8) with an absorbance of approximately 0.5 AU, which 

allowed for the calculation of the precise concentration of enzyme in solution (see Table 

S2). 200 µL of this solution was added to a 96-well plate and incubated at 37 °C for 3 

minutes. Separately, a stock solution of BTpNA was prepared at 1 mg/mL in DMF. 50 µL 

of this solution was added to the well at the 3-minute  incubation mark, and the absorbance 

at 412 nm was measured every 4 s or 5 s for 1 min (depending on the number of wells 

measured simultaneously). The activity of the enzyme was interpreted from the initial slope 

of the absorbance line from t=0 to t=30 s, wherein the linear absorption was observed. Base 

absorbance at 412 nm measured at t=0 was subtracted from the absorbance over time plots 

to normalize the absorbance to 0 at 412 nm at t=0. Following the above procedures, three 

separate control experiments were run (n=3) using the same native CT (0.5 AU, 200 µL) 

spiked with 14 mol equivalents of DBCO-G3-PEG2000, DBCO-G3-PEG2000, and DBCO-

G3-PEG2000, respectively, to monitor the enzyme activity towards BTpNA in the presence 

of polymers. 
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Figure S3.39. Absorbance over time of BTpNA cleavage by Native CT. 

 

 

Figure S3.40. Absorbance over time of BTpNA cleavage by Azide-CT. 
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Figure S3.41. Absorbance over time of BTpNA cleavage by CT-G3-PEG350. 

 

Figure S3.42. Absorbance over time of BTpNA cleavage by CT-G3-PEG1000. 
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Figure S3.43. Absorbance over time of BTpNA cleavage by CT-G3-PEG2000. 

 

Figure S3.44. Absorbance over time of BTpNA cleavage by CT-G4-PEG350. 
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Figure S3.45. Absorbance over time of BTpNA cleavage by CT-G4-PEG1000. 

 

Figure S3.46. Absorbance over time of BTpNA cleavage by CT-G4-PEG2000. 
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Figure S3.47. Absorbance over time of BTpNA cleavage by CT-G5-PEG350. 

 

Figure S3.48. Absorbance over time of BTpNA cleavage by CT-G5-PEG1000. 
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Figure S3.49. Absorbance over time of BTpNA cleavage by CT-G5-PEG2000. 

 

Figure S3.50. Absorbance over time of BTpNA cleavage by Native CT + DBCO-G3-

(PEG2000)8. 
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Figure S3.51. Absorbance over time of BTpNA cleavage by Native CT + DBCO-G4-

(PEG2000)16. 

 

Figure S3.52. Absorbance over time of BTpNA cleavage by Native CT + DBCO-G5-

(PEG2000)32. 
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The activity of CT and CT-dendron conjugates towards casein and BSA was determined 

according to previous procedures (n=3). 700 µL of a 10 mg/mL suspension of milk casein 

or BSA in 0.1 M Tris buffer (pH 8) was prepared and equilibrated at 37 °C for 1 min with 

vigorous stirring. Separately, a stock solution of either α-CT or α-CT-dendrimer conjugate 

was dissolved in the same buffer solution to an absorbance at 280 nm of approximately 0.5 

AU to precisely determine the concentration of the conjugates (see Table S2). 100 µL of 

this stock was then added to the protein substrate suspensions and was left to stir at 37 °C 

for 20 min, at which point the reaction was quenched for 20 s by the addition of 200 µL of 

50% trichloroacetic acid (TCA; w/v) in water (Vtotal = 1000 µL). The precipitated protein 

was then pelleted by centrifugation at 4 °C at 10000 g for 10 min. 600 µL of the supernatant 

was transferred to a low-volume 1 cm path length quartz cuvette and the absorbance was 

measured at 280 nm using the Cary WinUV Simple Reads application. 

The following control experiments were performed. To account for residual precipitation 

of the protein substrates, Control 1 (n=3), denoted as Ablank, was run with conditions as 

described above but with the addition of 100 µL of tris buffer instead of the CT conjugate. 

Control 2 (n=3), denoted as Aconj, was performed with the addition of 800 µL of tris buffer 

instead of protein substrate to quantify conjugate precipitation with TCA. Control 3 (n=3), 

denoted as ATCA, was performed with 800 µL buffer and 200 µL of 50% TCA to measure 

residual absorbance of the solution. Activity of the dendron-α-CT conjugates, denoted as 

“Corrected Aprotein”, was interpreted as the absorbance at 280 nm (1) subtracted Ablank and 

Aconj (mean of 3 trials) and added ATCA, and (2) has been corrected for protein concentration 

vs. the native α-CT to reflect equivalent per molar activity. For (2), determination of the 



226 
 

molar absorbance of the CT-conjugates was reported previously.21 The table below shows 

the protein concentration of the conjugate solutions.  

Following the above procedures, two separate control experiments were run (n=3) using 

native CT (0.5 AU, 100 µL) spiked with 14 mol equivalents of DBCO-G3-PEG2000, DBCO-

G3-PEG2000, and DBCO-G3-PEG2000, respectively (n=3), and added 700 µL BSA and 200 

µL 50% TCA, to monitor the enzyme activity in the presence of polymers. 

 

 

Table S 3.2. Concentration of protein-dendrimer conjugates for preparing digestion 

assays.  

Species Base ε 

(CT) 

@280 

nm 

# 

DBCO 

triazine

s 

ε from 

DBCOs 

in a 14x 

conjuga

te 

Total ε           

(cm-1 

M-1) 

Measur

-ed AU 

Protein 

conc 

(M) 

conc 

(µM) 

Relative 

Conc. 

To 

Native 

CT 

CT-G3-

350 

52400 1 40600 93000 0.50741 5.456E-

06 

5.4560

2 

0.5730 

CT-G3-

1K 

52400 1 40600 93000 0.50446 5.424E-

06 

5.4243

0 

0.5697 

CT-G3-

2K 

52400 1 40600 93000 0.49227 5.293E-

06 

5.2932

3 

0.5559 

CT-G4-

350 

52400 3 121800 174200 0.51205 2.939E-

06 

2.9394

4 

0.3087 

CT-G4-

1K 

52400 3 121800 174200 0.49162 2.822E-

06 

2.8221

6 

0.2964 

CT-G4-

2K 

52400 3 121800 174200 0.50171 2.880E-

06 

2.8800

8 

0.3025 

CT-G5-

350 

52400 5 203000 255400 0.50882 1.992E-

06 

1.9922

5 

0.2092 

CT-G5-

1K 

52400 5 203000 255400 0.49699 1.946E-

06 

1.9459

3 

0.2044 
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CT-G5-

2K 

52400 5 203000 255400 0.51052 1.999E-

06 

1.9989

0 

0.2099 

Native 

CT 

52400 0 0 52400 0.49891 9.521E-

06 

9.5211

8 

1.0000 

Azide 

CT 

52400 0 0 52400 0.50721 9.680E-

06 

9.6795

8 

1.0166 

 

 

Table S3.3. Summarized data for BTpNA assay. 

Species 
Initial 

Slopes 

Concentration 

Adjusted slopes 

Avg. 

slope 

Activity 

Relative to 

Native CT 

Std. 

Dev. 

CT-G3-PEG350 

313.2 546.56 

623.83 1.4803 0.2764 387.72 676.6 

371.52 648.33 

CT-G3-PEG1000 

375.98 659.95 

621.29 1.4742 0.2413 354.33 621.95 

331.55 581.96 

CT-G3-PEG2000 

83.172 149.61 

146.87 0.3485 0.0540 83.362 149.95 

78.425 141.07 

CT-G4-PEG350 

141.85 459.47 

457.73 1.0861 0.1645 139.76 452.7 

142.33 461.02 

CT-G4-PEG1000 

90.937 306.8 

287.72 0.6827 0.1129 85.409 288.15 

79.499 268.21 

CT-G4-PEG2000 

59.815 197.74 

237.71 0.5641 0.1685 62.664 207.16 

93.236 308.23 

CT-G5-PEG350 

60.005 286.77 

258.94 0.6144 0.1157 54.688 261.36 

47.852 228.69 

CT-G5-PEG1000 

78.035 381.82 

363.17 0.8617 0.1440 68.188 333.64 

76.447 374.05 

CT-G5-PEG2000 14.432 70.614 64.11 0.1521 0.0268 
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12.153 59.463 

12.723 62.252 

Azide CT 

619.33 609.22 

585.59 1.3895 19.1648 594.98 585.26 

571.61 562.28 

Native CT 

480.23 480.23 

421.43 1.0000 52.0058 430.29 430.29 

353.77 353.77 

Native CT + 

DBCO-G3-

(PEG2000)8 

155.52 155.52 

338.49 0.8032 0.4422 280.87 280.87 

579.08 579.08 

Native CT + 

DBCO-G4-

(PEG2000)16 

449.10 449.10 
471.83 1.1196 0.2011 

479.79 479.79 

486.61 486.61 

Native CT + 

DBCO-G5-

(PEG2000)32 

408.99 408.99 
375.57 0.8912 0.1688 

345.01 345.01 

372.70 372.70 

Table S3.4. Summarized data for casein digestion assay. 

Generation PEG Mw 

Acasein 

(280) 

Raw 

Raw 

Average 

Corrected 

Acasein 

(280)  

Casein 

activity 

rel. to 

CT 

SD 

(relative 

activity) 

Sieving 

Ratio 

(casein) 

SR SD 

G3  

350 

1.0761 

1.0682 1.4249 0.98723 0.022 1.4994 0.282 1.0398 

1.0887 

1000 

0.80355 

0.80117 0.96525 0.66878 0.009 2.2044 0.3618 0.80349 

0.79648 

2000 

0.36345 

0.32929 0.14243 0.09868 0.030 3.5316 1.2021 0.28123 

0.34319 

G4 

350 

0.57395 

0.58205 0.98452 0.68213 0.012 1.5923 0.2427 0.59622 

0.57598 

1000 

0.41245 

0.42221 0.47045 0.32596 0.008 2.0945 0.3502 0.42432 

0.42987 
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2000 

0.32519 

0.3185 0.21642 0.14995 0.006 3.7616 1.1343 0.3138 

0.31652 

G5 

350 

0.34357 

0.35427 0.49029 0.3397 0.008 1.8087 0.0467 0.35886 

0.36037 

1000 

0.37515 

0.37518 0.52985 0.36711 0.015 2.3474 0.0984 0.38542 

0.36498 

2000 

0.30092 

0.31015 0.27387 0.18975 0.010 0.8017 0.0415 0.30458 

0.32496 

Native CT 

1.7218 

1.718 1.4433 1 1.000 - - 1.7149 

1.7173 

Native CT + G3-

PEG2000 

1.6442 

1.6527 1.53076 1.0606 0.026 0.75 0.41736 1.6776 

1.6363 

Native CT + G4-

PEG2000 

1.7704 

1.6825 1.56873 1.0869 0.054 1.02 0.4157 1.6362 

1.6409 

Native CT + G5-

PEG2000 

1.67 

1.6560333 1.54248 1.0687 0.023 0.83 0.159 1.6223 

1.6758 

 

Table S3.5. Summarized data for BSA digestion assay. 

Generation PEG Mw 

Acasei

n (280) 

Raw 

Raw 

Average 

Correcte

d ABSA 

(280)  

BSA 

activity 

rel. to 

CT 

SD 

(relativ

e 

activity

) 

Sieving 

Ratio 

(BSA) 

SR SD 

G3  

350 

0.14726 
0.14987

0 
0.1446 

0.1400

5 
0.0136 

10.667

8 
2.2445 0.14312 

0.15923 

1000 

0.17017 
0.17839

3 
0.19629 

0.1901

1 
0.00916 7.8272 1.3351 0.17817 

0.18684 

2000 

0.06677 
0.07529

3 
0.01778 

0.0172

2 
0.01143 

20.430

2 

13.930

0 0.07057 

0.08854 
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G4 

350 

0.14201 
0.14688

7 
0.17323 

0.1677

7 
0.00744 6.5342 1.0310 0.15373 

0.14492 

1000 

0.14013 
0.14183

7 
0.14766 

0.1430

1 
0.00445 4.8185 0.8106 0.1439 

0.14148 

2000 

0.07678 
0.07796

7 
0.03182 

0.0308

2 
0.00419 

18.470

8 
6.0631 0.07753 

0.07959 

G5 

350 

0.07678 
0.07796

7 
0.05251 

0.0508

5 
0.00199 

12.195

2 
0.4907 0.07753 

0.07959 

1000 

0.10067 
0.09414

3 
0.05845 

0.0566

1 
0.01793 

15.363

7 
4.8717 0.09618 

0.08558 

2000 

0.09629 
0.08524

0 
0.08231 

0.0797

2 
0.00972 1.9261 0.2350 0.07718 

0.08225 

Native CT 1.1382 1.1322 1.0422 1.0000 0.0213 - - 

Continued on next page. 
 

     … 

        

 1.1439       

1.1145 

Native CT + 

 DBCO-G3-(PEG2000)8 

1.0941 

1.0428 0.9431 0.9050 0.0490 0.89 0.4909 1.0022 

1.0321 

Native CT + 

 DBCO-G4-

(PEG2000)16 

1.1210 

1.1238 1.0241 0.9827 0.0146 1.14 0.4569 1.1255 

1.1248 

Native CT +  

DBCO-G5-(PEG2000)32 

1.0368 

1.0420 0.9424 0.9043 0.0159 0.98 0.1870 1.0496 

1.0397 
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Chapter 4.  Dendrimer-Mediated Molecular Sieving on Avidin 

This chapter has been reproduced with permission from Deng, B.; McNelles, S. A.; Sun, 

J.; Ortega, J.; Adronov, A. Dendrimer-Mediated Molecular Sieving on Avidin. 

Biomacromolecules 2025, 26 (2), 1320–1334. Copyright © 2025 American Chemical 

Society. 
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manuscript. 

Graphical Abstract: 

 



 

237 

 

4.1 Abstract 

Decoration of proteins and enzymes with well-defined polymeric structures allows 

precise decoration of protein surfaces, enabling controlled modulation of activity. Here, the 

impact of dendronization on the interaction between avidin and biotin was investigated. A 

series of generation 3-7 bis-(2,2-hydroxymethyl)propionic acid (bis-MPA) dendrons were 

coupled to either biotin or avidin to yield a library of dendronized avidin and biotin 

structures. The thermodynamics of binding each biotinylated generation to a library of 

avidin conjugates was probed with isothermal titration calorimetry (ITC). Dissociation 

constants of high-generation biotin-dendrons (G5 and G6) with higher-generation avidin-

dendron conjugates (Av-G6) increased from ~10-15 M (for the native structures) to ~10-6 M, 

and binding was found to be weaker than that of the Avidin-HABA complex. Avidin-G5 

and Avidin-G6 were highly size-selective for biotinylated ligands; both prevented binding 

of aprotinin (6.9 kDa), bovine serum albumin (BSA), and PEG3400, while forming fractional 

complexes with smaller biotinylated dendrons.  

4.2 Introduction 

The modification of protein surfaces through polymer functionalization has 

attracted significant attention as it can affect properties such as in-vivo stability, activity, 

and circulation half-life while decreasing immunogenicity.1–6 The past decade has seen an 

increasing interest in controlling protein-ligand interactions through surface 

modification.7–13 In particular, the use of PEG-based brushes to decorate protein surfaces 

in high density has allowed discrimination between potential ligands according to their 

size.7,8 This concept, where small molecules penetrate the polymer shell while larger 
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molecules are rejected, known as “molecular sieving,” was pioneered through the seminal 

work of Gauthier and co-workers.7 In this work, polymer conjugates of both chymotrypsin 

and L-asparaginase were decorated with poly[oligo(ethylene glycol) methacrylate] 

(POEGMA) comb polymers, and it was shown that the activity of conjugates to small 

substrates (BTpNA and L-asparagine) was unaffected, while reactivity toward proteins and 

recognition by antibodies was dramatically reduced.8 This work identified critical 

characteristics of the polymer shell, such as globular morphology, high degree of branching, 

and dense surface grafting. Additionally, Russell and co-workers showed that 

poly(carboxybetaine methacrylate) (pCBMA), polymerized from the surface of avidin 

results in “nano armor” that shields the protein from binding to ligand derivatives 

(biotinylated compounds) of different size.13 These studies clearly demonstrated that 

grafting density directly impacts avidin-biotin binding kinetics, which was used as a proxy 

for sieving. Although this work showed only a small effect of polymer molecular weight 

on sieving efficiency, the general trend that a high-density polymeric monolayer on the 

protein surface imparts size selectivity to substrates was reinforced. Recently, we showed 

that a dendritic shell is also effective in molecular sieving when the dendrimer reaches a 

critical size. It was found that attachment of G7 and G8 dendrimers at the surface lysine 

residues of chymotrypsin resulted in a significantly lower activity toward large, rigid 

proteins (e.g., BSA), while retaining unhindered activity toward small substrates.11 

Furthermore, we showed that lower generation surface-PEGylated dendrimers could also 

achieve efficient sieving.12 
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Inspired by the work of Russel and co-workers, we aimed to determine if dendritic 

macromolecules could also impart sieving effects in the strong avidin-biotin binding 

interaction. Avidin, a tetrameric glycoprotein composed of identical, eight-stranded beta-

barrel subunits,14 binds to biotin with high specificity and exceptionally strong affinity (Kd 

~10−15 M).15 This system has seen ubiquitous use in biochemistry and protein 

engineering16,17 and recently in the context of molecular sieving.13,18 Although Russell and 

coworkers13 elegantly quantified the kinetics of the sieving effect in pCBMA-decorated 

avidin, it is still unclear how the grafted polymers influence binding stoichiometry, 

complex formation, and what are the limits in molecular size for which sieving can be 

achieved.  

In this work, we demonstrate molecular sieving using a series of structurally well-

defined dendritic conjugates of both avidin and biotin. We investigate the impact of 

dendrimer attachment on the morphology and flexibility of the protein and its substrate, as 

these characteristics have been found to influence sieving effectiveness.11 To do so, G3-G7 

polyester dendrons were conjugated to both biotin and avidin, where 10 surface lysines per 

monomeric unit (40 total for the tetrameric structure) were derivatized. We demonstrate the 

dynamic impact of dendron generation on binding efficiency as well as the stoichiometry 

of the biotin-avidin complex (Figure 4.1). By mixing-and-matching dendronized avidin-

biotin pairs with different dendron size, it is possible to not only prevent the binding 

interaction, but also to enable differential binding without using mutants and/or biotin 

mimics.19,20  
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Figure 4.1. Schematic representation of dendron generation-controlled sieving processes 

involving avidin-dendron conjugates interacting with biotin, dendronized biotin, and 

biotinylated proteins. Structures are not drawn to scale – size discrepancy between ligands 

are illustrated by differently sized cartoons. 

4.3 Results and Discussion 

Synthesis of DBCO- and Biotin-core Polyester Dendrons. G3-G7 dendrons were 

prepared following a previously reported convergent strategy via N,N,N′,N′-

tetramethylchloroformamidinium hexafluorophosphate (TCFH) – N-methylimidazole 

(NMI) mediated coupling.11,21,22 Aside from being scalable to gram quantities, we found 

the TCFH-NMI method to be a more rapid esterification relative to other methods used for 

dendrimer growth.21,23,24 Starting from the mono benzyl carbamate (CBz) protected 

diamine (1), we employed a stepwise iterative process of dendrimer growth with acetonide-

protected bis-MPA as the monomer, followed by acidic deprotection of the dendrimer 

periphery to expose the hydroxyl groups. This two-step process was repeated to produce 

the desired dendrons in good yield (Scheme 4.1).  
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Scheme 4.1. Iterative synthesis of benzyl carbamate-protected polyester dendrons up to the 

7th generation, CBz-G7-(OH)128. Structures of G4, 5, 6 dendrons bearing 16, 32, and 64 

hydroxyl groups at the periphery, respectively, are omitted for clarity. 

The CBz-core was removed at the desired generation of hydroxyl-periphery dendrons via 

catalytic hydrogenation, followed by amidation with biotin-NHS25 to yield the core-

biotinylated dendrons (BGx; x = 3-7). The analogous DBCO-core G3-7 dendrons (DBCO-
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Gx; x = 3-7) were synthesized in the same manner but instead using DBCO-NHS as the 

amidation partner (Scheme 4.2). Detailed synthetic procedures and spectroscopic data for 

the dendrons (1H NMR, 13C NMR, ESI, MALDI-TOF) are provided in the Supporting 

Information in Chapter 4.5. 

 

Scheme 4.2. Core functionalization of bis-MPA-based polyester dendrons. 

 

Synthesis and Characterization of Dendronized Avidin. We next proceeded to graft the 

DBCO-core dendrons onto the surface of native avidin via the strain-promoted azide-

alkyne cycloaddition (SPAAC) reaction. As was done previously with chymotrypsin,11,12 

we initially attempted to exhaustively install azides on the surface lysines in a one-pot 

procedure by forming the NHS ester of 2-azidoacetic acid via EDC-promoted esterification, 

followed by amidation of the avidin lysines. This led to incomplete functionalization and 

poor yield, which was due to the relatively high pI of avidin, a result of the abundant lysine 
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residues (n = 40 in avidin tetramer).13,26 When the amidation was performed in neutral 

phosphate buffered saline (PBS) or mildly basic buffer (pH 8.5), the highly cationic surface 

coupled sluggishly to the NHS-ester and was hindered by hydrolysis of the ester and 

rearrangement of intermediates into urea side-products.27,28 Conversely, addition of 

isolated azidoacetyl-NHS29 directly to avidin in a carbonate-bicarbonate buffer (pH 9.5), 

resulted in complete amidation to yield azide-functionalized avidin, Av-N3 (Scheme 4.3).  

 

Scheme 4.3. Synthesis of avidin azide (Av-N3) and Avidin-dendron conjugates (Av-Gx) 

from native avidin. 

The crude protein was purified via size-exclusion chromatography (SEC) and centrifugal 

filtration. Complete functionalization of the surface lysines was confirmed via 

fluorescamine assay,30 which indicated the absence of primary amines. The increase in 

molecular weight from avidin to Av-N3 was determined by MALDI-TOF MS (Figure 

S4.15), and avidin content in the purified protein solids was quantified by UV-Vis 

spectroscopy (by measuring absorption at 280 nm, A280). Both techniques indicated that 

the desired decoration of the avidin surface was accomplished. The G3-G7 dendrons 

functionalized with DBCO at their core (DBCO-Gx-OH; x = 3-7) were then coupled to 

Av-N3 via SPAAC to yield the dendronized avidin at the various generations, Av-Gx (x = 

3-7) (Scheme 4.3). Through prior doping studies,11 we validated that FT-IR can detect 
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minute quantities of residual azides if the SPAAC reaction does not go to completion. We 

therefore monitored the SPAAC reaction via FT-IR to determine the complete 

disappearance of the azide signal at ~2100 cm-1 (Figure 4.2A). Upon completion, crude 

products were purified by dialysis and centrifugal filtration and quantified by bicinchoninic 

acid (BCA) assay. The degree of conjugation was also confirmed through the BCA assay 

by relating protein concentration to mass percent of avidin in the conjugate (see Supporting 

Information for calculations). Both analyses indicated quantitative dendronization of 

peripheral lysines on avidin. Native PAGE was then used to qualitatively assess the relative 

molecular weight of the avidin conjugates (Figure 4.2B). Consistent with FT-IR, we found 

no traces of Av-N3 in any of the conjugate samples. As expected, residual charges on avidin 

resulted in lower Rf values and overestimated molecular weights relative to the standards 

in the molecular weight ladder (calculated molecular weights for the conjugates are 

provided in Table 4.1).31,32 Based on the PAGE results, we observed a steady increase in 

molecular weight of the avidin-dendron conjugates with increasing dendron generation. It 

should be noted that native avidin does not migrate through the gel under normal polarity 

due to its significant cationic character under these conditions (Figure 4.2B).   
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Figure 4.2. A) Stacked FT-IR spectra of azidoacetic acid NHS ester, avidin-N3, and Av-Gx 

conjugates showing complete consumption of azides post SPAAC. Inset shows highlighted 

azide signal centered at ~2110 cm-1. B) Native PAGE (6%) of avidin-dendron conjugates. 

From left to right: Ladder (NativeMark), avidin, avidin azide (Av-N3) and avidin-dendron 

conjugates (Av-Gx, x = 3-7; lanes 4-8). PAGE was run in pH 8.3 tris-glycine buffer and 

stained with Coomassie R250. Native avidin was immobile under these conditions. 

Circular dichroism (CD) spectroscopy was used to probe the secondary structure of 

avidin-dendron conjugates (Figure 4.3).33 It was found that Av-G3 to Av-G7 retained a 

positive CD band at ~228 nm, characteristic of β-sheets in avidin and specifically from 

exciton contributions from Trp70, Trp97, and Trp110 (from the adjoining comonomer) in 

the biotin binding pocket of avidin.34–36 There is a slight hypsochromic shift from native 

avidin to avidin-N3 (λmax = 227 nm) which does not change further upon SPAAC reaction. 

Interestingly, there is a strong change in the λmax band intensity of the conjugates, but a 

clear trend relative to dendron generation could not be ascertained. Av-G3, G5 and G7 led 

to a decrease in intensity relative to native avidin, while the opposite was observed for Av-

G4 and Av-G6. Although the DLS and binding experiments (vida infra) did not indicate 

signs of tetramer dissociation or conjugate denaturation, CD suggests distortions to the 
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avidin structure, possibly from hydrogen bonding interactions between the hydroxyl 

periphery of the dendrons and residues within the binding pocket or the backbone of the β-

barrels. The variation in band intensity is likely attributed to perturbations of exciton 

coupling between tryptophan residues within the biotin binding pocket.36  

 

Figure 4.3. Circular Dichroism spectra of avidin-dendron conjugates (0.2 mg/mL) in 10 

mM PBS. 

DLS was used to investigate the relationship between dendron generation and the 

overall conjugate size. In PBS (10 mM, pH 7.4), native avidin was found to have a 

hydrodynamic diameter Dh (Z-avg) of ~8 nm. Upon functionalization with dendrons, Dh 

increases (Table 4.1) with dendron generation up to 16 nm for Av-G7 (Figure 4.4, see 

Figure S4.16 for particle size distribution plots). Assuming a globular structure,37 these size 

measurements are in good agreement with previous DLS experiments conducted on native 

avidin and DBCO-core globular dendrons, respectively.11,13 As expected, Dh of the 

conjugates increased non-linearly with dendron generation and molecular weight as the 
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dendritic shell is not rigid and can collapse on the protein surface (Figure 4.4).  Despite our 

best efforts, we were unable to measure the precise size of Av-G3, as it formed large 

aggregates in the micrometer scale, as shown in Figure S4.16 by presence of multimodal 

peaks. This is likely due to the relatively low aqueous solubility of the free dendron DBCO-

G3-OH. The poor aqueous solubility of Av-G3 precluded its use in binding studies.  

 

Figure 4.4. Z-average diameter versus molecular weight of avidin-dendron conjugates. 

Error bars represent standard deviation. 

Table 4.1. Intensity weighted hydrodynamic diameter (Z-avg d) of avidin-dendron 

conjugates. 

Avidin 

Conjugate 

Molecular Weight 

(kDa) 

Z-avg d 

(nm) 

(n=5) 

SD 

(nm) 
PDI 

PDI  

SD 

Native 66.0 8.30 0.060 0.243 0.011 

Av-G4 151 9.91 0.120 0.136 0.010 

Av-G5 226 12.2 0.144 0.240 0.009 

Av-G6 375 13.9 0.064 0.102 0.012 
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Av-G7 676 15.5 0.123 0.336 0.025 

 

Characterization of the dendronized avidins by Cryo-EM. Cryo-electron microscopy 

(cryo-EM) was used to visualize the dendronized avidin structures. At each generation of 

dendronized avidin, it was possible to observe highly uniform spherical structures within 

the TEM images, with sizes that increased with dendron generation (Figure 4.5). On 

average, the observed spherical particles had diameters of 6.17 ± 0.15 nm, 11.04 ± 0.49 nm, 

and 12.18 ± 0.31 nm for G4, G5, and G6 (n = 3), respectively, which agree well with DLS 

measurements (Table 4.1). The slightly smaller diameter observed compared to DLS is 

likely due to the hydration shell that forms around the dendron periphery in solution, thus 

increasing the Dh measured by DLS. Images from the G7 sample showed a heterogeneous 

mixture of particles (Figure 4.5D) with smaller particles (Figure 4.5E) and large vesicle-

like particles (Figure 4.5F), indicating the possibility of some higher-order 

assembly/aggregation. 

To gain additional structural details of the dendronized avidins, we collected a large 

dataset from the G6 sample. We used these images to obtain two-dimensional averages of 

the particles observed in this sample. Approximately half a million particles were selected 

(Figure 4.5G, left panel) and extracted from the electron micrographs before they were 

subjected to the 2D classification, alignment and averaging. The obtained 2D class 

averages (Figure 4.5G, right panel) revealed that the G6 particles are comprised of a central 

core density, where the avidin tetramer is located, and this density is surrounded by seven 

or eight spherical densities of 2.84 ± 0.2 nm (n = 3) diameter that represent the linked 
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dendrons. The position of the dendron spheres relative to the central avidin density was 

highly variable and changed on spacing and distance. Consequently, generating a high-

resolution three-dimensional cryo-EM structure from these 2D averages was not possible. 

 

Figure 4.5. Cryo-EM analysis of Av-G4, Av-G5, Av-G6, and Av-G7.  Panels (A) to (D) 

show representative cryo-electron micrographs obtained for the Av-G4, G5, G6 and G7 



 

250 

 

samples. (E) Zoomed-in view of the framed area in panel (D) shows the small particles in 

the G7 sample. (F)) Zoomed-in view of the vesicle-like particle in panel (D) indicated with 

a white arrow as a representative example of the vesicles also observed in the G7 sample. 

(G) Single particle analysis of the G6 sample. About half a million particles were selected 

and extracted from the electron micrographs (left panel) and subjected to 2D classification 

and averaging. The right panel shows a few selected 2D class averages for the G6 sample. 

Binding of Dendronized Biotin to Native Avidin. Isothermal titration calorimetry (ITC) 

was used to investigate the binding of biotin and BGx to native avidin (Figure 4.6a-f). The 

extremely strong binding interaction characteristic of the biotin:avidin complex is evident 

in Figure 4.6a from the steep slope at the equivalence point and ∆Hbinding (-23.7 kcal/mol, 

Table 4.2), which was in good agreement with previous findings.15,38–41 In general, the 

binding isotherms also show that increasing the dendron generation attached to biotin 

results in increased Kd values (i.e., weaker binding). This agrees with literature findings 

that high molecular weight biotinylated ligands,20,42 such as biotinylated DNA,43 will 

typically lead to weaker association with avidin due to steric bulk, slow kinetics, and/or a 

poor fit within the binding pocket(s).  
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Figure 4.6. Binding of biotin and BGx (x = 3-7) to native avidin measured by ITC. (A) 

Biotin, (B) BG3, (C) BG4, (D) BG5, (E) BG6, (F) BG7. From the top: Row 1: Raw heats 

evolved from binding for titrants A-C; Row 2: Corresponding enthalpy derived from 

integrated heats. Rows 3-4: Raw heat evolved and corresponding enthalpy, respectively, 

for titrants D-F. 
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Table 4.2. Tabulated ITC titration data for binding of dendronized biotin (BGx) to native 

avidin. 

Titrant 

Bound 

Sites per 

avidin 

tetramer 

(N) 

Kd (M) 
∆G  

(kcal/mol) 

∆H  

(kcal/mol) 

-T∆S 

(kcal/mol) 

Biotin 4.39 1.00E-15 -20.5 -23.7 3.26 

Biotin-G3 4.45 7.59E-09 -11.1 -16.6 5.53 

Biotin-G4 4.24 1.20E-08 -10.8 -14.8 3.99 

Biotin-G5 4.54 5.31E-07 -8.56 -15.7 7.16 

Biotin-G6 3.20 7.79E-07 -8.34 -15.7 7.38 

Biotin-G7a n.b. - - - - 
a Thermograms fit the non-binding model. Parameters were not calculated; n.b. = no 

binding.  

More specifically, the ITC data shows that the strength of the avidin-biotin 

interaction drops significantly upon attachment of the third-generation dendron to biotin 

(BG3), with Kd increasing by a factor of 106 from biotin:avidin (Table 4.2). In general, Kd 

continues to increase with dendron generation from BG4 to BG6 (Table 4.2), however, 

after BG3 the increase in Kd is relatively modest (Table 4.2 and Figure 4.7). This indicates 

that the weakening in biotin binding is affected to the largest extent by amidation of the 

valeric acid on biotin with the dendron, and marginally by dendron generation. Considering 

that a significant contributor to the avidin-biotin binding strength is the closure of the loop 

connecting β3 to β4, i.e., the L3,4 loop, upon the insertion of biotin within the avidin 

binding pocket, any disruption to the ability of the L3,4 loop to close will significantly 

increase Kd.
14,44,45 In fact, previous studies have shown that mutant proteins not having the 

L3,4 loop exhibit a decrease in the avidin-biotin association constant by a factor of 106, 

exactly matching our observations.46,47 Furthermore, the interaction of 5’-biotinylated 
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DNA, having lengths between 100 and 5000 base pairs, with streptavidin-coated 

polystyrene particles was found to also exhibit a binding constant that was approximately 

six orders of magnitude lower than the streptavidin-biotin interaction.43 It is likely that, in 

the case of dendronized biotin, the G3 dendron is large enough to sterically impede the 

L3,4 loop from closing, and the higher generation dendrons result in similar steric 

hindrance. Enthalpy of binding (∆H) correspondingly decreases in magnitude to -16.6 

kcal/mol with BG3 and plateaus with increasing dendron generation (Table 4.2). 

Entropically, the difference between binding biotin and any of the dendronized biotin 

conjugates is minimal, as biotin binding causes displacement of water molecules present 

in the active site.44,45,47 This displacement occurs to the same extent irrespective of the 

dendron generation bound to biotin, so the |T∆S| value is similar in all cases.  

  

Figure 4.7. Equilibrium dissociation constants (Kd) of BGx binding to Av-Gx as 

measured by ITC. 
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The number of bound sites on an avidin tetramer (N) was also affected by biotin 

dendronization. The lower generation structures, BG3, BG4, and BG5 (having molecular 

weights of 1.1, 2.0, and 3.9 kDa, respectively) all formed the expected 4:1 ligand:protein 

complexes with avidin (Table 4.2 and Figure 4.8). However, we found that BG6 (7.6 kDa) 

exclusively formed a 3:1 complex, even though the vacant site maintained its ability to 

bind small ligands, as confirmed by complexation with 2-(4-hydroxyphenylazo)benzoic 

acid (HABA) and displacement of the Avidin:HABA:BG6 complex with biotin (Figure 

S4.26).48 This data indicates that there is a sharp cut-off in binding stoichiometry with 

increasing dendron generation from BG5 to BG6. The structural similarity of these two 

ligands implies that it can only be their molecular weight (or hydrodynamic diameter) that 

is responsible for the difference in binding stoichiometry, rather than other factors such as 

morphology and chemical composition.49,50  The combination of significantly increased Kd 

to within the realm of reversibility in binding, and the steric repulsion of the dendritic 

ligands prevents binding at the fourth site when BG6 is used. Furthermore, the largest 

dendronized structure we examined, BG7 (15 kDa), did not exhibit any detectable binding 

to native avidin due to complete site isolation of the core (Figure 4.6F), which is 

characteristic of high generation dendrimers.51–55 We therefore proceeded to use BG6 as 

the largest dendritic ligand in subsequent binding studies of dendronized avidin conjugates. 
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Figure 4.8. Left: Binding stoichiometry between biotin, BGx and avidin and Av-Gx. Right: 

schematic representation of BGx : Av-Gx complexes. Illustrations of conjugates are not to 

scale.  

Binding of Dendronized Biotin to Dendronized Avidin. We next investigated binding of 

the avidin conjugates (Av-Gx, x = 4-7) with the series of dendronized biotin derivatives. 

Analogous to the case of native avidin, the interaction of each dendronized avidin with the 

series of biotin derivatives (BG3 to BG5) exhibits a pattern of increasing Kd with 

increasing biotin dendron generation (Figure 4.7 and Table 4.3). However, the decrease in 

binding strength with each generation is relatively small compared to the initial jump in 

binding strength from native avidin-biotin. This is consistent with results reported by 

Russell and co-workers, who found that biotin binding was not significantly affected by 

increasing molecular weight of polymer chains attached to the avidin surface.13 The Kd 

values observed for BG5 with Av-G5 to Av-G7 were similar to that of HABA (Kd ~10-6 

M).36  These relatively weak binding interactions were confirmed through a series of 
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competitive binding experiments via ITC using the HABA complex of Av-G6 as the titrand. 

It was found that BG5 could not displace HABA from Av-G6, while biotin could partially 

perform the displacement (Figure S4.21). As a control, the same competitive binding 

experiments were conducted using the HABA complex of native avidin and we found that 

BG3-BG6 were all able to displace HABA (Figure S4.20, Table S4.10-S4.11).  

Table 4.3. Binding and thermodynamic parameters for binding of BGx by Av-Gx. 

Titrand Titrant 

Bound 

Sites per 

avidin 

tetramer 

(N) 

Kd (M)  
∆H 

(kcal/mol) 

∆G 

(kcal/mol) 

-T∆S 

(kcal/mol) 

Av-G4 Biotin 4.53 1.39E-07 -20.8 -9.36 11.5 

 BG3 4.89 1.15E-07 -13.7 -9.47 4.20 

 BG4 4.32 1.08E-06 -11.7 -8.14 3.59 

 BG5 2.14 1.61E-06 -15.4 -7.91 7.47 

 BG6a n.b. - - - - 

Av-G5 Biotin 2.54 1.48E-07 -20.8 -9.32 11.5 

 BG3 2.61 2.64E-07 -13.2 -8.98 4.23 

 BG4 2.00 1.08E-06 -10.2 -8.15 2.04 

 BG5 2.35 5.51E-06 -17.0 -7.18 9.81 

 BG6a n.b. - - - - 

Av-G6 Biotin 3.45 6.22E-08 -21.9 -9.84 12.1 

 BG3 3.02 1.63E-07 -14.9 -9.27 5.63 

 BG4 3.11 6.35E-07 -11.6 -8.46 3.18 

 BG5 2.29 2.01E-06 -15.1 -7.77 7.34 

 BG6 n.d. - - - - 

Av-G7 Biotin 1.56 3.64E-08 -23.0 -10.2 12.8 

 BG3 1.28 7.23E-08 -16.4 -9.75 6.65 

 BG4 1.05 6.31E-07 -15.3 -8.46 6.85 

 BG5b 0.341b 1.99E-06b -36.7b -7.78b 28.9b 

 BG6a n.b. - - - - 
aNon-binding: parameters were not calculated; n.b. = no binding. b Due to low binding, 

there is significant baseline interference (see Supporting Information for thermograms). 
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As with native avidin, we investigated the stoichiometry between Av-Gx and biotin 

ligands (i.e., biotin and BGx). The conjugate with the smallest dendrons, Av-G4, was found 

to form 4:1 complexes with biotin, BG3, and BG4, while only forming  a 2:1 complex with 

BG5 (Figure 4.8 and Table 4.3). Considering that the binding sites are distributed as two 

pairs at opposite ends of the avidin tetramer,56 we speculate that dendron-dendron 

interactions between the dendronized ligand and the dendrons on the protein surface can 

impede binding. Specifically, there is likely an additive size-exclusion effect where BG5 

in the bound site and grafted G4 in close proximity to the neighbouring vacant site together 

hinder binding at this vacant site. In contrast to native avidin, BG6 was completely 

excluded from Av-G4 to Av-G7 (Figure 4.8). Titration of BG6 against and the smallest 

conjugate species, Av-G4, even at elevated temperature (37 °C), did not result in any 

observable binding (Figure S4.23). We expected that the increase in size of the dendritic 

shell on avidin with growing dendron generation would exacerbate the exclusion of BGx 

ligands. Indeed, Av-G5 forms exclusively 2:1 complexes with BG3 to BG5 (Figure 4.8), 

with ligand occupancy likely at opposite ends of avidin. However, biotin also formed a 2:1 

complex, which may indicate an interference of the G5 dendron on the protein surface with 

the biotin binding sites, particularly when one biotin binding site of each pair is occupied. 

This is consistent with the CD spectrum of Av-G5 (Figure 4.3) which shows a decreased 

β-sheet character relative to avidin. We speculate that the tertiary structure of Av-G5 is 

distorted upon conjugation to the dendrons such that only two sites are receptive toward 

binding. This observation indicates a negative cooperative effect (Figure 4.9), similar to 

what was observed in the 3:1 complex formed between BG6 and avidin; the tight binding 
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of biotin or BGx to one of the Av-G5 binding sites induces conformational changes that 

propagate across the conjugate, rendering the binding of additional ligands to the vacant 

sites unfavourable (Figure 4.9). It is worthy to note that negative binding cooperativity in 

(strept)avidin has been documented, particularly in the case of larger biotinylated 

ligands.50,57 It has been reported that the first 3 biotin binding events result in larger 

structural changes to the protein compared to the final one,56,58 which is consistent with our 

findings, particularly with 1:1 and 3:1 complexes (e.g., native avidin : BG6). In the case of 

Av-G5, the dendritic layer likely exerts structural changes to avidin (as seen in CD) and 

the initial two binding events inhibit further binding regardless of ligand size, thus 

indicating that this negative cooperative effect is also exacerbated by the grafted dendrons. 

Interestingly, Av-G6 was trivalent while binding biotin, BG3 and BG4 and divalent when 

binding BG5. This increased binding to Av-G6 versus Av-G5 may be attributed to an 

increased distance of the G6 surface dendrons from the avidin surface relative to G5, the 

latter of which has been shown to adopt a more ellipsoid conformation and “flatten” onto 

the surface of other molecules.59 Finally, investigation of Av-G7 showed that biotin, BG3, 

and BG4 all form roughly 1:1 complexes, while an average of 0.3 molecules of BG5 were 

bound to each tetramer (Figure 4.8), thus indicating that the combined steric hindrance and 

negative cooperative effects imparted by G7 surface dendrons and the guest dendron inhibit 

further binding. Note that the β-sheet character of the conjugates as measured by CD 

correlates to their binding stoichiometry, in that Av-G4 and Av-G6 had an increase in β-

sheet character relative to avidin and are also higher in binding versus their higher-

generation counterparts (i.e., Av-G5 and Av-G7, respectively). Our findings reveal that, 
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counterintuitively, the stoichiometry of binding of biotin is nonlinear versus the size of the 

grafted dendron, and molecular sieving with multivalent conjugates is much more nuanced 

than that of monovalent systems. Specifically, in addition to steric effects, one must 

consider dynamic structural changes stemming from the grafting polymer layer and binding 

events, which can further change the stoichiometry of the conjugate.  

 

Figure 4.9. A comparison of size-exclusion effects (left) and negatively cooperative effects 

(right) in avidin-dendron conjugates. A. Grafted dendrons (light blue spheres) on Av-G4 

exclude the access of BG6 (dark blue spheres) to the binding sites. B.  Av-G4 preferentially 

binds two molecules of BG5 at opposing binding sites, which then act as an additional 

steric barrier to exclude BG5 from further binding. C. BG4 binds three subunits of Av-G6 

and distorts the remaining site, inhibiting further binding. D. BG5 binds an already 

compromised Av-G7, further distorts the vacant subunits, preventing further binding. 

Structures are not drawn to scale – size discrepancy between ligands are illustrated by 

differently sized cartoons. 
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Binding of Non-dendrimer Biotinylated Ligands to Av-Gx.  

The molecular weight of the biotin-functionalized dendrons approximately doubles 

with each generation from ~1.1 kDa (BG3) to 15 kDa (BG7). While BG3-BG5 represent 

the weight range of oligopeptides or very small proteins, the G6 and G7 dendrons have 

hydrodynamic diameters (Dh) that roughly correspond to small or mid-size proteins (Dh ~ 

3-4 nm, Table 4).60 Considering that BG6 was the smallest biotin conjugate to be 

completely excluded from all Av-Gx structures, its size corresponds to the size of a 

biotinylated protein that will be unable to bind any of the avidin conjugates. Conversely, 

BG5 was able to bind to all Av-Gx conjugates, so its size should correspond to the 

maximum size of a protein that will exhibit some degree of binding. We hypothesized that 

these bounds could serve as an estimate for the interstitial space, i, between grafted 

dendrons on avidin. To test these bounds (1.95 < i ≤ 3.21 nm, Figure 4.10), aprotinin (~6.9 

kDa, Dh(min) = 2.7 nm) was used as a globular protein similar to BG6 (7.7 kDa) in molecular 

weight and morphology.61 Biotinylated BSA (~66 kDa, Dh ~7 nm) was used as a negative 

control as it is not expected to bind to Av-Gx due to its large size and rigidity.60 

Unsurprisingly, although biotinylated BSA binds to native avidin, its titration against 

dendronized avidin did not result in observable binding (Figure S4.22). Similar studies 

using biotinylated aprotinin demonstrated that it too can bind native avidin (Figure 4.9C), 

but exhibited no binding, even to Av-G4, which represents the least sterically hindered 

conjugate (Figure 4.9D, Figure 4.38), thereby validating our established boundaries for the 

interstitial space between the dendrons. Lastly, to test whether a morphologically irregular 

ligand would penetrate the dendritic shell, the biotinylated ligand 1,2-distearoyl-sn-
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glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol), DSPE-PEG3400-biotin, 

was investigated. This PEGylated ligand was chosen because PEG exhibits a random-coil 

configuration and relatively high flexibility in aqueous solution, which has been shown to 

enhance diffusion through the surface dendron layer.11 Although this structure likely forms 

micelles (DLS indicated a Dh = 52-53 nm, see Figure S4.17) it is able to bind native avidin 

at all four sites, while exhibiting no binding to Av-G4 (Table S4.7 and Figure S4.22). All 

of these examples indicate that the dendronized avidin structure represents an effective 

molecular sieving system having a cutoff within the proposed bounds.  

Table 4.4. Molecular weight and hydrodynamic diameters of hydroxyl (OH)-periphery 

dendrons 

Compound MW (kDa) 
Hydrodynamic Radius 

 (Dh nm) 

Biotin 0.244 - 

G3-(OH)8 1.13 0.640a 

G4-(OH)16 2.06 1.12a 

G5-(OH)32 3.91 1.95a 

G6-(OH)64 7.65 3.21b 

G7-(OH)128 15.1 4.50b 

G8-(OH)256 30.0 5.96b 

a Interpolated from 3rd order polynomial regression of reported Dh for G6-G8 dendrons (r2 = 1.00). 
b Previously reported volume-average Dh.11 Highlighted values indicate our proposed bounds for 

interstitial space between dendrons grafted onto avidin. 
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Figure 4.10. Top: Schematic representation of interstitial space between grafted dendrons 

in Av-Gx and sieving of various biotinylated ligands. Structures are not drawn to scale. 

Bottom: Binding of two small biotinylated ligands, aprotinin and PEG3400, to avidin and 

Av-G4 measured by ITC. A. native avidin : PEG3400. B. Av-G4 : PEG3400. C. native avidin : 

aprotinin. D. Av-G4 : aprotinin. 

 

The exclusion of non-dendronized ligands indicates that the observed molecular 

sieving with Av-Gx is not specific to polymeric ligands that entangle or hydrogen bond 

with one another,62 but is rather a general phenomenon driven by steric interactions and 

size exclusion. We have shown that the size limits for penetration of the diffusional barrier 

on a protein surface can be empirically defined using controlled grafting of uniform 

polymer and ligand architectures. We were also able to modulate the binding of 

biotinylated ligands below a 10 kDa threshold, which can potentially expand the selectivity 

of avidin-biotin-based systems used for ligand purification.18 The diverse binding 
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stoichiometries observed in this work, as imparted by both dendron conjugation and 

dendronization of the biotin ligand, allow tailoring of the system to a wide range of 

applications that require precise valency without making genetic modifications to 

(strept)avidin-producing organisms.50,63–65  

4.4 Conclusion  

We have synthesized and characterized a series of polyester dendron-avidin 

conjugates that exhibit a molecular sieving effect controllable within the sub-10 kDa range 

of ligands. Through systematic ITC studies using biotin-core dendrons of different 

generations, we found that the interstitial space between the grafted dendrons on the avidin 

surface can be limited to 2-3 nm and completely excludes ligands above 7 kDa. Our work 

shows a specific molecular weight cut-off within a polymer-protein conjugate.  Beyond the 

molecular sieving effect, we also show evidence for a negatively cooperative effect on 

avidin upon large dendron conjugation that controls the sequential binding of biotin and 

biotinylated ligands, which is consistent with previous work. Avidin and avidin-dendron 

conjugates were both found to selectively form fractional complexes with biotin-dendrons 

and their binding stoichiometries were tunable by altering dendron generations on both 

biotin and avidin. Increasing the dendron generation on biotin also correlated to weaker 

binding to avidin and avidin-dendron conjugates. This work not only provides a new 

example of molecular sieving through functionalization of proteins with well-defined, 

highly branched macromolecules, but also demonstrates the ability to tune the strength and 

stoichiometry of the avidin-biotin interaction, which may have important applications in 

manufacturing protein-ligand nano-assemblies and multivalent avidin sensors. 
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4.5 Supporting Information 

General Procedure 1: Synthesis of CBz-core G2-G7 Acetonide-Periphery Dendrimers 

Under a nitrogen atmosphere, an oven-dried round bottom flask was charged with a 

magnetic stir bar, CBz-Gx-(OH)2
x (1 eq.), acetonide-protected bis-MPA (1.5 eq. per 

dendrimer periphery OH), NMI (3.5 eq. per dendrimer periphery OH), and acetonitrile 

(1.25 mL per mmol acetonide-protected bis-MPA). The mixture was stirred at room 

temperature for 10 minutes until fully dissolved. TCFH (1.5 eq. per dendrimer periphery 

OH) was added in a single portion. The reaction mixture was allowed to stir for 20 minutes 

(reaction is exothermic upon addition of TCFH) and was monitored by TLC (40% acetone 

in hexanes, stained with PMA). Upon completion, the crude mixture was diluted in ten 

volume equivalents of ethyl acetate and washed with dH2O and brine. The organic layer 

was dried with MgSO4 and concentrated by rotary evaporation. For G3-5 dendrimers, the 

crude material was purified by flash chromatography using a gradient of 0-40% acetone in 

hexanes and monitored at 215 nm. Fractions containing product were combined, 

concentrated by rotary evaporation, and dried under vacuum to afford CBz-Gx+1-(acet)2
x as 

a clear viscous oil. Reactions containing G6 and G7 dendrimers were purified by SEC 

chromatography using Sephadex LH-20 as the stationary phase and methanol as the eluent.  

General Procedure 2: Synthesis of OH-Periphery Dendrimers 

Adapted from previous procedures.12 A round bottom flask was charged with a magnetic 

stir bar, CBz-Gx-(acet)2
x-1

 (1 eq.), MeOH (~50 mL per mmol dendrimer periphery 

acetonide), and catalytic amounts of DOWEX® 50WX2 DVB-supported sulfonic acid 
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resin. The reaction was allowed to stir at room temperature until completion as monitored 

by TLC (40% acetone in hexanes, stained with PMA), ESI-MS and/or 1H NMR. The 

mixture was vacuum filtered, and the resin was rinsed with MeOH. The solution was 

concentrated by rotary evaporation and dried in vacuo to afford CBz-Gx-(OH)2
x. 

CBz-G1-Acet 

An oven-dried 100 mL round bottom flask was charged with a magnetic stir bar, 1,1-

carbonyldiimidazole (11.28 g, 70 mmol), and ethyl acetate (30 mL). The CDI suspension 

was stirred rapidly at 50 °C while acetonide-protected bis-MPA (12.72 g, 73 mmol) was 

added in small portions over two minutes. The reaction was allowed to stir at 50 °C for 30 

minutes with a bleed needle attached to allow for the venting of CO2. N-Z-1,4-

butanediamine hydrochloride (9.0 g, 35 mmol) and TEA (17 mL, 122 mmol) were added, 

and the reaction was allowed to stir for 3 h at 50 °C. The reaction was cooled to room 

temperature and diluted with ethyl acetate (120 mL). The organic phase was washed with 

H3PO4 (1 M, 3 x 30 mL), Na2CO3 (1 M, 3 x 30 mL) and brine (1 x 30 mL) and dried over 

MgSO4. The crude mixture was concentrated using a rotary evaporator and purified using 

a 120 g silica Sorbtech EZ Flash column with 10-40% acetone in hexanes (loaded in DCM) 

and monitored at 205 nm. Fractions containing the product were combined, concentrated 

by rotary evaporation, and dried under vacuum to afford the CBz-G1-Acet as a white waxy 

solid (Yield = 11.1 g, 84%). 1H NMR (600 MHz, CDCl3) δ 7.35 (d, J = 4.4 Hz, 4H), 7.33 

– 7.27 (m, 1H), 7.10 (br s, 1H), 5.09 (s, 2H), 4.85 (s, 1H), 3.90 (d, J = 12.0 Hz, 2H), 3.76 
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(d, J = 12.5 Hz, 2H), 3.42 – 3.18 (m, 4H), 1.47 (s, 3H), 1.41 (s, 3H), 1.00 (s, 3H). Spectral 

data matches previously reported in literature.12 

Cbz-G1-(OH)2  

Following General Procedure 2, Cbz-G1-Acet (745 mg, 1.97 mmol) was dissolved in 110 

mL of MeOH followed by the addition of DOWEX® resin (1 scoop, ~1 g) and was allowed 

to stir for 3 h. (Yield: 666 mg, 99%). 1H NMR (600 MHz, MeOD):  7.34-7.27 (m, 5H), 

5.09 (s, 2H), 3.65 (d, J = 10.94 Hz, 2H), 3.60 (d, J = 10.94 Hz, 2H), 3.22-3.12 (m, 4H), 

1.53-1.49 (m, 4H), 1.09 (s, 3H). Spectral data matches previously reported in literature.12 

Cbz-G2-(acet)2  

Following General Procedure 1, acetonide-protected bis-MPA (4.17 g, 23.95 mmol) and 

CBz-G1-(OH)2 (2.70 g, 7.98 mmol) were suspended in dry ACN (20 mL), followed by 

addition of NMI (4.5 mL, 56 mmol). Upon complete dissolution, TCFH (6.72 g, 23.95 

mmol) was added in a single portion and the reaction was allowed to stir for 20 minutes. 

The reaction was diluted in 200 mL of ethyl acetate and washed with dH2O (6 x 40 mL) 

and brine (1 x 40 mL). The organic layer was dried with MgSO4 and concentrated by rotary 

evaporation. The crude material was purified by flash chromatography using a gradient of 

0-40% acetone in hexanes and monitored at 215 nm. Fractions containing product were 

concentrated by rotary evaporation and dried under vacuum to afford CBz-G2-(acet)2 as a 

clear viscous oil (Yield: 4.4 g, 84%). 1H NMR (600 MHz, CDCl3):  7.35-7.28 (m, 5H), 

6.50 (s, 1H), 5.07 (s, 2H), 4.93 (s, 1H), 4.33 (d, J = 11.25 Hz, 2H), 4.26 (d, J = 11.26 Hz, 

2H), 4.14 (d, J = 11.90 Hz, 4H), 3.63-3.61 (m, 4H), 3.26-3.15 (m, 4H), 1.52-1.47 (m, 4H), 
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1.39 (s, 6H), 1.32 (s, 6H), 1.23 (s, 3H), 1.07 (s, 6H). Spectral data matches previously 

reported in literature.12 

Cbz-G2-(OH)4  

Following General Procedure 2, Cbz-G2-(acet)2 (4.0 g, 6.15 mmol) was dissolved in 500 

mL of MeOH followed by the addition of DOWEX® (4 scoops, ~4 g) and was allowed to 

stir for 3 h. (Yield: 3.5 g, 99%). 1H NMR (600 MHz, MeOD):  7.37-7.30 (m, 5H), 5.06 (s, 

2H), 4.28-4.22 (m, 4H), 3.68 (d, J = 10.84 Hz, 4H), 3.59 (d, J = 10.87 Hz, 4H), 3.23-3.11 

(m, 4H), 1.56-1.48 (m, 4H), 1.27 (s, 3H), 1.15 (s, 6H). Spectral data matches previously 

reported in literature.12 

Cbz-G3-(acet)4  

Following General Procedure 1, acetonide-protected bis-MPA (5.79 g, 33.2 mmol) and 

CBz-G2-(OH)4 (3.16 g, 5.54 mmol) were suspended in 27 mL of dry ACN, followed by 

addition of NMI (6.18 mL, 77.5 mmol). Upon complete dissolution, TCFH (9.32 g, 33.22 

mmol) was added in a single portion and the reaction was allowed to stir for 20 minutes. 

The reaction was diluted in 270 mL of ethyl acetate and washed with dH2O (6 x 60 mL) 

and brine (1 x 60 mL). The organic layer was dried with MgSO4 and concentrated by rotary 

evaporation. The crude material was purified by flash chromatography using a gradient of 

0-40% acetone in hexanes and monitored at 215 nm. Fractions containing product were 

concentrated by rotary evaporation and dried under vacuum to afford CBz-G3-(acet)4 as a 

clear viscous oil (Yield: 5.58 g, 84%). 1H NMR (600 MHz, CDCl3):  7.33-7.27 (m, 5H), 

6.37 (br s, 1H), 5.39 (br s, 1H), 5.06 (s, 2H), 4.33-4.17 (m, 12H), 4.13-4.09 (m, 8H), 3.61-
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3.56 (m, 8H), 3.28-3.17 (m, 4H), 1.56-1.50 (m, 4H), 1.37 (s, 12H), 1.30 (s, 12H), 1.23-1.21 

(m, 9H), 1.08 (s, 12H). Spectral data matches previously reported in literature.12 

Cbz-G3-(OH)8  

Following General Procedure 2, Cbz-G3-(acet)4 (1.52 g, 1.27 mmol) was dissolved in 600 

mL of MeOH followed by the addition of DOWEX resin (3 scoops, ~3 g) and was allowed 

to stir for 3 h. (Yield: 1.3 g, 99%). 1H NMR (600 MHz, MeOD):  7.38-7.27 (m, 5H), 5.07 

(s, 2H), 4.31-4.21 (m, 12H), 3.68-3.66 (m, 8H), 3.57-3.60 (m, 8H), 3.23-3.13 (m, 4H), 

1.57-1.49 (m, 4H), 1.29-1.27 (m, 9H), 1.15 (s, 12H). Spectral data matches previously 

reported in literature.12  

CBz-G4-(Acet)8 

Following General Procedure 1, acetonide-protected bis-MPA (982 mg, 5.63 mmol) and 

CBz-G3-(OH)8 (486 mg, 0.47 mmol) were suspended in 4.7 mL of dry ACN, followed by 

addition of NMI (1.05 mL, 13.2 mmol). Upon complete dissolution, TCFH (1.58 g,  5.63 

mmol) was added in a single portion and the reaction was allowed to stir for 20 minutes. 

The reaction was diluted in 50 mL of ethyl acetate and washed with dH2O (6 x 10 mL) and 

brine (1 x 10 mL). The organic layer was dried with MgSO4 and concentrated by rotary 

evaporation. The crude material was purified by flash chromatography using a gradient of 

0-40% acetone in hexanes and monitored at 215 nm. Fractions containing product were 

concentrated by rotary evaporation and dried under vacuum to afford CBz-G4-(acet)8 as a 

white foam (Yield: 910 mg, 85%).1H NMR (600 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H), 6.46 

(t, J = 5.9 Hz, 1H), 5.35 (t, J = 6.1 Hz, 1H), 5.07 (s, 2H), 4.37 – 4.19 (m, 28H), 4.13 (d, J 
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= 13.1 Hz, 16H), 3.61 (dd, J = 11.7, 2.4 Hz, 16H), 3.36 – 3.08 (m, 4H), 1.57 – 1.50 (m, 

4H), 1.40 (s, 24H), 1.34 (s, 21H), 1.30 – 1.22 (m, 21H), 1.12 (s, 24H). 13C NMR (151 MHz, 

CDCl3) δ 173.73, 173.71, 173.68, 172.09, 172.05, 171.66, 171.47, 156.69, 136.85, 128.62, 

128.30, 128.20, 98.26, 67.52, 66.66, 66.11, 66.06, 65.83, 65.78, 64.97, 64.96, 53.57, 47.00, 

46.89, 46.51, 42.20, 40.69, 39.67, 27.51, 26.97, 25.47, 25.45, 25.43, 22.09, 22.08, 22.06, 

18.63, 17.83, 17.68. MS (ESI+) m/z calc’d for C111H170N2O47 [M+H]+ = 2285.11, found 

[M+H]+ 2285.11, [M+H+NH4]
2+ = 1151.57. 

CBz-G4-(OH)16 

Following General Procedure 2, Cbz-G4-(acet)8 (2 g, 0.88 mmol) was dissolved in 400 mL 

of MeOH followed by the addition of DOWEX resin (2 scoops, ~2 g) and was allowed to 

stir for 3 h. (Yield: 1.68 g, 98%). 1H NMR (600 MHz, MeOD) δ 7.48 – 7.24 (m, 5H), 5.07 

(s, 2H), 4.52 – 4.06 (m, 28H), 3.72 – 3.63 (m, 16H), 3.60 (d, J = 10.9 Hz, 16H), 3.24 (t, J 

= 6.8 Hz, 2H), 3.15 (t, J = 6.5 Hz, 2H), 1.64 – 1.48 (m, 4H), 1.36 – 1.27 (m, 21H), 1.15 (s, 

24H). 13C NMR (151 MHz, MeOD) δ 175.94, 174.28, 173.81, 173.35, 158.91, 138.46, 

129.50, 128.98, 128.84, 68.32, 67.38, 67.09, 66.17, 65.98, 65.85, 51.81, 48.09, 47.95, 47.68, 

41.46, 40.56, 28.38, 27.83, 18.33, 18.19, 18.13, 17.36. MS (ESI+) m/z calc’d for 

C87H138N2O47 [M+H]+ = 1963.85, found [M+Na]+ = 1985.84. 

CBz-G5-(Acet)16 

Following General Procedure 1, acetonide-protected bis-MPA (2.25 g, 12.9 mmol) and 

CBz-G4-(OH)16 (1.06 g, 0.54 mmol) were suspended in 17 mL of dry ACN, followed by 

addition of NMI (2.4 mL, 30.4 mmol). Upon complete dissolution, TCFH (3.62 g, 12.9 
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mmol) was added in a single portion and the reaction was allowed to stir for 20 minutes. 

The reaction was diluted in 170 mL of ethyl acetate and washed with dH2O (6 x 40 mL) 

and brine (1 x 40 mL). The organic layer was dried with MgSO4 and concentrated by rotary 

evaporation. The crude material was purified by flash chromatography using a gradient of 

0-40% acetone in hexanes and monitored at 215 nm. Fractions containing product were 

concentrated by rotary evaporation and dried under vacuum to afford CBz-G5-(acet)16 as a 

white foam (Yield: 2.21 g, 91%). 1H NMR (600 MHz, CDCl3) δ 7.33 (s, 5H), 5.50 (br s, 

1H), 5.06 (s, 2H), 4.42 – 4.18 (m, 60H), 4.13 (d, J = 11.7 Hz, 32H), 3.61 (dd, J = 11.6, 2.5 

Hz, 32H), 3.39 – 3.01 (m, 4H), 1.55 – 1.49 (m, 4H), 1.40 (s, 48H), 1.33 (s, 48H), 1.29 – 

1.24 (m, 45H), 1.12 (s, 48H). 13C NMR (151 MHz, CDCl3) δ 207.1, 173.7, 172.0, 171.7, 

171.5, 136.9, 128.6, 128.3, 128.2, 98.2, 66.1, 65.5, 64.9, 47.0, 46.8, 42.2, 38.8, 31.1, 25.5, 

22.1, 18.6, 17.8, 17.6, 17.6. MS (ESI+) m/z calc’d for C215H330N2O95 [M+H]+ = 4463.12, 

found [M+2K]2+ = 2270.54, [M+Na+K]2+ = 2262.03, [M+H+K]2+ = 2251.05. 

CBz-G5-(OH)32 

Following General Procedure 2, Cbz-G5-(acet)16 (2.95 g, 0.66 mmol) was dissolved in 600 

mL of MeOH followed by the addition of DOWEX resin (1 scoop, ~1 g) and was allowed 

to stir for 12 h. (Yield: 2.5 g, 99%). 1H NMR (600 MHz, MeOD) δ 7.45 – 7.23 (m, 5H), 

5.08 (s, 0H), 4.41 – 4.20 (m, 12H), 3.72 – 3.63 (m, 6H), 3.61 (d, J = 10.8 Hz, 6H), 3.26 (d, 

J = 4.4 Hz, 2H), 3.17 (d, J = 6.8 Hz, 2H), 1.56 (s, 4H), 1.15 (s, 48H). 13C NMR (151 MHz, 

CDCl3) δ 173.79, 172.50, 156.56, 136.71, 128.61, 128.26, 128.21, 98.41, 66.72, 66.50, 

66.29, 66.24, 53.55, 46.75, 42.37, 40.72, 39.33, 31.03, 27.31, 26.76, 26.48, 20.99, 18.41, 
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17.90. MS (ESI+) m/z calc’d for C167H266N2O95 [M+H]+ = 3822.62, found [M+2Na]2+ = 

1933.80, [M+3Na]3+ = 1296.86.  

CBz-G6-(Acet)32 

Following General Procedure 1, acetonide-protected bis-MPA (3.20 g, 18.4 mmol) and 

CBz-G5-(OH)32 (1.46 g, 0.38 mmol) were suspended in 14 mL of dry ACN, followed by 

addition of NMI (3.42 mL, 42.92 mmol). Upon complete dissolution, TCFH (5.16 g, 18.4 

mmol) was added in a single portion and the reaction was allowed to stir for 20 minutes. 

The reaction was diluted in 140 mL of ethyl acetate and washed with dH2O (6 x 30 mL) 

and brine (1 x 30 mL). The organic layer was dried with MgSO4 and concentrated by rotary 

evaporation. The crude material was redissolved in MeOH (1 mL) and purified by SEC 

chromatography using Sephadex LH-20 as the stationary phase and methanol as the eluent. 

Fractions containing product were concentrated by rotary evaporation and dried under 

vacuum to afford CBz-G6-(acet)32 as a white foam (Yield: 2.52 g, 75%). 1H NMR (600 

MHz, CDCl3) δ 7.36 – 7.31 (m, 5H), 6.67 (br s, 1H), 5.67 (br s, 1H), 5.07 (s, 2H), 4.42 – 

4.22 (m, 124H), 4.15 (d, J = 11.7 Hz, 64H), 3.63 (dd, J = 11.6, 2.9 Hz, 64H), 3.36 – 3.08 

(m, 4H), 1.42 (s, 96H), 1.36 (s, 96H), 1.32 – 1.26 (m, 96H), 1.15 (s, 96H). 13C NMR (151 

MHz, CDCl3) δ 173.60, 171.98, 171.57, 171.35, 128.61, 128.21, 98.20, 66.08, 66.02, 65.95, 

65.28, 64.83, 46.95, 46.93, 46.88, 46.77, 42.16, 25.35, 22.24, 18.65, 17.88, 17.70, 17.50. 

MS (ESI+) m/z calc’d for C423H650N2O192 [M+H]+ = 8834.14, found [M+3H]3+ = 2945.40. 

CBz-G6-(OH)64 
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Following General Procedure 2, Cbz-G6-(acet)32 (2.0 g, 0.45 mmol) was dissolved in 600 

mL of MeOH followed by the addition of DOWEX resin (3 scoops, ~3 g) and was allowed 

to stir for 3 h. (Yield: 1.30 mg, 99%). 1H NMR (600 MHz, MeOD) δ 7.48 – 7.19 (m, 5H), 

5.08 (d, J = 6.1 Hz, 2H), 4.44 – 4.19 (m, 124H), 3.77 – 3.57 (m, 124H), 3.29 – 3.23 (m, 

2H), 3.21 – 3.13 (m, 2H), 1.57 (s, 1H), 1.40 – 1.26 (m, 93H), 1.15 (s, 96H). 13C NMR (151 

MHz, MeOD) δ 176.23, 175.95, 173.83, 173.60, 173.46, 173.32, 173.24, 66.18, 65.88, 

51.80, 51.77, 49.85, 48.07, 47.94, 38.88, 18.39, 18.01, 17.45, 17.31, 17.23.   

CBz-G7-(Acet)64 

Following General Procedure 1, acetonide-protected bis-MPA (923 mg, 5.30 mmol) and 

CBz-G6-(OH)64 (417 mg, 55.2 µmol) were suspended in 7 mL of dry ACN, followed by 

addition of NMI (1.0 mL, 12.4 mmol). Upon complete dissolution, TCFH (1.49, 5.30 mmol) 

was added in a single portion and the reaction was allowed to stir for 20 minutes. The 

reaction was diluted in 70 mL of ethyl acetate and washed with dH2O (6 x 15 mL) and 

brine (1 x 20 mL). The organic layer was dried with MgSO4 and concentrated by rotary 

evaporation. The crude material was redissolved in MeOH (1 mL) and purified by SEC 

chromatography using Sephadex LH-20 as the stationary phase and methanol as the eluent. 

Fractions containing product were concentrated by rotary evaporation and dried under 

vacuum to afford CBz-G6-(acet)32 as a white foam (Yield: 804 mg, 83%). 1H NMR (600 

MHz, CDCl3) δ 6.70 (br s, 1H), 5.74 (br s, 1H), 5.02 (s, 2H) 4.51 – 4.17 (m, 124H), 4.11 

(d, J = 11.7 Hz, 128H), 3.62 (d, J = 11.7, 128H), 3.36 – 3.08 (m, 4H), 1.39 (s, 192H), 1.32 

(s, 192H), 1.29 – 1.22 (m, 192H), 1.09 (s, 192H). 13C NMR (151 MHz, CDCl3) δ 173.67, 
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172.04, 98.21, 66.06, 66.01, 65.21, 64.83, 42.16, 38.76, 31.08, 25.42, 22.17, 18.60, 17.87, 

17.69. 

CBz-G7-(OH)128 

Following General Procedure 2, Cbz-G7-(acet)64 (100 mg, 5.7 µmol) was dissolved in 20 

mL of MeOH followed by the addition of DOWEX resin (1 scoops, ~0.5 g) and was 

allowed to stir for 4. (Yield: 85 mg, 99%). 1H NMR (600 MHz, MeOD) δ 7.48 – 7.19 (m, 

5H), 5.08 (d, J = 6.1 Hz, 2H), 4.44 – 4.19 (m, 124H), 3.77 – 3.57 (m, 124H), 3.29 – 3.23 

(m, 2H), 3.21 – 3.13 (m, 2H), 1.57 (s, 1H), 1.40 – 1.26 (m, 93H), 1.15 (s, 96H). 13C NMR 

(151 MHz, MeOD) δ 176.23, 175.95, 173.83, 173.60, 173.46, 173.32, 173.24, 66.18, 65.88, 

51.80, 51.77, 49.85, 48.07, 47.94, 38.88, 18.39, 18.01, 17.45, 17.31, 17.23.  

Synthesis of Biotin- and DBCO-core Bis-MPA Dendrimers 

General Procedure 3: Synthesis of H2N-core OH-periphery Dendrimers 

Adapted from previous literature procedures.11 A round bottom flask was charged with a 

magnetic stir bar, Cbz-Gx-(OH)y, 10 % Pd(OH)2/C (10 wt. % of dendrimer), and a solution 

of 1:1 DCM:MeOH. The reaction vessel was purged under vacuum and backfilled with 

hydrogen gas three times and was allowed to stir overnight at room temperature under a 

hydrogen atmosphere.  The solution was filtered over a 0.45 µm PTFE membrane, 

concentrated by rotary evaporation, and dried in vacuo to afford H2N-Gx-(OH)y as a white 

waxy foam.  

H2N-G3-(OH)8 
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Prepared according to literature procedures.11 (Yield = 1.2 g, 99%). 1H NMR (600 MHz, 

MeOD) δ 4.35 – 4.04 (m, 1H), 3.68 – 3.60 (m, 8H), 3.55 (dd, J = 10.9, 0.9 Hz, 8H), 3.25 – 

3.15 (m, 2H), 2.96 (t, J = 7.2 Hz, 2H), 1.76 – 1.51 (m, 4H), 1.29 – 1.23 (m, 9H), 1.15 – 

0.95 (s, 12H). 

H2N-G4-(OH)16 

Prepared according to literature procedures.11 (Yield = 1 g, 97%) 1H NMR (600 MHz, 

MeOD) δ 4.45 – 4.10 (m, 28H), 3.71 – 3.65 (m, 16H), 3.60 (d, J = 10.8 Hz, 16H), 3.28 – 

3.25 (m, 2H, overlapped with MeOD), 3.01 (t, J = 7.4 Hz, 2H), 1.67 (m, 4H), 1.34 (s, 3H), 

1.32 (s, 6H), 1.30 (d, J = 1.5 Hz, 12H), 1.15 (s, 24H). 

H2N-G5-(OH)32 

Prepared according to literature procedures.11 (Yield = 822 mg, 98%) 1H NMR (600 MHz, 

MeOD): δ 4.39-4.24 (m, 60H), 3.68 (dd, J = 10.8, 3.9, 32H), 3.61 (d, J = 10.8, 32H), 3.28 

(d, 

J = 7.3, 2H, overlapped with MeOD), 3.04 (t, J = 7.5, 2H), 1.69 (m, 4H), 1.38 (s, 3H), 1.35 

(s, 6H), 1.32 (d, J = 5.8, 36H), 1.16 (s, 48H). 

H2N-G6-(OH)64 

Prepared according to literature procedures.11 (Yield = 605 mg, 99%) 1H NMR (600 MHz, 

MeOD): δ 4.42-4.20 (m, 124H), 3.69 (dd, J = 10.9, 4.2, 64H), 3.61 (d, J = 10.9, 64H), 1.40-

1.28 (m, 93H), 1.16 (s, 96H). 

H2N-G7-(OH)128 
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Prepared according to literature procedures.11 (Yield = 382 mg, 99%) 1H NMR (600 MHz, 

MeOD): δ 4.45-4.20 (m, 252H), 3.69 (dd, J = 10.8, 4.6, 128H), 3.62 (d, J = 10.9, 128H), 

1.39-1.28 (m, 188H), 1.16 (s, 192H) 

A round-bottom flask was charged with a magnetic stir bar, H2N-Gx-(OH)y, anhydrous DMF, 

Et3N and biotin-NHS. The reaction was allowed to stir under a nitrogen atmosphere for 

overnight. DMF was removed in vacuo and the crude mixture was redissolved in MeOH 

and purified by SEC using Sephadex LH-20 as the stationary phase and MeOH as the eluent.  

Biotin-NHS 

 

General Procedure 4: Synthesis of Biotin-Gx-(OH) Dendrimers 

Adapted from previous procedures.25 A flame-dried 25 mL Schlenk flask was charged with 

a magnetic stir bar, Biotin (250 mg, 1.02 mmol), N-hydroxysuccinimide (130 mg, 1.13 

mmol), and dry DMF (8.5 mL). The mixture was allowed to stir for 0.5 h at 30 °C before 

DCC (275 mg, 1.33 mmol) was added in a single portion. The reaction was allowed to stir 

for overnight at room temperature. The mixture was filtered through celite and DMF was 

removed in vacuo. The residue was triturated with diethyl ether and biotin-NHS was 

afforded as a white powder (Yield = 340 mg, 97%). 1H NMR (600 MHz, DMSO): δ 6.39 

(d, J = 35.1, 2H), 4.30 (dd, J = 7.6, 5.1, 1H), 4.15 (ddd, J = 7.3, 4.8, 2.1, 1H), 3.10 (ddd, J 

= 8.1, 6.3, 4.6, 1H), 2.82 (dd, J = 11.1, 5.9, 5H), 2.67 (t, J = 7.5, 2H), 2.58 (d, J = 12.6, 1H), 

1.64 (tt, J = 12.8, 6.5, 3H), 1.53-1.47 (m, 1H), 1.42 (tq, J = 14.4, 7.1, 2H).  
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Biotin-G3-(OH)8 (BG3) 

 

Following General Procedure 4, NH2-G3-(OH)8 (248 mg, 275 µmol) was dissolved in DMF 

(0.5 mL). Biotin-NHS (113 mg, 330.2 µmol, 1.2 eq.) and triethylamine (58 µL, 303 µmol, 

1.5 eq.) was added and the reaction was allowed to stir overnight under nitrogen. Note: 

Biotin-G3 is well below fractionation range for Sephadex LH-20 and was purified instead 

using reverse-phase column chromatography.  DMF was removed in vacuo and the crude 

was solubilized in a mixture of 1:1 H2O:DMSO (1 mL) and purified via C18 flash 

chromatography using 0-60% acetonitrile in water over 20 column volumes. Acetonitrile 

was removed in vacuo and the aqueous fractions were lyophilized to yield a white foam. 

(Yield = 160 mg, 52%)  1H NMR (500 MHz, MeOD) δ 4.50 (ddt, J = 8.3, 5.2, 1.6 Hz, 1H), 

4.34 – 4.20 (m, 13H), 3.68 (ddd, J = 10.8, 2.0, 1.2 Hz, 8H), 3.62 – 3.56 (m, 8H), 3.21 (dt, 

J = 8.9, 6.6 Hz, 4H), 2.97 – 2.89 (m, 1H), 2.71 (d, J = 12.8 Hz, 1H), 2.21 (t, J = 7.4 Hz, 

2H), 1.80 – 1.40 (m, 11H), 1.30 (s, 9H), 1.15 (s, 12H). 13C NMR (151 MHz, MeOD) δ 

176.1, 176.0, 175.6, 174.4, 173.8, 166.1, 68.2, 66.4, 66.3, 65.9, 63.4, 63.3, 61.6, 57.0, 51.9, 

48.0, 47.7, 41.1, 40.6, 40.0, 37.8, 36.9, 35.8, 33.8, 29.9, 29.8, 29.6, 29.5, 27.9, 27.9, 26.9, 

26.2, 18.3, 18.2, 17.3. MS (ESI+) m/z calc’d for C49H82N4O23S [M+H]+ = 1128.26, found 

[M+H] + = 1128.3. 
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Biotin-G4-(OH)16 (BG4) 

 

Following General Procedure 4, NH2-G4-(OH)16 (111 mg, 61 µmol) was dissolved in DMF 

(0.6 mL). Biotin-NHS (25 mg, 73 µmol, 1.2 eq.) and triethylamine (13 µL, 91 µmol, 1.5 

eq.) was added and the reaction was allowed to stir overnight under nitrogen. DMF was 

removed in vacuo and the crude was solubilized in MeOH (1 mL) and purified via SEC 

using Sephadex LH-20 and MeOH as eluent. Fractions containing product were pooled and 

dried in vacuo to yield a white foam. (Yield = 110 mg, 88%)  1H NMR (700 MHz, MeOD): 

δ 4.50 (dd, J = 7.7, 4.7, 1H), 4.33-4.31 (m, 19H), 4.27-4.25 (m, 11H), 3.68 (dd, J = 10.8, 

3.9, 17H), 3.60 (d, J = 10.9, 16H), 3.26-3.20 (m, 4H), 2.94 (dd, J = 12.7, 5.0, 1H), 2.71 (d, 

J = 12.7, 1H), 2.21 (quintet, J = 7.3, 2H), 1.77-1.71 (m, 1H), 1.71-1.60 (m, 3H), 1.59-1.54 

(m, 4H), 1.45 (quintet, J = 7.7, 2H), 1.34 (s, 3H), 1.31 (s, 6H), 1.30 (s, 12H), 1.15 (s, 24H). 

13C NMR (176 MHz, MeOD): δ 176.02, 175.94, 174.3, 173.8, 173.3, 166.1, 71.6, 68.3, 

67.1, 66.2, 65.9, 63.4, 61.6, 57.0, 51.8, 48.11, 47.97, 47.7, 41.1, 40.5, 40.0, 36.9, 29.8, 29.5, 

27.99, 27.93, 26.9, 18.35, 18.22, 18.16, 17.4. MALDI: m/z calc’d for C89H146N4O47S 
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[M+H]+ = 2055.89, found [M+Na]+ = 2077.88, [M+2Na]2+ = 1050.43, [M+H+Na]2+ = 

1039.94. 

Biotin-G5-(OH)32 (BG5) 

 

Following General Procedure 4, NH2-G5-(OH)32 (172 mg, 47 µmol) was dissolved in DMF 

(0.5 mL). Biotin-NHS (19 mg, 56 µmol, 1.2 eq.) and triethylamine (10 µL, 70 µmol, 1.5 

eq.) was added and the reaction was allowed to stir overnight under nitrogen. DMF was 

removed in vacuo and the crude was solubilized in MeOH  (0.5 mL) and purified via SEC 

using Sephadex LH-20 and MeOH as eluent. Fractions containing product were pooled and 

dried in vacuo to yield a white foam. (Yield = 149 mg, 81%)  1H NMR (700 MHz, MeOD): 

δ 4.51 (dd, J = 7.8, 4.9, 1H), 4.33 (d, J = 10.7, 42H), 4.26 (dd, J = 11.0, 2.5, 18H), 3.68 (dd, 

J = 10.9, 4.0, 32H), 3.61 (d, J = 10.9, 32H), 3.26 (t, J = 6.7, 2H), 3.21 (dd, J = 8.8, 4.8, 2H), 

2.95 (dd, J = 12.8, 5.0, 1H), 2.72 (d, J = 12.7, 1H), 2.25-2.19 (m, 2H), 1.75 (td, J = 14.1, 

7.6, 1H), 1.71-1.60 (m, 3H), 1.60-1.55 (m, 4H), 1.45 (quintet, J = 7.7, 2H), 1.37 (s, 3H), 

1.35 (s, 6H), 1.32 (s, 12H), 1.31 (s, 24H), 1.16 (s, 48H). 13C NMR (176 MHz, MeOD): δ 
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175.9, 174.2, 173.8, 173.33, 173.23, 166.1, 68.6, 67.3, 67.0, 66.2, 65.9, 63.4, 61.7, 57.0, 

51.8, 48.09, 47.95, 47.77, 41.1, 40.6, 40.1, 36.9, 29.9, 29.5, 28.06, 27.98, 26.9, 18.42, 18.25, 

17.4. MS (ESI+): m/z calc’d for C169H274N4O95S [M+H]+ = 3915.05, found 

[M+ACN+2H]2+ = 1978.81, [M+2Na]2+ = 1050.43, [M+3Na]3+= 1327.54. 

Biotin-G6-(OH)64 (BG6) 

 

Following General Procedure 4, NH2-G6-(OH)64 (100 mg, 14 µmol) was dissolved in DMF 

(0.5 mL). Biotin-NHS (6 mg, 16 µmol, 1.2 eq.) and triethylamine (3 µL, 20 µmol, 1.5 eq.) 

was added and the reaction was allowed to stir for 3 h under nitrogen. DMF was removed 

in vacuo and the crude was solubilized in MeOH  (0.5 mL) and purified via SEC using 

Sephadex LH-20 and MeOH as eluent. Fractions containing product were pooled and dried 

in vacuo to yield a white foam. (Yield = 77 mg, 75%) 1H NMR (700 MHz, MeOD): δ 5.00 

(s, 1H), 4.58 (s, 1H), 4.52 (dd, J = 7.9, 4.9, 1H), 4.38-4.32 (m, 89H), 4.27 (d, J = 11.1, 35H), 

3.68 (dd, J = 10.9, 4.3, 64H), 3.62 (d, J = 10.9, 64H), 3.27-3.21 (m, 4H), 2.96 (dd, J = 12.7, 
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4.9, 1H), 2.73 (d, J = 12.7, 1H), 2.23 (t, J = 6.9, 2H), 1.76 (tt, J = 13.7, 7.0, 1H), 1.70-1.61 

(m, 2H), 1.61-1.53 (m, 4H), 1.46 (dt, J = 15.0, 7.4, 2H), 1.41 (s, 3H), 1.37 (s, 6H), 1.36 (s, 

12H), 1.34 (s, 24H), 1.32 (s, 48H), 1.16 (s, 96H). 13C NMR (176 MHz, MeOD): δ 176.0, 

174.1, 173.9, 173.34, 173.24, 166.0, 69.1, 67.22, 67.09, 66.96, 66.2, 65.9, 63.4, 61.7, 57.0, 

51.8, 48.08, 47.95, 41.1, 40.7, 40.2, 37.0, 29.9, 29.6, 28.14, 28.09, 27.0, 18.52, 18.40, 18.35, 

17.5. MS (ESI+): m/z calc’d for C329H530N4O192S [M+H]+ = 7646.76, [M+ACN+H]+ = 

7687.79, [M+H+2Na]3+ = 2564.25, found [M+ACN+H]+ = 7687.52, [M+H+2Na]3+ = 

2563.18. 

Biotin-G7-(OH)128 (BG7) 

 

Following General Procedure 4, NH2-G7-(OH)128 (200 mg, 14 µmol) was dissolved in 

DMF (0.5 mL). Biotin-NHS (6 mg, 16 µmol, 1.2 eq.) and triethylamine (3 µL, 20 µmol, 

1.5 eq.) was added and the reaction was allowed to stir for 3 h under nitrogen. DMF was 
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removed in vacuo and the crude was solubilized in MeOH  (0.5 mL) and purified via SEC 

using Sephadex LH-20 and MeOH as eluent. Fractions containing product were pooled and 

dried in vacuo to yield a white foam. (Yield = 164 mg, 81%) 1H NMR (600 MHz, MeOD) 

δ 4.46 – 4.17 (m, 252H), 3.69 (dd, J = 10.9, 3.9 Hz, 128H), 3.62 (d, J = 10.9 Hz, 128H), 

3.29 – 3.21 (m, 4H), 2.98 (q, J = 8.1 Hz, 1H), 2.75 (d, J = 12.6 Hz, 1H), 2.25 (br. s, 2H) 

1.83 – 1.54 (m, 13H), 1.39 – 1.32 (m, 189H), 1.17 (s, 192H). 13C NMR (176 MHz, CDCl3) 

δ 173.5, 172.0, 171.6, 171.5, 98.2, 66.0, 66.0, 65.1, 65.0, 64.8, 46.9, 46.7, 42.1, 25.3, 22.3, 

18.7, 17.9, 17.7. MS (MALDI): m/z calc’d for C649H1042N4O383S [M+2DMSO+H]+ = 15218, 

found [M+2DMSO+H]+ = 15211. 

General Procedure 5: Synthesis of DBCO-Gx-(OH) Dendrimers 

DBCO-NHS  

Prepared according to previous procedures.21 (Yield = 1.2 g, 74%). 1H NMR (600 MHz, 

CDCl3) δ 7.69 (d, J = 7.6 Hz, 1H), 7.44 – 7.34 (m, 5H), 7.31 (td, J = 7.6, 1.3 Hz, 1H), 7.26 

(m, 1H, overlapped with CDCl3), 5.18 (d, J = 13.9 Hz, 1H), 3.69 (d, J = 13.9 Hz, 1H), 2.98 

(dt, J = 17.6, 7.7 Hz, 1H), 2.86 – 2.74 (m, 5H), 2.64 (ddd, J = 17.6, 7.8, 5.4 Hz, 1H), 2.08 

(ddd, J = 16.9, 7.9, 5.5 Hz, 1H). 

DBCO-G3-(OH)8 

Prepared according to previous procedures (Yield = 150 mg, 49%).11 1H NMR (700 MHz, 

MeOD): δ 7.65 (d, J = 7.5, 1H), 7.61-7.60 (m, 1H), 7.48-7.45 (m, 3H), 7.35 (dtd, J = 25.2, 

7.5, 1.2, 2H), 7.25 (dd, J = 7.5, 1.2, 1H), 5.13 (d, J = 14.1, 1H), 4.30-4.22 (m, 12H), 3.71 

(d, J = 14.1, 1H), 3.68-3.57 (m, 16H), 3.19-3.17 (m, 2H), 3.07 (td, J = 6.9, 4.0, 2H), 2.72-
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2.67 (m, 1H), 2.34 (dt, J = 15.2, 7.5, 1H), 2.19-2.15 (m, 1H), 1.98 (dt, J = 16.6, 6.8, 1H), 

1.50-1.46 (m, 2H), 1.42-1.39 (m, 2H), 1.28 (s, 9H), 1.14 (s, 12H). 

DBCO-G4-(OH)16 

Prepared according to previous procedures (Yield = 301 mg, 60%).11 1H NMR (500 MHz, 

MeOD) δ 7.76 – 7.61 (m, 2H), 7.49 (d, J = 7.1 Hz, 3H), 7.42 – 7.32 (m, 2H), 7.28 (d, J = 

7.7 Hz, 1H), 5.16 (d, J = 14.0 Hz, 1H), 4.41 – 4.19 (m, 28H), 3.73 (d, J = 14.0 Hz, 1H), 

3.69 (dd, J = 10.8, 2.7 Hz, 16H), 3.62 (d, J = 10.8 Hz, 16H), 2.77 – 2.68 (m, 1H), 2.39 – 

2.31 (m, 1H), 2.19 (dt, J = 14.6, 7.3 Hz, 1H), 2.05 – 1.95 (m, 1H), 1.57 – 1.40 (m, 4H), 

1.36 – 1.30 (m, 21H), 1.17 (s, 24H).  

DBCO-G5-(OH)32 

Prepared according to previous procedures (Yield = 820 mg, 82%).11 1H NMR (700 MHz, 

MEOD): δ 7.73-7.02 (m, 8H), 5.15-5.10 (m, 1H), 5.04-5.03 (m, 2H), 4.32-4.25 (m, 60H), 

3.69-3.60 (m, 64H), 3.21-3.21 (m, 2H), 3.08-3.08 (m, 1H), 2.71 (s, 1H), 2.35-2.33 (m, 1H), 

2.17 (s, 1H), 2.00-1.96 (m, 1H), 1.57-1.42 (m, 4H), 1.32 (d, J = 38.5, 45H), 1.15 (s, 48H). 

DBCO-G6-(OH)64 

Prepared according to previous procedures (Yield = 165 mg, 65%).11 1H NMR (600 MHz, 

MeOD) δ 7.71 – 7.60 (m, 2H), 7.54 – 7.44 (m, 3H), 7.42 – 7.31 (m, 2H), 7.27 (dd, J = 7.4, 

1.5 Hz, 1H), 5.15 (d, J = 14.4 Hz, 2H), 4.42 – 4.21 (m, 124H), 3.73 (d, J = 14.4 Hz, 2H), 

3.68 (dd, J = 10.9, 3.6 Hz, 64H), 3.61 (d, J = 10.9 Hz, 64H), 3.23 (s, 2H), 3.09 (d, J = 3.7 

Hz, 2H), 2.73 (dt, J = 15.6, 7.5 Hz, 1H), 2.36 (dt, J = 15.0, 7.4 Hz, 1H), 2.23 – 2.11 (m, 
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1H), 1.99 (dt, J = 16.6, 6.8 Hz, 1H), 1.50 (d, J = 7.7 Hz, 2H), 1.37 – 1.29 (m, 93H), 1.16 

(s, 96H). 

DBCO-G7-(OH)128 

Prepared according to previous procedures (Yield = 144 mg, 92%).11 1H NMR (700 MHz, 

MeOD): δ 8.02-7.29 (m, 8H), 5.16 (s, 1H), 4.37 (d, J = 161.0, 177H), 4.28 (s, 75H), 3.68 

(s, 129H), 3.63 (s, 128H), 3.25 (s, 2H), 3.08 (s, 2H), 2.75 (s, 1H), 2.35 (s, 1H), 2.20 (s, 1H), 

2.00 (s, 1H), 1.33 (s, 193H), 1.16 (s, 192H). 

Synthesis of Avidin-N3 and Avidin-Dendrimer Conjugates 

Avidin-N3  

Native avidin from chicken egg was purchased from Lee BioSolutions (MO, USA) as a 

lyophilized solid and used without further purification. A 5 mL Eppendorf tube was charged 

with native avidin (60 mg, 36 µmol lysine eq.) and sodium carbonate buffer (6 mL, 0.1 M, 

pH 9.5). Azidoacetyl-N-hydroxysuccinimide (54 mg, 273 µmol) was added in a single 

portion and the reaction was allowed to mix via a rotating apparatus for 2 h at room 

temperature. The reaction mixture was adjusted to pH 9.5 and was allowed to mix for 12 h 

at 4 °C. The reaction was filtered over a 0.45 µm polyethersulfone (PES) filter and purified 

and buffer exchanged to PBS (10 mM, pH 7.4) via HiTrap™ Desalting columns. Avidin-

N3 was stored as a solution in PBS (10 mM, pH 7.4) at 4 °C (5.5 mg/mL, 9 mL PBS, yield 

= 82%). 

General Procedure: Preparation of Avidin-Dendrimer Conjugates 
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A 5 mL Eppendorf tube was charged with 1.5-1.6 eq. per azide (i.e., 60-64 eq. per avidin-

N3 tetramer) of DBCO-Gx-(OH)(2
x

) and PBS (10 mM, pH 7.4). Separately, 1 eq. of avidin-

N3 was dissolved in PBS (10 mM, pH 7.4). The dendrimer solution was added to the avidin 

solution and reaction was allowed to mix for 12 h at 4 °C. Upon disappearance of the azide 

signal by FT-IR, the reaction was dialyzed using 12-50 kDa MWCO tubing against PBS 

(10 mM, pH 7.4).  

Av-G3 

Using General Procedure, DBCO-G3-(OH)8 (6 mg, 5.2 µmol) was added in a single portion 

to a solution of Av-N3 (1 mL, 5.5 mg/mL). The reaction was dialyzed for 2 days using 12 

kDa MWCO tubing against PBS (10 mM, pH 7.4) and additionally desalted via 1 x HiTrap 

desalting column (5 mL). Av-G3 was stored as a solution in PBS at 4 °C (1.6 mg, 16%). 

Av-G4 

Using General Procedure, DBCO-G4-(OH)16 (11 mg, 5.2 µmol) was added in a single 

portion to a solution of Av-N3 (1 mL, 5.5 mg/mL). The reaction was dialyzed for 2 days 

using 50 kDa MWCO tubing against PBS (10 mM, pH 7.4).  Av-G4 was stored as a solution 

in PBS at 4 °C (Yield = 2.6 mg, 20%) 

Av-G5 

Using General Procedure, DBCO-G5-(OH)32 (17 mg, 14 µmol) was added in a single 

portion to a solution of Av-N3 (1 mL, 5.5 mg/mL). The reaction was dialyzed for 2 days 
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using 50 kDa MWCO tubing against PBS (10 mM, pH 7.4). Av-G5 was stored as a solution 

in PBS at 4 °C (Yield = 4.5 mg, 24%). 

Av-G6 

Using General Procedure, DBCO-G6-(OH)64 (112 mg, 15 µmol) was added in a single 

portion to a solution of Av-N3 (2.4 mL, 5.5 mg/mL). The reaction was dialyzed overnight 

using 100 kDa MWCO tubing against PBS (10 mM, pH 7.4) and concentrated via spin 

column (100 kDa MWCO). Av-G6 was stored as a solution in PBS at 4 °C (Yield = 42 mg, 

61%). 

Av-G7 

Using General Procedure, DBCO-G7-(OH)128 (123 mg, 10.6 µmol) was added in a single 

portion to a solution of Av-N3 (2.5 mL, 5.5 mg/mL). The reaction was dialyzed overnight 

using 100 kDa MWCO tubing against PBS (10 mM, pH 7.4) and concentrated via spin 

column (100 kDa MWCO). Av-G6 was stored as a solution in PBS at 4 °C (Yield = 72 mg, 

59%). 

Synthesis of Biotinylated Aprotinin  

Adapted from previous procedures.13 Aprotinin from bovine lung was purchased from 

Sigma Aldrich as a crystalline solid and used without further purification. A 2 mL 

Eppendorf tube was charged with aprotinin (661 µg) and sodium phosphate buffer (132 µL, 

pH 8.5). Biotin-NHS (350 µg, 1.0 µmol) was added as a solution in DMSO (20 µL). The 

reaction was allowed to mix using a tube rotator (Fisherbrand) for 2 h at room temperature 



 

286 

 

followed by 12 h at 4 °C. The reaction was dialyzed overnight using 3.5 kDa MWCO tubing 

against PBS (10 mM, pH 7.4). Protein content was verified by BCA assay and degree of 

biotinylation was characterized by fluorescamine assay. Biotinylated aprotinin was stored 

as a solution in PBS (Biotin molecules per protein = 4.2, Yield = 517 µg, 68%). 

 

Figure S4.1. 1H NMR spectrum of BG3. 
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Figure S4.2. 13C NMR spectrum of BG3. 

 

Figure S4.3. 1H NMR spectrum of BG4. 
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Figure S4.4. 13C NMR spectrum of BG4.  

 

Figure S4.5. 1H NMR spectrum of BG5. 
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Figure S4.6. 13C NMR spectrum of BG5.  

 

Figure S4.7. 1H NMR spectrum of BG6. 
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Figure S4.8. 13C NMR spectrum of BG6. 

 

Figure S4.9. 1H NMR spectrum of BG7. 
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Figure S4.10. 13C NMR spectrum of BG7. 

ESI and MALDI-TOF Spectra 

 

Figure S4.11. ESI+ MS spectrum of biotin-G4-OH. 
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Figure S4.12. ESI+ MS spectrum of biotin-G5-OH. 

 

Figure S4.13. Deconvoluted ESI+ MS spectrum of biotin-G6-OH. 

 

Figure S4.14. MALDI MS spectrum of biotin-G7-OH (matrix = 2,5-Dihydroxybenzoic 

acid (DHB)). 
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Figure S4.15. MALDI MS spectrum of Avidin and avidin-azide (Av-N3) monomer. 10 

azide groups (MW = 84) correspond to an expected mass increase of 840 per avidin 

monomer (15-16 kDa). 

Dynamic Light Scattering (DLS) 

DLS data was collected on a Malvern Zetasizer Nano ZS instrument. Native avidin and 

avidin conjugates (1.0 mg/mL) were dissolved in PBS (10 mM, pH 7.4) and filtered 

through a 0.22 µm PES membrane prior to measurement. The hydrodynamic diameter (Dh) 

of the samples was measured five times (15 accumulated scans per measurement) at 25 °C 

using a backscatter angle of 173°. Reported distribution values are Z-average intensities. 
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Figure S4.16. Particle size distribution of avidin-dendrimer conjugates by intensity 

distribution (Z-average) 

Table S4.1. Hydrodynamic diameters (Dh) of biotin and hydroxyl periphery dendrimers. 

Dendrimer MW (kDa) Dendrimer Dh (nm) 

Biotin 0.244 - 

G3-(OH)8 1.13 0.64a 

G4-(OH)16 2.06 1.12a 

G5-(OH)32 3.91 1.95a 

G6-(OH)64 7.65 3.21b 

G7-(OH)128 15.1 4.50b 

G8-(OH)256 30.0 5.96b 
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a Interpolated from 3rd order polynomial regression analysis of G6-G8 dendrimers (r2 = 

1.00). b Volume-average hydrodynamic diameter of dendrimers have been reported 

previously.11 
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Figure S4.17. Particle size distribution of DSPE-PEG3400-biotin (Z-average). Measured 

Z-average (n = 5; diameter) = 52.8 nm, PDI = 0.292. 

Circular Dichroism (CD) Spectroscopy 

CD spectra were recorded on a JASCO J-1100 spectrophotometer (JASCO Corp., Japan) 

at 25 ± 0.2 °C. All measurements were performed using a low-volume rectangular quartz 

cell of 1 cm optical pathlength containing 400 µL of sample. Avidin and avidin-dendrimer 

conjugates (0.15 mg) were dissolved in 10 mM pH 7.4 PBS and filtered through a 0.22 µm 

PES membrane prior to measurement. Each spectrum represents the average of five trials 

of five accumulated scans per cycle. Each spectrum was obtained by collecting data at scan 

speed of 200 nm min−1 and at a bandwidth of 1 nm. CD traces of avidin-conjugates were 

corrected for baseline by subtracting the spectra of PBS. Ellipticity (Θ) values were 

reported in units of millidegrees.   
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Fluorescamine Assay 

Fluorescamine assay was used to determine extent of azidofication of native avidin to yield 

Av-N3. A standard curve comprised of nine avidin standards (0-400 µg/mL) was 

constructed using pH 8.5 100 mM sodium phosphate buffer. To each well in a 96-well black 

microplate was added 80 µL of standard, 80 µL buffer, and 40 µL of 3 mg/mL 

fluorescamine in acetonitrile. Wells were allowed to incubate at room temperature in the 

dark for 10 minutes. Fluorescence intensities were measured at λex = 390 nm, λem = 470 nm 

with 10 nm bandwidths on a Biotek Cytation5TM plate reader. 

 

Figure S4.18. Fluorescence standard curves (n = 3) constructed from native avidin.   

Native PAGE 

A native gel (6%) was run in a Mini-PROTEAN Tetra Cell from Bio-Rad. NativeMark™ 

Unstained Protein Standard by Invitrogen was purchased from Thermo Fisher Scientific. 

5 µL of Novex™ Tris-Glycine Native Sample Buffer (2X) (Thermo Fisher Scientific) 

was added to a 15 µL 1X tris-glycine (pH 8.3) solution of either Avidin (15 µg), Av-N3 
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(15 µg), Av-G3 (18 µg eq. avidin), Av-G3 (18 µg eq. avidin), Av-G4 (14 µg eq. avidin), 

Av-G5 (16 µg eq. avidin), Av-G6 (18 µg eq. avidin), or Av-G7 (15 µg eq. avidin). 8 µL 

of the ladder and 20 µL of conjugate samples were respectively loaded into each lane. 

Native PAGE was performed in non-denaturing, pH 8.3 tris-glycine buffer (1X) in 4 °C, 

under normal polarity at 100 V, 30 mA for 1.5 h. Gels were stained using Coomassie 

Brilliant Blue R250 for 15 minutes and destained overnight.  

Bicinchoninic Acid (BCA) Assay 

BCA assay of avidin and avidin-dendrimer conjugates were performed using a 

QuantiPro™ BCA Assay Kit from Sigma Aldrich. All proteins were dissolved in PBS (10 

mM, pH 7.4) and mixed in a 1:1 ratio to a BCA reagent/CuSO4 solution (prepared 

according to supplier instructions) and incubated at 60 °C for 1 hour. Sample was allowed 

to cool to room temperature (15 minutes), following which absorbance at 562 nm for all 

the samples was recorded using UV-VIS spectroscopy within a 10-minute window. UV-

VIS data was plotted and interpolated using GraphPad Prism 9.  

Quantification of Dendrimer Conjugation to Avidin by BCA method 

A known amount of avidin-conjugate (n = 3) in a solution of PBS (1 mL, 10 mM, pH 7.4) 

was measured against a standard curve (second-order regression) constructed from native 

avidin. Number of conjugated dendrimers and average avidin wt. % was compared to the 

theoretical values (Table S2-6) and conjugation was deemed complete if experimental 

avidin wt. %  was ±1% from upper/lower bounds. Avidin contains 9 lysines plus 1 N-

terminal amine per subunit; all conjugates were found to be within ±1% of bounds. Note 
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that the accuracy might be affected by the presence of grafted dendrons, which may shield 

surface peptide residues from complex formation. 

 

Figure S4.19. BCA assay constructed using native avidin standards. 

Sample calculation using Av-G5:   

Theoretical Av(wt. %) =   
𝑀𝑊 𝑁𝑎𝑡𝑖𝑣𝑒 𝑎𝑣𝑖𝑑𝑖𝑛

𝑀𝑊 𝐴𝑣−𝐺5
 x 100 % =   

66 𝑘𝐷𝑎

226 𝑘𝐷𝑎
 x 100% = 29% 

A solution of Av-G5 (52.7 µg lyophilized solids dissolved in 1 mL PBS) was measured in 

triplicates against an avidin standard curve to yield an average A.U. corresponding to 15.56 

± 0.46 µg/mL avidin. Therefore: 

Measured Av(wt. %) =   
𝑀𝑎𝑠𝑠 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑣𝑖𝑑𝑖𝑛

𝑀𝑎𝑠𝑠 𝐴𝑣−𝐺5 𝑤𝑒𝑖𝑔ℎ𝑒𝑑
 x 100 % =   

15.56

52.7
 x 100% = 29.5%; conjugation 

was deemed complete i.e., there are 40 DBCO-G5-OH grafted onto the avidin tetramer.  
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Note: protein conjugates that were stored in PBS after the purification process were buffer 

exchanged with dH2O using a HiTrap desalting column (Sephadex G25), lyophilized, 

weighed out and quantified via BCA assay as described.  

Table S4.2. Expected weight percent (Wt. %) of avidin (Av) in Av-G3 conjugate with 

increasing degrees of dendrimer conjugation. 

# of 

Grafted 

DBCO-G3 

Total 

G3 MW 

(KDa) 

Conjugate 

MW 

(monomer) 

(kDa)a  

Conjugate 

MW 

(tetramer) 

(kDa) 

Avidin (wt. %) in 

Conjugate, lower 

bound b  

Avidin (wt. %) in 

Conjugate; upper 

bound c  
 

0 0.00 16.7 66.6 100% 100%  

1 1.19 17.8 71.4 93% 97%  

2 2.38 19.0 76.1 88% 91%  

3 3.56 20.2 80.9 82% 85%  

4 4.75 21.4 85.6 78% 81%  

5 5.94 22.6 90.4 74% 76%  

6 7.13 23.8 95.1 70% 73%  

7 8.32 25.0 99.9 67% 69%  

8 9.51 26.2 105 64% 66%  

9 10.7 27.4 109 61% 63%  

10 11.9 28.5 114 58% 60%  

a Calculated as MW(Avidin) + MW(Dendrimer) * Number of dendrimers on conjugate) . 
b Assuming a 66 kDa native tetramer. Assuming a 69 kDa native tetramer.  

Table S4.3. Expected weight percent (Wt. %) of avidin (Av) in Av-G4 conjugate with 

increasing degrees of conjugation. 

# of 

Grafted 

DBCO-G4 

Total G4 

MW 

(KDa) 

Conjugate MW 

(monomer) 

(kDa)a 

Conjugate MW 

(tetramer) 

(kDa) 

Avidin (wt. %) in 

Conjugate, lower 

bound b 

Avidin (wt. %) in 

Conjugate; upper 

bound c 
 

0 0.00 16.7 66.6 100% 100%  

1 2.12 18.8 75.1 89% 92%  

2 4.23 20.9 83.6 80% 83%  

3 6.35 23.0 92.0 72% 75%  

4 8.47 25.1 100 66% 69%  
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5 10.6 27.2 109 61% 63%  

6 12.7 29.4 117 57% 59%  

7 14.8 31.5 126 53% 55%  

8 16.9 33.6 134 50% 51%  

9 19.1 35.7 143 47% 48%  

10 21.2 37.8 151 44% 46%  

a Calculated as MW(Avidin) + MW(Dendrimer) * Number of dendrimers on conjugate).  
b Assuming a 66 kDa native tetramer. c Assuming a 69 kDa native tetramer.  

Table S4.4. Expected weight percent (Wt. %) of avidin (Av) in Av-G5 conjugate with 

increasing degrees of dendrimer conjugation. 

# of 

Grafted 

DBCO-G5 

Total 

G5 MW 

(KDa) 

Conjugate 

MW 

(monomer) 

(kDa)a 

Conjugate 

MW 

(tetramer) 

(kDa) 

Avidin (wt. %) in 

Conjugate, lower 

bound b 

Avidin (wt. %) in 

Conjugate; upper 

bound c 
 

0 0.00 16.7 66.6 100% 100%  

1 3.98 20.6 82.5 81% 84%  

2 7.95 24.6 98.4 68% 70%  

3 11.9 28.6 114 58% 60%  

4 15.9 32.6 130 51% 53%  

5 19.9 36.5 146 46% 47%  

6 23.9 40.5 162 41% 43%  

7 27.8 44.5 178 37% 39%  

8 31.8 48.5 194 34% 36%  

9 35.8 52.4 210 32% 33%  

10 39.8 56.4 226 30% 31%  

a Calculated as MW(Avidin) + MW(Dendrimer) * Number of dendrimers on conjugate) . 
b Assuming a 66 kDa native tetramer. c Assuming a 69 kDa native tetramer. 

Table S4.5. Expected weight percent (Wt. %) of avidin (Av) in Av-G6 conjugate with 

increasing degrees of dendrimer conjugation. 

# of 

Grafted  

DBCO-G6 

Total 

G6 MW 

(KDa) 

Conjugate 

MW 

(monomer) 

(kDa)a 

Conjugate 

MW 

(tetramer) 

(kDa) 

Avidin (wt. %) in 

Conjugate, lower 

bound b 

Avidin (wt. %) in 

Conjugate; upper 

bound c 
 

0 0.00 16.7 66.6 100% 100%  

1 7.71 20.6 97.4 68% 71%  

2 15.4 24.6 128 52% 54%  
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3 23.1 28.6 159 42% 43%  

4 30.8 32.6 190 35% 36%  

5 38.5 36.5 221 30% 31%  

6 46.2 40.5 252 26% 27%  

7 53.9 44.5 282 24% 24%  

8 61.7 48.5 313 21% 22%  

9 69.4 52.4 344 19% 20%  

10 77.1 56.4 375 18% 18%  

a Calculated as MW(Avidin) + MW(Dendrimer) * Number of dendrimers on conjugate).  
b Assuming a 66 kDa native tetramer. c Assuming a 69 kDa native tetramer. 

Table S4.6. Expected weight percent (Wt. %) of avidin (Av) in Av-G7 conjugate with 

increasing degrees of dendrimer conjugation. 

# of 

Grafted  

DBCO-G7 

Total 

G7 MW 

(KDa) 

Conjugate 

MW 

(monomer) 

(kDa)a 

Conjugate 

MW 

(tetramer) 

(kDa) 

Avidin (wt. %) in 

Conjugate, lower 

bound b 

Avidin (wt. %) in 

Conjugate; upper 

bound c 
 

0 0.00 16.7 66.6 100% 100%  

1 15.1 31.8 127.1 52% 54%  

2 30.2 46.9 188 36% 37%  

3 45.4 62.0 248 27% 28%  

4 60.5 77.1 309 22% 22%  

5 75.6 92.3 369 18% 19%  

6 90.7 107.4 430 16% 16%  

7 106 122.5 490 14% 14%  

8 121 137.6 551 12% 13%  

9 136 152.8 611 11% 11%  

10 151 167.9 672 10% 10%  

a Calculated as MW(Avidin) + MW(Dendrimer) * Number of dendrimers on conjugate). 
b Assuming a 66 kDa native tetramer. c Assuming a 69 kDa native tetramer. 

Isothermal Titration Calorimetry (ITC) 

Apo avidin binding: ITC experiments were performed on a MicroCal PEAQ-ITC 

instrument (Malvern Instruments Ltd., UK). Biotinylated BSA (8-16 average biotin/BSA) 

was purchased from Sigma Aldrich and used without further purification. DSPE-PEG3400-
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biotin (MWavg = 4417, 98% purity) was purchased from BroadPharm (San Diego, CA) and 

used without purification.  Unless otherwise specified, biotin, dendronized biotin (BGx), 

PEG-biotin, or biotinylated protein(s) were used as titrant and avidin, avidin-azide or 

avidin-dendrimer conjugate was used as titrand. [avidin]tetramer = 5.5 µM, [Biotin], [BGx], 

[biotinylated protein] = 200 µM. All binding experiments were performed in PBS (10 mM, 

pH 7.4) at 25.0 °C versus a reference cell containing distilled water with a supplied 

reference power of 41.9 µW (10 µcal/s). Unless specified otherwise, injection method for 

each titration was as follows: 300 µL of titrand was equilibrated at 25.0 °C for 120 s. An 

initial injection (0.5 µL) of titrant was followed by 18 injections (2.0 µL) each spaced 150 

seconds apart while stirring at 750 rpm. Heat evolved from the initial injection was 

excluded from analysis. Three control experiments were performed wherein (1) Cell 

containing 10 mM PBS was titrated with Biotin, (2) Cell containing native avidin was 

titrated with 10 mM PBS, and (3) Cell containing 10 mM PBS was titrated with 10 mM 

PBS. Heats from control experiments were subtracted from experimental data. 

Thermodynamic parameters were fitted to the isotherms based on a single binding site 

model using Malvern’s analytical software. 

HABA-displacement experiments: 10 equivalents of HABA per avidin protomer was added 

to either avidin or Av-G6 and the resulting HABA-avidin solutions were allowed to 

equilibrate at room temperature for three hours prior to ITC experiments. 

[HABA:avidin]tetramer =  5.5 µM, [Biotin] or [BGx] = 200 µM. Thermodynamic parameters 

were fitted to the isotherms based on a competitive binding model using Malvern’s 

analytical software. HABA was arbitrarily chosen to be the weak ligand in the fitting model, 
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using experimental KD values of biotin/biotin-dendrimer conjugates from apo avidin 

binding experiments described above.  

 

Figure S4.20. Competitive binding of biotin and BGx (x = 3-7) to native avidin-HABA 

measured by ITC. (A) Biotin, (B) BG3, (C) BG4, (D) BG5, (E) BG6, (F) BG7. From the 

top: Row 1: Raw heats evolved from binding for titrants A-C; Row 2: Corresponding 

enthalpy derived from integrated heats. Rows 3-4: Raw heat evolved and corresponding 

enthalpy, respectively, for titrants D-F. 
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Table S4.7. ITC Binding and thermodynamic parameters of DSPE-PEG3400-biotin  : 

avidin and Av-G4. 

a Non-binding; parameters were not calculated; n.b. = no binding.  

Table S4.8. ITC Binding and thermodynamic parameters of BSA-biotin (8-16 average 

biotin group per protein)  : avidin and Av-G6. 

Avidin-

Gx 

N 

(sites) 

KD 

(M)  

∆H 

(kcal/mol) 

∆G 

(kcal/mol) 

-T∆S 

(kcal/mol) 

Red. 

Chi-Sqr. 

(kcal/mol

)² 

Avidin  2.3 
4.82E

-07 
-6.29 -8.62 -2.33 4.80E-02 

Avidin-

G6 
n.b.a - - - - - 

a Non-binding; parameters were not calculated; n.b. = no binding.  

Table S4.9. ITC Binding and thermodynamic parameters of Aprotinin-biotin (4.2 average 

biotins per protein)  : avidin, Av-N3, and Av-G4 to Av-G6. 

Avidin-

Gx 

N 

(sites) 

KD 

(M)  

∆H 

(kcal/mol) 

∆G 

(kcal/mol) 

-T∆S 

(kcal/mol) 

Red. 

Chi-Sqr. 

(kcal/mo

l)² 

Avidin  
3.00 ± 

0.021a 

4.68E

-08 
-5.69 -10 -4.32 2.70E-02 

Av-N3 
3.00 ± 

0.104a 

2.65E

-06 
-5.00 -7.61 -2.61 7.40E-03 

Av-G4 n.b.b - - - - - 

Av-G5 n.b.b - - - - - 

Av-G6 n.b.b - - - - - 
a Measurement error included to differentiate between identical values. bNon-binding; 

parameters were not calculated; n.b. = no binding.  

Table S4.10. Competitive binding of biotin and BGx (x = 3-7) to native avidin-HABA 

measured by ITC, tabulated data.  

Titra

nt 

N 

(sites) 

KD 

(M)  

∆H 

(kcal/mol) 

∆G 

(kcal/mol) 

-T∆S 

(kcal/mol) 

Red. Chi-Sqr. 

(kcal/mol)² 

Avidin-

Gx 

N 

(sites) 

KD 

(M)  

∆H 

(kcal/mol) 

∆G 

(kcal/mol) 

-T∆S 

(kcal/mol) 

Red. 

Chi-Sqr. 

(kcal/mol

)² 

Avidin  3.81 2.37E-08 -11.9 -10.4 1.48 0.148 

Av-G4 n.b.a - - - - - 
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Bioti

n 
1.80 

1.00E

-15 
-25.9 -20.5 5.48 0.725 

BG3 1.65 
2.42E

-08 
-20.3 -10.4 9.87 0.172 

BG4 1.66 
2.73E

-07 
-18.9 -8.96 9.91 0.154 

BG5 1.04 
1.96E

-07 
-23.5 -9.16 14.3 0.214 

BG6 0.87 
1.35E

-06 
-21.9 -8.01 13.9 0.251 

BG7 n.ba - - - - - 
bNon-binding; parameters were not calculated; n.b. = no binding.  

 

Figure S4.21. Competitive binding of (A) Biotin, (B) BG5 and (C) BG6 to Av-G6-

HABA measured by ITC. (C) was used as a negative control as BG6 was found to not 

bind Av-G6. 

Table S4.11. Tabulated data of competitive binding of Biotin, BG5 and BG6 to Av-G6-

HABA. 

Titra

nt 

N 

(sites) 

KD 

(M)  

∆H 

(kcal/mol) 

∆G 

(kcal/mol) 

-T∆S 

(kcal/mol) 

Red. Chi-Sqr. 

(kcal/mol)² 

Bioti

n 
2.47 

1.71E

-07 
-22.2 -9.24 12.9 0.373 

BG5 n.ba - - - - - 

BG6 n.ba - - - - - 
bNon-binding; parameters were not calculated; n.b. = no binding.  
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Figure S4.22. Binding of biotinylated BSA, aprotinin, and PEG3400 to avidin and select 

Av-Gx species as measured by ITC. A. BSA. B. DSPE-PEG3400. C. Aprotinin. 

 

Figure S4.23. Titration of BG6 to Av-G4 at 37 °C as measured by ITC. Left: raw heat. 

Right: enthalpy derived from raw heats. The line at 0 kcal/mol is a line of best fit when a 

“binding”  model is forced upon the data in order to calculate thermodynamic parameters 

(see Table S12).  

 

 



 

307 

 

 

Table S4.12. Titration of BG6 to Av-G4 at 37 °C, tabulated data. 

Titra

nt 
N (sites) KD (M)  

∆H 

(kcal/mol) 

∆G 

(kcal/mol) 

-T∆S 

(kcal/mol) 

Red. Chi-

Sqr. 

(kcal/mol)² 

BG6 
0.0018 ± 

3.9E6a 

3.43E-

04a 
0.011a -4.73 a -4.74 a 3.05 a 

a Calculations are based on a forced binding model. 

Quantification of Avidin Binding by HABA Assay 

HABA assays were performed using a modified procedure from Green.66 A known amount 

of avidin or avidin conjugate (Av-Gx), as quantified prior by BCA assay, along with 10 eq. 

per tetramer of HABA was dissolved in PBS (10 mM, pH 7.4). Biotin or BGx (80 µM, 

PBS) was added in aliquots to the solution containing the avidin-HABA complex and the 

decrease in absorbance (λex = 500 nm, ε500 = 35000 M-1 cm-1) after each aliquot was 

measured either using a Cary 5000 Spectrometer or a Biotek Cytation5TM plate reader. 

Absorbance values were normalized for pathlength and dilution. Quenching Experiments. 

For select Av-Gx species, BGx was titrated as described above; upon reaching plateau in 

absorbance or upon exceeding 4:1 BGx : Avidin ratio, biotin (80 µM) was instead added 

to the solution until absorbance values plateaued.  
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Figure S4.24. Titration of Avidin-HABA complex (PBS) with BGx (PBS).   

 

Figure S4.25. Titration of Av-Gx + HABA  with biotin. 
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Figure S4.26. Quenching of Native Avidin-HABA with BG6 and Biotin. Native avidin 

(~0.45 mg, 22-24 nmol eq. monomer) complexed with 10 eq. per monomer of HABA was 

titrated with 4 nmol aliquots of BG6 (circles), followed by biotin (squares). Red circle 

denotes calculated equivalence point. An additional 28 nmol (7 aliquot equivalents) of BG6 

was added after equivalence point, before biotin (12 nmol, 4 aliquot equivalents).  
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Chapter 5.  Conclusions and Future Work 

5.1 Conclusion 

This thesis focused on the development of dendrimers and dendrimer-protein 

conjugates for use in molecular sieving. In Chapter 2, three neopentyl carboxylic acid 

precursors, terminated with alkene, alkyne and azide functionalities, respectively, were 

used to functionalize hydroxyl periphery dendrimers up to the fifth generation. Subsequent 

click reactions – i.e., thiol-ene, CuAAC, and SPAAC, respectively – with the corresponding 

dendrimer peripheries progressed to completion by NMR and MALDI, thereby showing 

that α-neopentyl groups do not negatively affect surface reactivity. G5 neopentyl and 

valeryl ammonium dendrimers were respectively derived from their azide dendrimers, and 

it was found that the neopentyl species exhibited superior resistance to hydrolysis 

compared to their linear counterparts across different pHs over a month. The neopentyl 

species was also stable when exposed to an esterase over 8 days. Overall, these findings 

lend support to using neopentyl groups in dendrimers to improve peripheral stability in 

aqueous environments while minimally changing their overall reactivity and solubility.  

In chapter 3, we incorporated neopentyl ester linkages into the construction of 

complex dendritic architectures for molecular sieving. G1 and G2 “inner” dendrons were 

furnished with neopentyl azides at their periphery. G3 “outer” dendrons with a PEGylated 

periphery were correspondingly furnished with a DBCO at their core, which then allowed 

the convergence of both outer and inner components via SPAAC to yield a library of high 

generation linear-dendritic hybrids. We grafted the dendritic structures onto an azide-
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modified chymotrypsin via SPAAC and investigated the conjugates’ activity toward a small 

molecule (BTpNA), a small protein (casein), and a large protein (BSA). When the 

conjugates were grafted with low-generation dendrons with short PEG chains (PEG350), 

they exhibited either increased or comparable relative activity toward BTpNA. Activity 

toward BSA was reduced to below 20% in all conjugates, while activity toward casein 

decreased with increasing dendron generation and PEG length. We found that G3 and G5 

dendrons with long PEG chains (PEG2000) drastically reduced catalytic activity toward all 

substrates, but CT with G4-PEG2000 grafts retained good activity toward BTpNA while still 

excluding protein substrates. Within the scope of polymers investigated in this study, we 

deemed CT grafted with G4-PEG2000 and G5-PEG1000 exhibited the most optimal sieving 

behaviour – which is marked by a high activity toward a small substrate and low activity 

toward large substrates. This study shows that molecular sieving with dendritic PEG 

architectures is governed by size of the polymer and different chain conformations 

stemming from different PEG lengths. The outer periphery i.e., the PEG layer is implied to 

play a strong role in mediating catalytic activity.  

In chapter 4, we explored the molecular sieving effect in avidin mediated by high 

generation dendrimers based on bis-MPA. Avidin was conjugated at lysine residues with 

low (G3) to high generation (G7) dendrimers with a hydroxyl periphery. Through HABA 

displacement assays and ITC, we showed that a series of G3-G7 dendronized biotin ligands, 

ranging from 1-15 kDa and representing a size range from oligopeptides to medium-sized 

proteins, are selectively excluded from one or more of the four binding pockets of the 

avidin-dendrimer conjugates depending on dendron generation. The remaining vacant 
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binding pocket(s) are selective for smaller biotinylated targets than those already bound. 

We also demonstrated that the smallest conjugate in this work – Avdin-G4, has an exclusion 

limit of less than 3 nm, as tested by ITC experiments using aprotinin and the G6 dendron, 

both of which have a hydrodynamic diameter of 3 nm or less. We showed that dendrimer-

protein conjugates can exhibit diverse binding stoichiometries that stem from the molecular 

sieving effect. Furthermore, protein confirmation can be changed by dendrimer conjugation, 

as shown by CD, leading to altered binding strength and stoichiometry. This work indicates 

that dendrimer conjugation to multimeric proteins is a possible method to modulate binding. 

5.2 Future Work 

We have shown that dendrimer conjugation introduces properties to the conjugate 

that are not easily accessible using other polymers, such as total exclusion of substrates 

below a particular molecular weight cut-off. A clear, immediate continuation of this work 

would be to investigate dendrimer-mediated sieving in therapeutically relevant species 

such as asparaginase and uricase. As others have shown, polymer-bound proteins dubbed 

“caged proteins” can serve as scavengers for small molecules, which is a straightforward 

application for molecular sieving. The next step in this direction is to utilize dendrimers for 

the “caging” of the proteins to the same effect. In this case, the dendrimer-protein 

conjugates can be expected to have different MWCOs based on dendron generation, 

thereby becoming modular scrubbers in multi-staged purification.  

Dendrimers themselves have therapeutic applications stemming from their unique 

architecture, which might positively overlap with a sieving system on a protein. The most 
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obvious application is the small molecule encapsulation in the dendrimer backbone for 

drug delivery. In combining the principles of molecular sieving with small molecule 

encapsulation, one could envision a caged catalytic system, where a prodrug diffused 

within the dendrimer could interact with the grafted enzyme as a substrate, and then be 

released into bulk solvent as the active drug. This manner of small molecule activation 

could enable access to very interesting systems, such as in vivo release of fluorophores 

from pro-fluorophores. 

Finally, the dendrimer peripheries tested in my work were chemically innocuous. 

These peripheries can be augmented with diverse functionalities such as those outlined in 

chapter 2, which could complement molecular sieving conjugates.   


