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Synopsis 

 Achieving selectivity in order to balance therapeutic and adverse 

effects has always been a central challenge of medicine. Nanotechnology is 

a modern field that allows us to tackle the selectivity issue in medicine in a 

completely new way, using “smart”, targeted nanoparticles. Most of medical 

research today is about identifying factors characteristic for certain 

conditions and finding efficient ways to target them in a specific manner, 

thus avoiding healthy cells and tissues. 

 There are two main ways this targeting is achieved with 

nanoparticles. First is by modulating the pharmacokinetics of the agents by 

controlling their size and physicochemical properties, causing them to 

accumulate in the desired compartments of the organism – passive 

targeting. Second is by functionalizing their surface with targeting agents 

that will bind to a defined molecular target in a highly specific manner – 

active targeting. 

Dendrimers are a very versatile class of nanoparticles. They are 

synthetic, tree-like, globular structures obtained through a step-wise 

synthesis that allows a small-molecule-like level of control. Their 

monodispersity and highly customizable size, structure and surface 

functionalization distinguishes them from other nanoparticles as an 

especially attractive platform. Beside these general advantages of 

dendrimers, Gallic Acid-Triethylene Glycol (GATG) dendrimers take 
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advantage of terminal azides present in the repeating unit allowing a simple, 

fast and reliable synthetic procedures and high structural versatility.  

Among the agents used for molecular targeting, antibodies are 

traditionally considered to be unmatched in terms of narrow specificity and 

high affinity towards their targets. Lately, the development of targeting 

scaffolds alternative to antibodies has been pursued in the search of 

complementary properties. Affitins are such a scaffold, offering nanomolar 

affinities and narrow specificities for the targets, that either match or 

outperform those of antibodies, along with twenty-fold smaller size and high 

thermal and pH stability. Furthermore, Affitins are easily obtained in high 

quantities via production in E. coli. 

 The improved selectivity provided by targeted nanoparticles has 

been most extensively employed for cancer-related purposes. However, 

considering the increased occurrence of multiresistance to antibiotics in 

bacteria, highly specific targeting and delivery tools in the field of infectious 

diseases are quickly gaining in importance. Separating the targeting from the 

effector function of antimicrobial agents might not only render ineffective 

most of the resistance mechanisms of bacteria, but also allow for usage of 

more toxic antimicrobial agents due to the specific delivery that bypasses 

host cells. 

 The main aim of this thesis was to combine the enhanced targeting 

properties of Affitins with the advantages that GATG dendrimers offer as 
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carriers and to obtain powerful nanoscale devices with wide potential for 

diverse applications. Our first objective was to develop a versatile 

conjugation method that will allow customization of final products in terms 

of size, structure, surface functionalization and target specificity. Our second 

objective was to showcase Affitin-dendrimer conjugates by deliberately 

designing a set of conjugates highly specific for Staphylococcus aureus 

Protein A (SpA) and demonstrating their usefulness.  

 A click-chemistry conjugation method was developed and used to 

obtain four distinct populations of conjugates, allowing for fluorescent 

labelling and surface modification during the process. Products were 

thoroughly characterized in terms of size, structure and valency. Their 

enhanced multivalent binding to SpA was demonstrated by surface plasmon 

resonance, while their narrow specificity for SpA-expressing S. aureus strains 

was demonstrated in an agglutination assay. Strong, concentration-

dependant agglutination triggered by the conjugates was also used to 

modulate their ability to form biofilms.   

 The high versatility and multivalency of GATG dendrimers as 

nanocarriers combined with the customizable target-specificity of Affitins 

provides powerful nanoscale devices for targeting, capable of carrying large 

amounts of diverse payloads and therefore performing diverse functions.   
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Abbrevations 

AAC  Huisgen 1,3-dipolar Azide-Alkyne Cycloaddition 

Aap  Accumulation-associated protein 

Ab  Antibody 

ABT  Azabisphosphonate 

ADCs  Antibody-drug conjugates 

Ag  Antigens 

Agr  Accessory gene regulator 

BCN  Bicyclononyne   

BLI  Bio-Layer Interferometry 

BNCT  Boron Neutron Capture Therapy  

CD  Cyclodextrin  

CDRs  Complementarity-determining regions  

ClfA   Clumping factor A  

CMDPs  Critical Molecular Design Parameters 

CNPs  Carbon-based nanoparticles 

CuAAC  Copper-catalyzed Azide-Alkyne Cycloaddition  

CV   Crystal Violet 

https://www.sciencedirect.com/topics/materials-science/cyclodextrin
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DARPin Designed Ankyrin Repeat Protein 

DHB  Dihydroxybenzoic acid 

EDC  1-Ethyl-3-(3-Dimethylaminopropyl)Carbodiimide 

ELISA  Enzyme-Linked ImmunoSorbent Assay 

EPR  Enhanced Permeation and Retention 

Fab  Antigen-binding fragments 

Fc  Cystallisable fragment 

FcR  Fc receptor 

GATG  Gallic acid-triethylene glycol 

GFP  Green fluorescent protein 

HER2  Human Epidermal growth factor Receptor 2 

HIV  Human immunodeficiency virus 

HOBt  Hydroxybenzotriazol 

HRP  HorseRadish Peroxidase  

IBPs  IgG Binding Proteins  

IG  Immunoglobulins 

IgGs  Immunoglobulins G  

IMAC  Immobilized metal ion affinity chromatography 
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INPs  Inorganic nanoparticles 

LNPs  Lipid nanoparticles  

MAC  Minimum Agglutination Concentrations 

MNPs  Magnetic nanoparticles  

MRI  Magnetic Resonance Imaging 

MRSA  Methicillin-resistant Staphylococcus aureus 

MSCRAMMs Microbial Surface Components Recognizing Adhesive Matrix 

Molecules 

Nb  Nanobodies 

NMR  Nuclear Magnetic Resonance  

NNI  National Nanotechnology Initiative  

NPs  Nanoparticles 

PAMAM Polyamidoamine 

PCA  Protein complementation assay 

PDT  Photodynamic therapy 

PEG  Polyethylene glycol  

PHA  Polyhydroxyalkanoates  

PhoA  Phosphatase A  
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PIA  Polysaccharide Intercellular Adhesin 

PIC  PolyIon Complex 

PLGA  Poly-(lactic-co-glycolic acid) 

PNPs   Polymeric nanoparticles 

PPI  Poly(propylene imine)  

PSM  Phenol-soluble modulin 

RA  Rheumatoid arthritis  

RU  Resonance Units 

SA  Sinapic acid 

SEC  Size-exclusion chromatography 

SIA  Sialic acid 

SpA  S. aureus protein A  

SPAAC  Strain Promoted Azide-Alkyne Cycloaddition 

SPR  Surface Plasmon Resonance 

SSLs  Staphylococcal superantigen-like proteins 

SSTIs  Skin and soft tissue infections 

TCEP  Tris(2-carboxyethyl)phosphine  

β-PFTs  β-barrel pore forming toxins 
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I. Selectivity and targeting in medicine 

 The main struggle of modern medicine is not to achieve higher 

effectiveness of drugs, but to reduce or eliminate their adverse effects. The 

concept of a “magic bullet”, introduced by Paul Ehrlich more than a hundred 

years ago,1-3 has evolved along with many advances achieved throughout 

the 20th century, only to become more relevant than it ever was. There is a 

vast amount of agents available today that achieve a wide range of effects 

on particular receptor molecules, but the challenge that remains is for these 

agents to differentiate between diseased and healthy cells/tissues, acting 

only on the former, thus avoiding adverse effects that typically occur when 

they act on the later. 

 Traditional pharmaceuticals are typically single-small-molecule 

agents whose activity depends on acting upon a certain molecular receptor. 

This single interaction has to satisfy the requirements of selectivity and 

efficacy at the same time. Therefore, the number of available therapeutic 

targets has been limited to those that are not relevant to healthy tissues or 

cells. When this selectivity is not achieved, a trade-off between the efficacy 

and adverse effects of the drug must be controlled by carefully choosing the 

dosage and/or the administration route. 

 Having this in mind, it comes as no surprise that the greatest 

advances in the area have been achieved in the field of antibiotics. The 

antibiotic era, commonly considered to have started with the discovery of 
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penicillin by Alexander Flemming in 1928,4 was possible at such an early 

stage of medical science due to the fact that pathogenic microbes, being 

procaryotic organisms, possess a cellular machinery so different from 

human cells that targeting a wide variety of mechanisms crucial for viability 

and virulence was possible without seriously affecting human cells.  

 Evolution of the “magic bullet” paradigm has been driven by two 

main challenges.5 First was the fact that many other pathologies, such as 

cancer or autoimmune diseases, have much less distinct phenomena in their 

origin since they are not caused by foreign organisms, and are therefore 

much more difficult to target without harming the patient. Second, even 

though the antibiotics initially achieved revolutionary results, many 

microbes quickly adapted by evolving resistance mechanisms that render 

more and more antibiotics inefficient. As the limits of the traditional 

approach to increase selectivity of the effector were reached, a new 

approach started to emerge focusing on its selective delivery.6  

 Two major pillars of this new approach are: (i) control over the 

physicochemical properties of the agent, affecting its pharmacokinetics, 

which includes passive targeting; and (ii) incorporation of a targeting agent 

which recognizes and binds to a molecule present on the desired target, 

which is dubbed active targeting. These modern pharmaceuticals are 

therefore composed of a few moieties combined either as a single, 

multifunctional molecule or a supramolecular structure. Beside the effector, 
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that achieves the therapeutic, imaging and/or diagnostic goals, they often 

contain separate targeting ligands for active targeting, and an underlying 

platform that serves as a delivery vehicle and provides desirable 

physicochemical properties. This separation allows the requirements of 

selectivity and efficacy to be met using multiple different interactions in a 

dynamic way, thus overcoming the limitations of traditional 

pharmaceuticals. 

Delivery vehicles have evolved from the original macroscopic devices 

such as implants, capsules and patches, through the stage of the microscopic 

polymer systems, to the nanoscopic era of targeted nanocarriers which offer 

some unprecedented possibilities that are currently being translated into 

new and exciting, clinically successful products.6  

Targeting agents used to direct these vehicles to specific molecular 

targets can be different kinds of molecules, including sugars, peptides, small 

molecules, antibodies etc.7-14 Antibodies are considered our organisms 

“magic bullet” due to their narrow and adaptive specificity towards any 

identified threat.15-16 Many alternative targeting scaffolds with improved 

properties compared to antibodies are available today and widely used for 

molecular recognition and active targeting.17  
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I.1 Nanoparticles  

 Nanotechnology is a rapidly advancing field that has been made 

possible through the convergence of many scientific fields, including 

chemistry, biology, physics, mathematics and engineering.18 The National 

Nanotechnology Initiative (NNI) defines nanotechnology as science, 

engineering, and technology conducted at the nanoscale, which is about 1 

to 100 nanometers.19 Therefore, nanoparticles (NPs), previously dubbed 

ultra-fine particles in order to differentiate them from larger, fine particles 

(100-2500 nm), are particles of any shape with dimensions between 1 and 

100 nm.20-22 The basis for 100 nm limit is the fact that novel properties that 

differentiate particles from bulk material typically develop at a critical length 

scale of under 100 nm.23 

 

I.1.1 NPs in biomedicine 

 Nanotechnology offers unprecedented possibilities in the biomedical 

field. Designing supramolecular structures in a deliberate way allows control 

over pharmacokinetics that is impossible to achieve with traditional small-

molecule pharmaceuticals. Encapsulating molecules inside NPs protects 

them from biodegradation until they have reached their site of action. 

Control over physicochemical properties of NPs might bring completely new 

concepts and provide more effective strategies for addressing complex 

endeavors in biomedical research. Finally, the large capacity for surface 

functionalization typically found inNPs makes it possible to use multivalency 
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based phenomena and active targeting concept to achieve high precision in 

engineering desired effects of final products.24  

 

I.1.1.1 Challenges facing nanoparticle-based formulations 

 Pharmacokinetics/Pharmacodynamics (PK/PD) studies for small-

molecule pharmaceuticals follow a well defined structure that is known to 

provide information relevant for their safety/effectiveness profile. Similar 

rules relating to clinical trials are available. Therefore, the selection of the 

most suitable small molecules to advance in pharmaceutical development 

follows a set of “Critical Molecular Design Parameters” (CMDPs) which are 

determined to affect their properties in a quantized and predictable way. 

The challenge that NPs face today is establishing a set of similar “Critical 

Nanoscale Design Parameters” (CNDPs) that would allow more precise 

engineering of properties through rational design. Furthermore, additional 

complexity in the patterns of PK/PD behaviors exhibited by NPs requires 

setting more elaborate standards for studies necessary in their approval. 

Some of the proposed critical parameters of design, as well as the critical 

outcomes for the safety/effectiveness studies and the approval process are 

listed in Figure 1.25-29 
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Figure 1. Some of the proposed critical design parameter and critical 

outcomes in the regulatory process for nanoparticle-based products (from 

25) 

 Two parameters suggested to have the largest effect on properties 

such as cellular uptake, transport and accumulation in vivo, are size and 

shape.30,31 Beside those two major factors, other parameters found to be 

extremely relevant are surface chemistry, flexibility and architecture.32 
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I.1.1.2 Examples of nanoparticle-based products on the market or in clinical 

trials 

 Since 1995, around 50 nanopharmaceuticals have received Food and 

Drug Administration (FDA) approval and are currently available for clinical 

use. Table 1 lists FDA approved nanopharmaceuticals, along with their 

indications and benefits related to their nanometricformulation.33 

Most of the nanoparticle-based pharmaceuticals that enter clinical 

trials are nanoformulations of previously approved drugs. As of October 

2018, 66 clinical trials that include the term “nano” were listed as recruiting 

or active on ClinicalTrials.gov.34 This is an increase of 10 compared to 

October 2017, when there were 56.33  

Table 1. Overview of the FDA approved nanoparticle-based products 

(adapted from 33) 

Trade Name 

(Manufacturer) Indication(s)* Benefit of NP** 

Liposome NPs 

Curosurf (Chiesi USA) 

Respiratory distress 

syndrome 

Increased delivery with smaller 

volume, decreased toxicity 

Doxil (Janssen) 

Karposi’s sarcoma, 

ovarian cancer, 

multiple myeloma 

Increased delivery to disease 

site, decreased systemic toxicity 

of free drug 

Abelcet (Sigma-Tau) Fungal infections Decreased toxicity 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn1-ptj4212742
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn2-ptj4212742
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Trade Name 

(Manufacturer) Indication(s)* Benefit of NP** 

AmBIsome (Gilead Sciences) 

Fungal/protozoal 

infections Decreased nephrotoxicity 

DepoDur (Pacira 

Pharmaceuticals) 

Postoperative 

analgesia Extended release 

DepoCyt (Sigma-Tau) 

Lymphomatous 

meningitis 

Increased delivery to tumor site, 

decreased systemic toxicity 

Marqibo (Spectrum 

Pharmaceuticals) ALL 

Increased delivery to tumor site, 

decreased systemic toxicity 

Onivyde (Ipsen 

Biopharmaceuticals) Pancreatic cancer 

Increased delivery to tumor site, 

decreased systemic toxicity 

Visudyne (Bausch and 

Lomb) 

Wet AMD, ocular 

histoplasmosis, 

myopia 

Increased delivery to site of 

diseased vessels, photosensitive 

release 

Vyxeos (Jazz 

Pharmaceuticals) 

AML, AML with 

myelodysplasiarelated 

changes 

Increased efficacy through 

synergistic delivery of co-

encapsulated agents 

Polymer NPs 

Adagen (Leadiant 

Biosciences) SCID 

Longer circulation time, 

decreased immunogenicity 

Adynovate (Shire) Hemophilia 

Greater protein stability, longer 

half-life 

Cimzia (UCB) 

Crohn’s disease, 

rheumatoid arthritis, 

psoriatic arthritis, 

ankylosing spondylitis 

Longer circulation time, greater 

stability in vivo 

Copaxone (Teva) Multiple sclerosis Controlled clearance 

Eligard (Tolmar) Prostate cancer 

Longer circulation time, 

controlled payload delivery 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn1-ptj4212742
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn2-ptj4212742
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Trade Name 

(Manufacturer) Indication(s)* Benefit of NP** 

Krystexxa (Horizon) Chronic gout Greater protein stability 

Macugen (Bausch and 

Lomb) Neovascular AMD Greater aptamer stability 

Mircera (Vifor) 

Anemia associated 

with CKD Greater aptamer stability 

Neulasta (Amgen) 

Chemotherapy-

induced neutropenia Greater protein stability 

Oncaspar (Baxalta U.S.) ALL Greater protein stability 

Pegasys (Genentech) 

Hepatitis B, hepatitis 

C Greater protein stability 

PegIntron (Merck) Hepatitis C Greater protein stability 

Plegridy (Biogen) Multiple sclerosis Greater protein stability 

Rebinyn (Novo Nordisk) 

(available in 2018) Hemophilia B 

Longer half-life, greater drug 

levels between infusions 

Renvela (Genzyme); and 

Renagel (Genzyme) CKD 

Longer circulation time and 

therapeutic delivery 

Somavert (Pfizer) Acromegaly Greater protein stability 

Zilretta (Flexion 

Therapeutics) 

Osteoarthritis knee 

pain Extended release 

Micelle NPs 

Estrasorb (Novavax) 

Vasomotor symptoms 

in menopause Controlled delivery 

Nanocrystal NPs 

Avinza (Pfizer) Psychostimulant 

Greater drug loading and 

bioavailability, ER 

EquivaBone (Zimmer 

Biomet) Bone substitute Mimics bone structure 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn1-ptj4212742
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn2-ptj4212742
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Trade Name 

(Manufacturer) Indication(s)* Benefit of NP** 

Emend (Merck) Antiemetic 

Greater absorption and 

bioavailability 

Focalin (Novartis) Psychostimulant 

Greater drug loading and 

bioavailability 

Invega Sustenna (Janssen) 

Schizophrenia, 

schizoaffective 

disorder 

Slow release of injectable low-

solubility drug 

Megace ES (Par 

Pharmaceuticals) Antianorexic Lower dosing 

NanOss (RTI Surgical) Bone substitute Mimics bone structure 

Ostim (Heraeus Kulzer) Bone substitute Mimics bone structure 

OsSatura (IsoTis 

Orthobiologics) Bone substitute Mimics bone structure 

Rapamune (Wyeth 

Pharmaceuticals) Immunosuppressant Greater bioavailability 

Ritalin LA (Novartis) Psychostimulant 

Greater drug loading and 

bioavailability 

Ryanodex (Eagle 

Pharmaceuticals) 

Malignant 

hypothermia 

More rapid rate of dministration 

at higher doses 

Tricor (AbbVie) Hyperlipidemia 

Greater bioavailability simplifies 

administration 

Vitoss (Stryker) Bone substitute Mimics bone structure 

Zanaflex (Acorda) Muscle relaxant 

Greater drug loading and 

bioavailability 

Inorganic NPs 

Dexferrum (American 

Regent) Iron deficiency in CKD Increased dose 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn1-ptj4212742
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn2-ptj4212742
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Trade Name 

(Manufacturer) Indication(s)* Benefit of NP** 

Feraheme (AMAG 

Pharmaceuticals) Iron deficiency in CKD 

Prolonged, steady release with 

less frequent dosing 

Ferrlecit (Sanofi-Aventis) Iron deficiency in CKD Increased dose 

Infed (Actavis Pharma) Iron deficiency in CKD Increased dose 

Venofer (American Regent) Iron deficiency in CKD Increased dose 

Protein NPs 

Abraxane (Celgene) 

Breast cancer, NSCLC, 

pancreatic cancer 

Greater solubility, increased 

delivery to tumor 

Ontak (Eisai) 

Cutaneous T-cell 

lymphoma 

Targeted T-cell specificity, 

lysosomal escape 

 

I.1.2 Classification of NPs 

 NPs are generally classified based on the nature of the building 

blocks they are made of: organic, inorganic (INPs) and carbon-based 

(CNPs).35 CNPs have found many applications in material science, but their 

role in biomedicine is only starting to be explored and more insight into their 

safety profile is needed.36 Organic NPs are further classified into two main 

groups, lipid (LNPs) and polymeric (PNPs) (Figure 2). 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn1-ptj4212742
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5720487/table/t1-ptj4212742/?report=objectonly#tfn2-ptj4212742
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Figure 2. Examples of NPs classified based on the building blocks they are 

made of (from 37) 

 

I.1.2.1 Polymeric NPs 

 Some of the most commonly used PNPs are based on polymers such 

as polyhydroxyalkanoates (PHA), poly-(lactic-co-glycolic acid)(PLGA) and  

cyclodextrin (CD).38,39 Since PNPs are most extensively explored 

nanocarriers, many targeted and non-targeted delivery systems based on 

them are currently available. 34% of all NP based approved drugs are PNPs 

as of 2017,39 most of them used for treating cancer patients.40  

 

https://www.sciencedirect.com/topics/materials-science/cyclodextrin


27 
 

I.1.2.2 Lipid NPs 

 Properties that differentiate LNPs as an attractive choice for 

designing delivery vehicles are their biocompatibility, biodegradability and 

the ability to capture both hydrophilic and hydrophobic agents into their 

amphiphilic structure. First anti-cancer FDA approved drug based on a 

nanocarrier was a liposomal formulation of doxorubicin 

(DoxilTM/CaelyxTM).41 The majority of nanoparticle-based formulations 

currently undergoing clinical trials are based on LNPs.39 

 

I.1.2.3 Inorganic NPs 

 Metal-based core of most inorganic NPs provides them with unique 

characteristics that make them especially useful as imaging agents. 

Semiconductor quantum dots, that are commercially available, offer a viable 

alternative to fluorescently labelled particles for certain purposes, while iron 

oxide NPs have been approved for human use in MRI as contrasts.42,43 An 

ability to display a localized surface plasmon resonance bands in the UV-

visible-near IR range, that certain gold and silver based INPs possess, offers 

exciting new possibilities that are lately being explored and utilized.42,44 
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I.1.3 Dendrimers 

Dendrimers are synthetic, highly branched macromolecules with a 

repetitive structure and well-defined spatial location of functional groups. 

Unlike traditional polymers, dendrimers are synthesized in a step-wise 

fashion, which allows single-molecule-chemistry level of control over their 

structure.45-47 Beginning with a core, their structure grows in concentric 

layers, with each branch from the previous layer further branching 

outwards. These layers are dubbed generations, since each generation of a 

dendrimer represents a single, well defined increment in size of the 

molecule and number of functional groups present on the outer layer (Figure 

3). This outer layer, also referred to as the surface of a dendrimer, is an 

interface through which dendrimers interact with their surroundings, thus 

many of their characteristics can be correlated to its composition.25  

The unique molecular architecture of dendrimers provides distinct 

features such as monodispersity, globular shape and highly customizable 

size and surface functionalization, which differentiate them from other NPs. 

The versatility that they offer makes them applicable to various medical 

research and development areas, including delivery systems, diagnostics 

and biomedical engineering.48 

 



29 
 

Figure 3. Unique molecular architecture of dendrimers (from 49) 

 

I.1.3.1 Dendrimer synthesis 

 Much of the desirable characteristics of dendrimers are related to 

the way they are synthesized. Unlike classical polymers, that are generally 

synthesized in a one-step polymerization reaction, dendrimers are 

synthesized step-by-step in an iterative fashion, where each growth step is 

preceded by an activation step, ensuring well-defined, symmetrical 

structures to be formed.50  

 Dendrimer synthesis is performed by two major approaches, either 

divergent or convergent. In the divergent approach, the dendrimer is 

synthesized starting from the core and built up generation by 

generation.46,51 The limitation of this approach is that very effective 

transformations are necessary to avoid defects in structure. For example, 

only 25% of the “structurally perfect” G5-PPI dendrimer can be obtained 
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using divergent method.52,53 This can be addressed by developing and using 

more efficient, accelerated approaches based on different coupling 

reactions, such as fluoride-promoted esterification via imidazolide-activated 

compounds.54  

Another way to tackle limitations of the divergent approach is the 

alternative convergent approach, where the synthesis starts from the 

surface and ends up at the core, thus converging from multiple dendrons to 

a single dendrimer structure (Figure 4).46,55 Despite some advantages, the 

convergent approach suffers from more demanding couplings when dealing 

with high generations. To solve these inconveniences, alternative 

accelerated strategies based on hypercores, hypermonomers and repeating 

units with orthogonal functionalities have been devised.56-58 

 

Figure 4. Divergent (top) and convergent (bottom of the figure) approach to 

dendrimer synthesis (from 51) 
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I.1.3.2 Toxicity and biodistribution profile of dendrimers 

 Early in vitro toxicity studies of dendrimers revealed a strong 

correlation between cationic surface and cytotoxicity. Both polyamidoamine 

(PAMAM) and poly(propylene imine) (PPI) dendrimers, two of the most 

studied families of dendrimers, showed significant cytotoxicity in their 

cationic form.59-61 However, subsequent in vivo studies showed almost 

complete absence of this effect. Only high generations of cationic 

dendrimers were toxic in vivo and only at very high doses (> 10 mg/kg). Low 

and middle generation dendrimers, even the ones that showed cytotoxicity 

in vitro have been found non-toxic in vivo.62 

 Accumulation of dendrimers in the liver, pancreas, heart and kidneys 

normally does not affect these organs in a negative way. Both accumulation 

and clearance of dendrimers depends strongly on their surface properties 

and the most efficient strategies to affect biodistribution were relying on 

surface modifications (Figure 5).62 
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Figure 5. Dendrimer biodistribution and toxicity, generalized from 

observations based on different classes of dendrimers (modified from 62) 

 

I.1.3.3 Surface modifications of dendrimers 

 Since surface properties are responsible for most of the dendrimer 

interaction with the external environment, chemical modification of 

terminal groups has been extensively used in order to affect properties such 

as toxicity,63 solubility,64,65 cellular uptake,66 circulation times,67 etc. Some 

examples of common modifications used to achieve these effects are 

PEGylation and carbohydrate coating.  
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I.1.3.3.1 PEGylation of dendrimers 

 PEGylation is a longstanding procedure of linking one or more 

polyethylene glycol (PEG) molecules to a target molecule. PEGylated agents 

typically show prolonged circulation times, higher stability to metabolic 

degradation and reduction in immunogenicity.68,69  

 PEGylation of dendrimers is most commonly performed as a way to 

reduce their toxicity, since first studies of this strategy showed reduced 

haemolytic and haematological toxicity, along with some improvement in 

drug loading capacity and reduced drug leakage.70 PEGylation was further 

found to improve properties of dendrimers such as reticuloendothelial 

system uptake, immunogenicity and stability.61 

 

 

I.1.3.3.2 Carbohydrate coating of dendrimers 

 Dendrimers that contain carbohydrate residues in their structure are 

called “glycodendrimers”. Carbohydrate coating is one of the most widely 

used surface modifications that helps achieve a variety of different goals.  

 Many important physiological and pathophysiological processes in 

nature involve multivalent carbohydrate-protein interactions, such as cell-

to-cell signaling, bacterial adhesion, cancer cell proliferation, etc. 

Glycodendrimers are a useful tool in studying these complex phenomena. 
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They have been used as microbial anti-adhesins,71 inhibitors of bacterial 

toxins adhesion72,73 and biofilm formation inhibitors.74 Potential application 

in Alzheimer’s disease treatment75 and prevention of HIV transmission76 has 

also been demonstrated. 

 Carbohydrate coating can provide other benefits to dendrimers 

relating to their toxicity and biodistribution profiles. Reduced haemolytic 

toxicity, cytotoxicity, immunogenicity and antigenicity after carbohydrate 

coating of dendrimers have been observed.63 Galactose coating of 

dendrimers has proven effective for liver targeting and this was successfully 

used to deliver primaquine phosphate77 and chloroquine phosphate78 to the 

liver, targeting the liver stage of malaria parasites. 

 

 

I.1.3.3.2 Other surface modifications of dendrimers 

 Different modifications of the dendrimer surface are used to achieve 

specific desired effects. Some examples of other useful modifications 

include converting terminal amino groups to carboxylates using anhydrides 

to increase water solubility and eliminate toxicity,79 hydrophobic amino-acid 

decoration for enhancing gene transfection,80 RGD-peptide decoration for 

modifying cell internalization81 and folate decoration for targeting tumors.82 
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I.1.3.4 Applications of dendrimers 

Vast field of potential applications of dendrimer-based products is 

currently being extensively studied. Notably, dendrimers are considered 

useful for the development of anti-cancer, anti-inflammatory and anti-viral 

agents.83 

 

I.1.3.4.1 Dendrimers in cancer therapy 

 Passive targeting via Enhanced Permeation and Retention (EPR) 

effect84 and active targeting by incorporating various targeting ligands and 

triggering receptor-mediated endocytosis85 are two main features that make 

dendrimer-based delivery of anti-cancer agents an attractive option.  

 Notable examples of anti-cancer drugs that demonstrated enhanced 

pharmacokinetics or better outcomes using dendrimers as drug delivery 

vehicles include methotrexate, doxorubicin, paclitaxel, 5-fluorouracil and 

cisplatin.83 Dendrimers, decorated with boronophenylalanin or sodium 

borocaptate,86 have also been used for Boron Neutron Capture Therapy 

(BNCT), a targeted radiotherapy based on intracellular 10B fission that 

releases α-particles inside the tumor cells.87 Another interesting application 

is photodynamic therapy (PDT) which is based on a combination of light, 

photosensitizer and oxygen.88 Dendrimer carriers were used to improve the 

efficiency and selectivity of this approach.89,90 
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I.1.3.4.2 Dendrimers in inflammation therapy 

 Inflammation, being an important factor in the pathophysiology of 

many major diseases, is a very relevant therapeutic target today. 

Traditionally, dendrimers were studied only as carriers for anti-inflammatory 

drugs,83,91 but lately it has been shown that many dendrimers themselves 

possess strong anti-inflammatory effect. This effect is present with different 

kinds of simple functional groups present on the surface including amine, 

hydroxyl and carboxylic acid.92 

 Anti-inflammatory activity of azabisphosphonate (ABP) dendrimer93 

found application in treatment of rheumatoid arthritis (RA). It helps reduce 

levels of inflammatory cytokines, bone erosion and cartilage destruction, 

which suggests ABP might be an efficient nanomedicine for RA.94 Another 

way to improve outcomes or RA treatment is by conjugating methotrexate, 

a longstanding first-line treatment drug, to PAMAM dendrimers.95 

 

I.1.3.4.3 Dendrimers in anti-viral therapy 

 Due to many problems present in the treatment of viral infections, 

such as human immunodeficiency virus (HIV) and influenza, more efficient 

treatment options need to be developed.96  

 Polyanionic dendrimers have demonstrated anti-viral activity against 

viruses such as HIV and herpes virus, by targeting their viral life cycle in 
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addition to preventing the binding to the host cell.97 Starpharma has 

developed sulfonated dendrimers that take advantage of these effects,98 

resulting in the world’s first dendrimer-based clinical product on the market, 

Vivagel®.99  

 Another application of dendrimers as anti-viral agents involves sialic 

acid (SIA) decorated dendrimers for inhibition of Influenza A virus infection. 

Enhanced inhibition was achieved using efficiently designed multivalent SIA 

conjugates of PAMAM dendrimers compared to the monomer SIA.100  

  

I.1.4 Dendrimers on the market and in clinical trials 

The clinical use of dendrimers is still in its infant stage, with only one 

currently available product, VivaGel® by Starpharma. However, a growing 

number of research papers focusing on dendrimers and their applications is 

published each year, along with a growing interest of pharmaceutical 

companies for further development of dendrimer based products. There are 

currently at least two products undergoing clinical trials – phase 2 for DEP® 

docetaxel and phase 1 / 2 for DEP® cabazitaxel both by Starpharma.101 All of 

the Starpharma formulations rely on their DEP® technology dendrimers, 

which are poly-L-lysine based.  

Beside Starpharma clinical products, some dendrimer-based 

laboratory agents are also available on the market. Examples of these are 

Stratus CS® reagent for cardiac immunoassays from Dade Behring,102 
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Superfect® transfection agent from Qiagen,103,104 PriofectTM transfection 

agent from Starpharma104 and an U.S. army lab anthrax-detecting agent 

Alert ticketTM.105 All of these products are based on PAMAM dendrimers. 

 

I.2 Molecular targeting  

 Selectivity in medicine is best achieved by exploiting distinct features 

of the biological target of interest. Astonishing early progress achieved in the 

field of antibiotics owes this success to the fact that microbes possess 

extremely different features compared to human cells and there is an 

abundance of agents in nature that selectively affect only prokaryotic cells. 

Fundamentally, selectivity of these agents is achieved via specific 

interactions with certain molecular targets, but not others. By definition, the 

narrower the range of molecules that an agent interacts with, the higher is 

the specificity of the interaction.  

 Specific interaction between molecules based on noncovalent 

binding is termed molecular recognition.106 By convention, a binding partner 

that is anchored to the surface of the cell is the receptor or the target, while 

the other partner, that binds to it, is a ligand.107 Molecular recognition is 

used to achieve molecular targeting by directing drugs or other agents, using 

ligands specific to a chosen target molecule, towards those cells or tissues 

or other entities that contain this target molecule.  
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I.2.1 Antibodies  

 Antibodies (Abs) or immunoglobulins (Ig) are globular glycoproteins 

used by the immune system to recognize and neutralize pathogens. Due to 

their inherent role in protecting the organism from outside threats, and 

unique features such as high target specificity and invaluable interactions 

with the immune system, they have been extensively used in many 

therapeutic areas such as infectious diseases, cancer, immune diseases 

etc.108  

 

I.2.1.1 Structure and function of Abs  

 Abs are globular glycoproteins with molecular weight of around 150 

kDa, consisting of four polypeptide chains. Two identical heavy chains (H – 

chains) and two identical light chains (L – chains), are interconnected via 

disulfide bridges. Immunoglobulins G (IgGs), named after the type of their 

heavy chain, are most commonly used for biomedical applications. Heavy 

chains of Abs are composed of three constant (CH1-3) and one variable (VH) 

regions, while light chains have one constant and one variable region (CL and 

VL, see Figure 6) 
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Figure 6. Structural and functional subunits of IgGs (from 109) 

 Functionally, Abs contain two antigen-binding fragments (Fab), 

which consist of variable regions VH and VL and constant regions CL and CH1, 

while the rest of the antibody makes up Fc, a “crystallizable” fragment. The 

variable part of Fab, dubbed also Fv, has the ability to recognize and 

specifically bind to various target molecules, called antigens (Ag). A huge 

library of amino acid sequences available in over 1012 different antibody 

molecules that a human typically produces allows recognition of a great 

range of diverse molecular targets.110  

 While hyper-variable complementarity-determining regions (CDRs) 

of Fv determine antigen binding properties of the Ab, the role of Fc is in the 
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interaction with the immune system. Fc either binds the Fc receptor (FcR), 

present on the surface of various immune cells, thereby triggering their 

responses, or it binds parts of the complement system, causing activation 

via classical pathway.110 

 

I.2.1.2 Application of Abs 

 The main advantage of using antibodies as therapeutics is their high 

specificity and ability to naturally interact with components of the immune 

system without disrupting homeostasis. Some mechanisms of antibody 

action, such as toxin and virus neutralization and complement activation, 

and direct antimicrobial functions, such as the generation of oxidants, are 

independent of other host immune components. By contrast, antibody-

dependent cellular cytotoxicity and opsonization are dependent on cellular 

and other host mediators.111  

 Beside their use as therapeutics, antibodies are widely used as 

laboratory reagents for diagnosis, purification and many other purposes.109 

A large portion of current research on Abs, either as naked Abs or antibody-

drug conjugates (ADCs), is focused on anti-cancer therapy (Table 2).112 In 

addition, many Abs and ADCs specific to microbial targets can also used for 

treatment and diagnosis of various infectious diseases.113-116 Examples 

include Clostridium dificile toxin neutralization,113 anti-HIV action115 and 

delivery of ionizing radiation to fungal infections.116 
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Table 2. Overview of major research of Abs as anti-cancer agents (from 112) 

 

 

I.2.1.3 Antibody-nanoparticle conjugates 

 Traditionally, Abs are considered both effectors and delivery 

vehicles, due to their unique biological properties. Lately, with the expansion 

of nanotechnology, a big number of NP-based agents have been decorated 

with Abs to combine their powerful molecular targeting with the properties 

of NPs as delivery vehicles. Ab-conjugated NPs are used either as delivery 

vehicles for drugs and imaging agents, or in vitro for various purposes such 

as enzyme immobilization, immunoassays, transfection, purification, etc.117 

 Just like in the case of naked Abs and ADCs, there are many examples 

of Ab-conjugated NPs for cancer therapy or imaging.118-120 Among many 

other potential applications, we will focus here on radio-conjugated vehicles 

and diagnosis of infectious diseases.  
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I.2.1.3.1 Radio-labelled antibody-nanoparticle conjugates 

 Radio-labelled Abs or Ab-NP conjugates have a two-fold application 

as imaging agents or for radioimmunotherapy (as theranostic in case both 

features are combined). Radioimmunotherapy is a strategy of linking 

radionuclides to Abs or Ab-NP conjugates in order to specifically deliver 

radiation toxic to the target cell. This approach is widely used for targeting 

cancer cells, but it has also proven effective for use in infections.111  

 Examples of nano-vehicles using Abs as targeting moieties for 

enhanced radioimmunotherapy include targeting anti-MUC-1-expressing 

tumors with 111In labelled NPs121 and VEGF-expressing tumors with 131I 

labelled NPs.122 

 Radioimmunotherapy of infectious diseases using targeted NPs has, 

to best of our knowledge, not been explored so far. Considering an urgent 

need for more efficient means to deal with drug resistance in this field, such 

an approach could provide potentially big benefits. 
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I.2.1.3.2 Antibody-nanoparticle conjugates for infection diagnosis 

 Fluorescent silica NPs decorated with Abs have successfully been 

used to detect Mycobacterium tuberculosis.123 A rapid ELISA detection based 

on anti-human IgG decorated gold NPs, using a test strip, allows detection 

of Herpes Simplex Virus type 2 in only 15-20 minutes.124 Magnetic NPs 

coated with Abs have successfully been used for detection and immunogenic 

separation of food-borne pathogens such as E. coli and Salmonella.125 Also, 

fluorescent Ab-NP conjugates have been used  for a rapid bacteria detection 

in human blood samples.126  

 

I.2.1.4 Limitations of Abs 

 Despite Abs being first and most widely used ligands for molecular 

targeting, their complex structure imposes several limitations to their use. 

First, eukaryotic expression systems are required for production of Abs, 

which renders them costly and sparse. Their large size limits their ability to 

penetrate tissues and bind epitopes that are not easily accessible.127 This, in 

combination with the interaction with FcR, leads to long half-live, which is 

suboptimal for purposes such as imaging, where fast clearance is required 

for good contrast.128 Due to their thermal and chemical instability and 

pharmaceutical formulation (often in liquid form), storage and transport 

conditions are restrictive, but also the conditions that can be used for their 

manipulation, such as solvents, temperature and pH.  
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 Advances in protein engineering have recently allowed the 

development of different strategies for overcoming these limitations of Abs. 

Two main strategies that rely on natural immune system components 

include using (i) Ab fragments, that are obtained either by proteolytic 

digestion of Abs129 or by in vitro expression,130 and (ii) nanobodies (Nb), 

fragments of camelid antibodies that provide good binding properties along 

with small size and good stability.131 However, the immune system is not the 

only source of specific recognition molecules. Alternative scaffolds for 

specific binders that offer unprecedented advantages and customization 

possibilities are available nowadays.132 

 

I.2.2 Alternative scaffolds for molecular targeting 

 Specific binding exists in many naturally occurring proteins which can 

provide a starting point for the design of novel agents for molecular 

targeting. In order to be useful, these scaffolds should combine molecular 

recognition properties of Abs with further advantages, such as small size, 

improved stability, and easy and cheap production.132 They are commonly 

between 2 and 20 kDa in size, composed of one single polypeptide chain, 

stable at high temperatures and a wide range of pH, making them highly 

compatible with chemical synthesis, and easily produced in bacteria in large 

amounts.133 Furthermore, good candidates for alternative scaffolds should 

have a robust, stable conformation, and tolerance towards amino acid 
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substitution and multimerization.134 Some notable examples of these 

scaffolds are given in Table 3,133 while a non-exhaustive list of 102 target 

proteins and 139 binding proteins from 20 different types of alternative 

scaffolds can be found in the SI of the review of Sklerk et al.135 

Table 3. Some examples of scaffolds alternative to Abs and their basic 

characteristics.135-137 

Scaffold name 
(commercial 
name) 

Parent 
protein 

Origin of 
the parent 
protein 

Residue
s / S-S 
bridges 

Structure Randomization Selection 
method 

Company 

ABD Albumin- 
binding 
domain 

Bacterial 46/0 Three α- 
helices 

15 surface 
residues 

Phage display, 
ribosome 
display 

 

Adhiron Phytocysta 
tin protein 

Plant ~ 100/0 Fours-trand 
antiparallel β-
sheet core with 
a 

  

Insertion of two 
variable peptide 
regions 

Phage display  

Monobody 
(Adnectin) 

10th 
domain of 
human 
fibronecti 
n 

Human 94/0 β-sandwich of 
seven β- 
sheets 

Residues in BC, 
DE, and FG loops 
(loop library) or 
in in C and D β- 
sheets, DE and 
FG loops (side 
and loop library) 

Phage display, 
mRNA display, 
yeast display, 
yeast-
two-hybrid 

Adnexus 
Therapeut 
ics 

Affibody Z-domain 
of SpA 

Bacterial 58/0 Three 
αhelices 

13 residues in 
two helices 

Phage display, 
ribosome 

display 

Affibody 
AB 

Affilin γ-B- 
crystallin 

Human 176/0 β-sheet Eight residues Phage display SCIL 
Proteins 

Affilin Ubiquitin Human 76/0 α/β Six residues in 
the β-sheet 

Ribosome 
display 

SCIL 
Proteins 

Affimer Protease 
inhibitor 
Stefin A 

Human 98/0 Threefold 
clustering 

12–36 residues Phage display, 
yeast-two- 
hybrid, CIS 
display 

Avacta Life 
Sciences 

Affitin 
(Nanofitin) 

DNA- 
binding 
protein 
Sac7d 
(Sso7d) 

Archaea 66(64)/0 Five-stranded 
incomplete β-
barrel and α-
helix 

10-14 residues 
located in the β- 
sheet (surface 
library);additio
nal elongated 
loop (surface 
and loop library) 

Ribosome 
display 

Affilogic 

Alphabody Triple 
antiparall-
el helices 

Artificial 
(de novo 
design) 

70–
100/0 

Three α- 
helices 

11 residues (A 
and C helix) 

Phage display Complix 

Anticalin Lipocalins Human/ 
insect 

160–
180/0–2  

Eight- 
stranded β- 
barrel 

Four loops (up to 
24 AA) 

Phage display Pieris AG 
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Scaffold name 
(commercial 
name) 

Parent 
protein 

Origin of 
the parent 
protein 

Residues / 
S-S 
bridges 

Structure Randomization Selection 
method 

Company 

Armadillo 
repeat 

proteins 

Armadillo 
(homologo 
us to β- 
catenin) 

Various/ 
artificial 
(consensu 
s design) 

n × 
∼40/0 

Three α- 
helices 

Six residues in 
each internal 
repeat 

Ribosome  

Atrimer / 
Tetranectin 

C-type 
lectin 
domain 
CTLD3 

Human n × 40/3 
S–S 

Five flexible 
loops 

11 residues Phage display Anaphore 

Avimer / 
Maxibody 

Multimeri 
zed LDLRA 
module 

Human/ar 
tificial 
(consensu 
s design) 

n × 
∼43/3 
S–S + Ca2+ 

Four loops 28 residues Phage display Amgen 

Bicycle 
peptides 

Syntheti
c 

- 9-15/1-2 Two loops - - Bicycle 
therapeutics 

Centryn Fn3 
domains
of 
hTenasc
in C 
(Tencon) 

Human 89/0 β-Sheet 13 residues CIS display, 
phage display 

 

DARPin Ankyrin 
repeat 
proteins 

Human/ar 
tificial 
(consensu 
s design) 

67 + n × 

33/0 

α2/β2 

repeated 

7-8 residues in 
each n-repeat; 
additional 13 
residues in 
elongated loop 
(LoopDARPin 
library) 

Ribosome 
display, phage 
display, yeast 
display 

Molecular 
Partners 

Fynomer SH3 
domain of 
the 
human 
Fyn 
tyrosine 
kinase 

Human 63/0 β-Sandwich Six residues in 
two loops (RT- 
and n-Src-loop) 

Phage display, 
DNA display 

Covagen 

Kunitz domain BPTI/LACI 
D1/ITID2/ 
APPI 

Human 58/3 S–S α-helices, β- 
sheets 

1–2 loops Phage display DYAX 

L35Ae 10x 50S 
ribosomal 
RNA- 
binding 
protein 

Archaea 78/0 Six-stranded 
β-barrel, 3 
CDR-like 
loops, α- 
helix 

20-24 residues in 
loop reions; 
additional 
elongated loop 

Phage display  

OB-fold 
(Obody) 

OB-fold of 
the 

aspartyl 
tRNA 

 

Archaea 111/0 Five-stranded 
β-barrel 

17 residues Phage display  

Pronect
in 

14th 
extracellul 
ar domain 
of human 
fibronecti 
n
 

 

Human 90–95/0 Two β- sheets 
and three 
surface 
exposed 
loops 

Three loops (BC, 
DE, FG loops) 

Phage display Protelica 

rcSso7d DNA- 
binding 
protein 
Sac7d 
(Sso7d) 

Archaea 62/0 Five- 
stranded 
incomplete β-
barrel and α-
helix 

9 residues in the 
β-sheet 

Yeast display  
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I.2.2.1 Selection of binders from alternative scaffolds 

 A traditional rational design approach of engineering interactions 

between molecules is not very useful in predicting binding specificity of 

different amino-acid sequences, due to extreme conformational complexity 

and a variety of interactions involved in recognition. Thus, combinatorial 

approaches that rely on huge libraries of random structures from which 

binders are selected (much like the natural process of Ab maturation) are 

preferable.138 Usually, a number of amino-acids determined to be part of the 

binding interface are randomly mutated to provide molecules of unchanged 

conformation, but diverse binding specificities. Then, a target-driven 

selection is applied to eliminate binders that don’t bind to the desired 

molecule. Using larger libraries improves the chances of finding proper 

binders, while increasing the number of cycles of selection improves 

specificities and affinities of selected binders. 

 Selection systems are based on links between the genotype and 

phenotype that enables amplification of selected proteins via their 

nucleotide sequences. Based on the way this link is established, selection 

systems can be classified into three groups: cell-based display, cell-free 

display, and non-display systems.138  

 First selection systems were cell-based display systems, such as 

phage display139 and yeast display.140 Advantages of cell based systems 

include application of flow cytometry for screening and generally narrow 
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specificities of binders after multiple cycles of selection. However, a big 

limitation is library size which goes up to a maximum of 1010 variations.129 

 Non-display systems, such as protein complementation assay 

(PCA),141 take full advantage of cellular machinery of expression bacteria, 

performing selections inside the cells by linking cell survival to successful 

binding to the target molecule. This approach allows high-throughput 

screening in a simple procedure, but there are still major limitations related 

to specificity and affinity of selected binders.138 

 Cell-free display systems, being completely in vitro methods, 

combine large library sizes with very efficient and precise affinity 

maturation.142 A widely used cell-free display system is ribosome display, 

first described in 1994.143 

 

I.2.2.1.1 Ribosome display 

 Ribosome display technique relies on ternary complexes consisting 

of mRNA, a ribosome and the protein bound together. In vitro transcription 

of the combinatorial DNA library (1012 or more members) yields mRNA, 

which is then used for in vitro translation. Since no stop codon is introduced 

into the mRNA, the ribosome stalls at the end of the sequence without 

releasing the protein.144 The library of ternary complexes is then exposed to 

the immobilized target for selection of binders. This process is repeated in 
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cycles, using output of each cycle, after mRNA dissociation, reverse 

transcription and PCR amplification, as the input of the next (Figure 7). 

 

Figure 7. Schematic representation of a ribosome display selection. A 

DNA library is obtained in the form of a PCR product. In vitro transcription 

yields mRNA that is used for in vitro translation. Ribosome stalls at the end 

of the mRNA and does not release the encoded and properly folded protein 

due to an absence of a stop codon. The ternary complexes are used for 

affinity selection on an immobilized target. The mRNA of bound complexes 

is recovered, reverse transcribed and amplified by PCR. Then, the selected 

pools of binders can be used directly for the next cycle of ribosome display 

or analysis of single clones after cloning into expression vectors, which are 

then used for E. coli transformation and small-scale in vivo expression.145 
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 Selection can also be performed in solution. In that case, a 

biotinylated target could be used in order to subsequently immobilize 

complexes to the streptavidin support and wash away the unbound ones.145 

Finally, selected binders can be cloned into the expression vector and 

produced in E. coli. 

 

I.2.2.2 NPs decorated with alternative-scaffold targeting moieties  

Examples of NPs decorated with alternative scaffold targeting 

moieties include DARPin-targeted and Affibody-targeted NPs specific for 

Human Epidermal growth factor Receptor 2 (HER2), which is a protein 

marker overexpressed in breast cancer cells.146 

DARPin_9-29, that specifically binds HER2 molecule, has been 

passively adsorbed to the surface of gold NPs, yielding NPs with 

approximately 35 DARPin molecules attached to the surface. These targeted 

nanostructures have shown high affinity towards targeting and endocytosis 

of cancer cells, providing a promising platform for efficient targeting HER2 

overexpressing tumours.147  

Another HER2-specific DARPin, dubbed G3, has been used to 

decorate 100 nm superparamagnetic NPs for enhanced MRI monitoring of 

HER2 expression in transplantation breast tumours.148  
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Very small NPs, consisting of Affibodies specific for HER2 and 

attached to a DNA sequence, which serves as an anchor for two Affibody 

molecules and as a vehicle that non-covalently binds multiple copies of a 

small molecule drug, have been described. This innovative nanoparticle has 

a small size of only 95 kDa and is capable of carrying around 53 molecules of 

doxorubicin per complex, demonstrating selective and highly efficacious 

inhibition of HER2 overexpressing cancer cells.149  

Larger, polymeric NPs have also been decorated with a HER2 

targeting Affibody. These vehicles have been shown to internalize in cancer 

cells. When they are used to deliver Paclitaxel to the target cells, their 

cytotoxicity was shown to be significantly higher compared to the free drug 

or the non-targeted NPs carrying the drug, confirming the adequacy of this 

approach for increasing selectivity and efficacy.  
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II. Staphylococcus aureus 

 S. aureus is a Gram-positive microbe that is consistently present in 

approximately one-third of the human population, while another one-third 

is colonized intermittently.150 While it usually acts as a commensal of the 

human microbiota, it can become a dangerous opportunistic pathogen 

which is a common cause of skin and respiratory infections, as well as food 

poisoning.151 Unfortunately, the events leading to the infections, especially 

those leading to the transition from colonization to infection, are ill-defined 

in vivo.152  

 Clinical significance of S. aureus today comes from the fact that this 

microbe is notorious for its ability to develop resistance mechanisms against 

virtually any antibiotic, which is correlated with higher mortality and other 

negative outcomes.151 This creates a clear need for innovative alternative 

strategies against it.  

 

II.1 Clinical significance of S. aureus 

 The annual number of patients that require medical treatment of S. 

aureus infections is higher than one million, including 490.000 

hospitalizations, 93.000 cases of bacteremia and 35.000 cases of sepsis 

and/or endocarditis,153 resulting in more than 20.000 fatal outcomes 

annually.  
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 Negative outcomes are associated to the presence of drug resistance 

in the infectious strain. Methicillin-resistant strains, labelled MRSA, which 

are typically multi-drug resistant, account for most of the cases with 

negative outcomes. Their resistance to methicillin and other β-lactams has 

the molecular basis in acquisition of the specific penicillin-binding protein, 

labelled PBP2a, which renders even penicillinase-resistant drugs useless.154 

 Broadly, S. aureus infections can be divided into skin and soft tissue 

infections (SSTIs), and bloodstream infections. 

 

II.1.1 SSTIs  

 Although breaches in skin following trauma or surgical procedures 

are related to increased risk of SSTIs, they often occur without any breach in 

the skin, for example through hair follicles.151 SSTIs manifest as purulent 

exudates draining from the infectious sites. Considering that around 20% of 

patients with SSTIs develop recurrent infections with the same strain of 

bacteria155 it is likely that prior infection does not induce a protective 

immune response in this case. 

 Patients with compromised immune systems tend to be more 

susceptible to SSTIs.156,157 A growing body of evidence suggests a crucial role 

of TH17 cells as protectors against S. aureus skin and lung infections, but 

these cells might be less important for infections of other tissues.158 
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II.1.2 Bloodstream infections 

 S. aureus is a leading cause of bacteremia in United States,159 

resulting in a 20% 30-day mortality.160 Most of these cases of bacteremia are 

hospital-acquired, either nosocomial or with community onset, while only 

28% account for community-acquired infections. Furthermore, hospital-

acquired cases tend to be more severe, with over 50% of them being due to 

MRSA, compared to only 14% of the community-acquired ones.161 

 Among the risk factors, by far the most important one is use of 

prosthetic devices such as catheters, implants and orthopedic prosthetics.162 

These devices provide to the microbe direct access to bloodstream. Other 

risk factors include underlying medical comorbidities, intravenous drug use, 

immunosuppression and malignancy.163 

 

II.2 Molecular basis of pathogenicity and immune evasion 

 S. aureus has developed a formidable arsenal of factors to evade 

innate immunity. Crucial defense mechanisms employed against this 

pathogen include phagocytosis, primarily by neutrophils;164 and the system 

of complement, capable of rapid recognition and direct killing of bacteria.165 

Furthermore, opsonization that occurs either by the components of the 

complement or IgGs facilitates neutrophil phagocytosis.166 These and other 

immune responses are actively counteracted by a wide range of mechanisms 
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employed by the microbe. Figure 8 illustrates some of the most important 

immune evasion mechanisms of S. aureus.  

 

Figure 8. S. aureus immune evasion examples (From 167) (a) Neutrophil 

extravasation and chemotaxis is inhibited by Staphylococcus aureus through 

the secretion of staphylococcal superantigen-like (SSL) molecules, as well as 

chemotaxis inhibitory protein of S. aureus, formyl peptide receptor-like 1 

inhibitor and staphopain. (b) Complement activation and phagocytosis of 

staphylococci are blocked through the secretion of inhibitory factors to 

interfere with opsonization.  (c) S. aureus inhibits neutrophil-mediated killing 

of phagocytosed bacteria by expressing several enzymes and inhibitors such 

as adenosine-synthesizing enzyme staphyloxanthin, superoxide dismutase, 

the catalase KatG and alkylhydroperoxide reductase, aureolysin and others. 

(d) Secreted β-barrel pore forming toxins (β-PFTs), bind specific receptors on 

immune cells to impair immune cell functions or promote cell lysis. 
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II.2.1 Neutrophil extravasation and chemotaxis 

 Pro-inflammatory signals promote neutrophil adhesion and 

extravasation through capillary endothelia, seeking to migrate neutrophils 

towards the bacterial invaders.167 However, S. aureus can interfere with this 

process through secretion of different factors that inhibit and block 

molecular interactions necessary for the process. 

 Superantigen-like proteins (SSLs) are a family of proteins heavily 

involved in blocking adhesion and rolling of neutrophils,168 as well as their 

activation.169 Furthermore, they activate platelets170 and prevent immune 

cell recognition of lipoproteins and peptidoglycan of S. aureus.171 This family 

of proteins provides a wide range of defense to the microbe and exemplifies 

the diversity of mechanisms evolved by S. aureus in response to hosts 

defenses. 

 

II.2.2 Complement activation and phagocytosis 

 Beside the peptidoglycan, that protects S. aureus as a Gram positive 

bacterium, from direct killing by complement, this microbe can also contain 

the capsular polysaccharide that protects it from efficient opsonization by 

complement that would lead to neutrophil phagocytosis.172 

 Furthermore, several proteins are secreted by S. aureus to interfere 

with some of the crucial reactions in the complement cascade. Examples of 

these include  Aureolysin, a secreted metalloprotease that cleaves C3 to 
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generate C3a and C3b factors of complement,173 as well as Staphylococcal 

Complement Inhibitor, which inhibits the C3 convertase.174  

 

II.2.3 Neutrophil-mediated killing 

 Even when phagocytosis evasion mechanisms of S. aureus fail, once 

phagocytosed, the microbe has evolved mechanisms to survive exposure to 

a variety of toxic products that kill and degrade bacteria in the phagosome 

environment. 

 The microbe evades lysosome and antimicrobial-peptide mediated 

killing by blocking either the enzyme (lysosome) or the peptide binding to 

the envelope target. This is achieved via peptidoglycan acetylation, D-

alanylation of teichoic acids, and lysyl- or alanyl-phosphatidylglycerol 

synthesis.167,175-177 

 S. aureus expresses two pigments to protect from phagosome 

environment. Staphyloxanthin provides resistance against hydrogen 

peroxide/hydroxyl radicals,178 while flavohemoglobin is a factor protecting 

the microbe from nitrosative stress.179 In addition, a number of enzymes are 

expressed to protect it against these factors too.167 

 

II.2.4 Staphylococcal killing of host cells 

 Beside protecting itself from the immune system by evasion, S. 

aureus is also capable of inducing the killing of the innate immune cells.  
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The microbe secretes β-barrel pore forming toxins (β-PFTs), which 

bind specific receptors on immune cells to impair immune cell functions or 

promote cell lysis. Typical example of a β-PFT is α-hemolysin, which binds to 

neutrophils via its receptor ADAM10, assembling into a heptameric pore. 

Beside neutrophils, other β-PFTs can bind and modulate T-cells, 

macrophages, erythrocytes, but also epithelial cells.180 Phenol-soluble 

modulin α is another factor secreted by S. aureus which is not a β-PFT, but 

can also lyse leukocytes.181 

 

II.2.5 Other factors of pathogenicity and immune evasion 

 S. aureus secretes two enzymes, coagulase and Willebrand Factor-

binding protein, to modulate coagulation of the host, thus protecting itself 

from this innate immunity response.182 

 However, beside many mechanisms S. aureus uses to evade innate 

immunity, it also possess an impressive ability of evading the specific, 

adaptive immune responses.167 Over 23 different enterotoxins and T-cell 

superantigens are mobilized to neutralize the T-cell adaptive immune 

response.183 A central role in evading the B-cell response is played by the 

Staphylococcal protein A (SpA), which is the most common molecule on the 

surface of S. aureus.167 It is one of the most studied virulence factors of S. 

aureus with many important functions. 
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II.3 SpA 

 SpA was initially described as an Immunoglobulin Binding Protein 

(IBP), considering its high affinity binding to the Fc fragments of human and 

mouse antibodies.184 This feature has been heavily exploited for affinity 

purification of IgGs in laboratory work. Further studies provided detailed 

insight into the structure and multiple important roles of SpA in S. aureus. 

 

II.3.1 Structure of SpA 

 SpA is highly resistant to denaturing factors, including high 

temperature, wide range of pH, and trypsinization.185,186 Its structure 

includes a signaling sequence (S-region), five highly homologous IgG-binding 

domains (E, D, A, B, and C), each consisting of 58-62 amino acids, and a C-

terminal part (XM-region, around 150 amino acids).187,188 This C-terminal 

part is the highly heterogeneous part of the molecule, responsible for 

embedding SpA in the bacterial cell wall. SpA can either be bound to the 

outer layer of the cell wall, or released into the surrounding medium.189 

 

II.3.2 Roles of SpA in S. aureus  

 The IgG binding activity of SpA has been its first function to be 

described. Binding the Fc fragment, it enables S. aureus to avoid 

opsonization with IgGs, since they bind in the wrong orientation. It has been 

demonstrated in mice that a S. aureus strain where 4 amino acids crucial to 
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IgG-binding were mutated, has been unable to evade immune response and 

as a result was quickly phagocytosed and elicited B cell response to key 

virulence antigens.190 Thus, SpA provides an essential immune-evasion 

mechanism to the microbe. 

 Beside binding the Fc fragment of IgGs, which provides protection 

from opsonization, SpA can also bind a Fab fragment of a VH3 clan IgM 

antibodies, crosslinking them and promoting B-cell superantigen activity.191 

This causes either a proliferative response that leads to the apoptotic 

collapse, or to a secretion of non-specific Abs that exhausts the capacity of 

the immune response disabling specific activation (Figure 9).167 

 In S. aureus-associated osteomyelitis, it has been found that SpA is 

able to bind osteoblasts and inhibit de novo bone formation, thus 

demonstrating a central role of SpA in progression of this pathogenesis.192 

 Another significant role of SpA is in modulating multicellular 

behaviors of S. aureus. It has been shown to participate in self-aggregation 

of bacterial cells and to have a related function in the second phase of 

biofilm development, which is the accumulation phase, characterized by 

cells clustering together to form the maturing biofilm community.193 In 

contrast, SpA seems to play no role in the attachment of bacteria to the 

surfaces, as shown on the example of silastic catheters.194 
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Figure 9. SpA role in B-cell response evasion (adapted from 167) (a) S. 

aureus releases SpA into host tissues, where it binds to and crosslinks VH3 

clan B cell receptors. In B1 cells, marginal zone B cells and B2 cells, SpA 

crosslinking is associated with proliferative expansion and apoptotic 

collapse. The death of these cells impedes the development of adaptive 

immunity during S. aureus infections. (b)  In VH3 plasmablasts, SpA 

crosslinking promotes somatic hypermutation and class switching from IgM 

antibodies to IgG antibodies, followed by the secretion of antibodies that are 

not specific for the S. aureus antigen. 

 

 

 

 

(a) 

 

 

 

(b) 
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II.4 S. aureus biofilms  

 For a long time, bacteria were considered to exist only as unicellular, 

self-sufficient organisms incapable of forming complex multicellular 

structures. However, today we know that most bacteria in nature, instead 

of the planktonic form, exist in complex, surface-associated communities 

called biofilms.195 Staphylococcal biofilms are of great clinical significance, 

since they are the most frequent cause of biofilm-related infections, 

especially those related to medical devices such as catheters, artificial heart 

valves and prostheses, but also to wound infections and native valve 

endocarditis.196 Furthermore, they are found to correlate with increased 

antibiotic resistance and virulence of bacteria.197 

 

II.4.1 Biofilm formation 

 Traditionally, biofilm formation is divided into three main phases: 

attachment, maturation, and detachment (Figure 10).196,198 Recent 

observations suggest that attachment and maturation phases might be 

happening simultaneously or in a perturbed order,199 but they still constitute 

a good model since they are characterized by different molecular processes.  
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Figure 10. Biofilm formation phases (from 196). Attachment might occur 

either directly to a surface (such as polymer surface of an indwelling medical 

device) or to host matrix proteins that form a “conditioning film” on this 

surface. Maturation then proceeds via agglomeration of cells and formation 

of characteristic channels between them. The disruptive forces that are 

responsible for this channel creation also facilitate the last, dissemination 

phase. Abbreviations: Accumulation-associated protein (Aap), extracellular 

DNA, Microbial Surface Components Recognizing Adhesive Matrix Molecules 

(MSCRAMMs), Polysaccharide Intercellular Adhesin (PIA), Phenol-Soluble 

Modulins (PSMs).  
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II.4.1.1 Attachment 

Primary attachment encompasses cell-to-surface interactions, which 

can occur between the cells and either abiotic or biotic surfaces.  

Attachment to abiotic surfaces mostly relies on physicochemical 

characteristics of the cell surface and the abiotic surface, driven by either 

hydrophobic or electrostatic interactions. Specific molecules present on the 

surface of Staphylococci, such as autolysin200 and teichoic acids,201 are 

involved in these interactions.  

Completely different set of molecules is involved in attachment to 

biotic surfaces, such as human tissues. Staphylococci express a variety of 

molecules that bind specifically to host matrix proteins, labelled 

MSCRAMMs.202 These molecules play a crucial role in medical-device-

related biofilm infections, considering that all indwelling medical devices 

become covered with host matrix proteins soon after insertion.196  

 

II.4.1.2 Maturation 

Maturation phase is characterized by cell-cell interactions, which are 

mediated by a different set of factors, including SpA. These interactions can 

be either adhesive or disruptive, contributing to either biofilm accumulation 

or formation of channels, respectively.  
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The most important molecule involved in the adhesive process of 

accumulation of biofilm mass is probably an exopolysaccharide named 

polysaccharide intercellular adhesin (PIA).203 Still, many strains heavily relly 

on other molecules such as Accumulation-associated protein (Aap)204 or 

SpA.193 

Disruptive processes that occur during the maturation phase play a 

role in the formation of channels,198 which facilitate nutrient difusion to 

deeper biofilm layers.196 Furthermore, these processes facilitate 

detachment and dissociation of the cells that occurs in the final 

dissemination phase. These processes are controled by a large set of factors, 

many of them related to the quorum-sensing accessory gene regulator (Agr) 

system.205  Beside the molecules involved in disruptive processes, this 

system is known to also control the expression of a number of other 

molecules involved in biofilm formation,206 thus indicating that the quorum-

sensing phenomenon plays a central role in biofilm development. 

 

I.4.1.3 Dissemination phase 

Dissemination phase, which happens when biofilms mature and 

grow to a certain level, is characterized by either individual cells or clusters 

detaching from the biofilm and migrating to a different site. This happens in 

outer most layers of biofilms, as a result of disruptive forces becoming 

predominant. Beside dissemination of the biofilms to other sites, this 
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detachment allows for regrowth of the biofilm that replaces the detached 

biofilm mass. This process is of particular importance in vivo, where it 

contributes to infections spreading. For example, biofilms introduced via 

medical devices, can spread and cause more severe secondary infections 

following detachment from the original biofilm.196 

Only Phenol-Soluble Modulins (PSMs) have been shown to have a 

significant role in the dissemination phase in vivo, considering the 

complexities of in vivo biofilm assays.207 However, it is assumed that any 

factor that plays a role in the disruptive processes of the maturation phase 

is also important for the in vivo dissemination. 

 

II.4.2 Biofilm formation assays 

 Biofilm formation assays can be broadly classified as indirect and 

direct methods. Indirect methods allow high-throughput screenings, but 

provide little information about the nature of formed biofilms or the 

particular processes that are being affected. Direct methods provide more 

elaborate insight at a cost of a lower output due to lengthy and labor-

intensive techniques used.208 
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II.4.2.1 Indirect methods 

Most commonly used indirect biofilm formation assay is a microtiter 

dish assay called Crystal violet (CV) assay. It is based on incubation of 

biofilms in the wells of a microtiter dish, followed by staining using crystal 

violet. A more general term “microtiter dish assay” is applied when other 

dyes are used for staining. After the non-attached cells are washed off, a dye 

is solubilized, which allows quantification of the formed biofilms. 

Advantages of this method are reduced price, simplicity and high 

throughput, which makes it useful as an initial screening method when 

multiple strains or diverse conditions need to be used. However, more 

elaborate assays need to be used to elucidate the effect that tested agents 

have on the particular processes that comprise biofilm formation.209 

Many similar, simple and high-throughput assays, focusing on early 

stages of biofilm development have been described, relying on 

exopolysaccharide staining dyes,210,211 growth observation on solid media 

and other techniques.212 

 

II.4.2.2 Direct methods 

 Direct methods are typically more time intensive and therefore allow 

characterization of only a limited number of samples. However, they provide 

deeper insight into the particular changes that occur in the biofilm formation 
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process, as well as the much lower bias in estimating the impact of the tested 

factors.208 

 Examples of these methods include direct observation by scanning 

electron microscopy213 or confocal laser-scanning microscopy,214 as well as 

biofilm dry weight measurments.215 
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Objectives 

 Conferring “smartness” to nanoparticles by functionalizing them 

with targeting ligands provides a platform with enhanced multivalent 

binding, along with the possibility of carrying therapeutic, diagnostic or 

imaging agents.1 

Due to limitations of antibodies related to their large size, intricate 

structure, instability and high production costs, other targeting ligands such 

as Affitins become an attractive alternative. Affitins are engineered affinity 

proteins, developed and extensively studied by the group of Dr. Barbara 

Mouratou. Along with affinities and specificities comparable to those of 

antibodies, Affitins possess 20-fold smaller size, simple one-chain structure 

and high thermal and chemical stability. Furthermore, they are obtained 

through a powerful target-driven selection by ribosome display, followed by 

an easy and cheap production in E. coli.2,3 

 Dendrimers are monodisperse, unimolecular nanoparticles that 

introduce small-molecule level of control into the design of nanostructures. 

Group of Dr. Eduardo Fernandez-Megia has experience with Gallic acid-

triethylene glycol (GATG) dendrimers, a class characterized by their 

straightforward synthesis, high tunability and abundance of clickable azide 

groups on the surface.4-7  

 We hypothesized that combining the powerful targeting properties 

of Affitins with the versatility and multivalency of GATG dendrimers as 
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scaffolds could provide robust nanoscale devices for biomedical application 

in fields such as infectious diseases. With this aim, we set the following 

objectives: 

1. To develop a site-specific conjugation method for preparing Affitin-

dendrimer conjugates that will allow for fine-tuning of size, 

multivalency, surface functionalization and recognition properties 

(Chapter III). 

2. To use the obtained conjugates for targeting Staphylococcus aureus 

in a highly specific manner and assess their potential to modulate 

complex multicellular behaviors, such as agglutination and biofilm 

formation, due to enhanced multivalent interactions (Chapter IV). 

 

 

 



105 
 

References 

1. D Friedman A, E Claypool S, Liu R. The smart targeting of 

nanoparticles. Current pharmaceutical design. 2013 Oct 

1;19(35):6315-29. 

2. Mouratou B, Schaeffer F, Guilvout I, Tello-Manigne D, Pugsley AP, 

Alzari PM, Pecorari F. Remodeling a DNA-binding protein as a specific 

in vivo inhibitor of bacterial secretin PulD. Proceedings of the 

National Academy of Sciences. 2007 Nov 13;104(46):17983-8. 

3. Béhar G, Renodon-Cornière A, Mouratou B, Pecorari F. Affitins as 

robust tailored reagents for affinity chromatography purification of 

antibodies and non-immunoglobulin proteins. Journal of 

Chromatography A. 2016 Apr 8;1441:44-51. 

4. Sousa-Herves A, Novoa-Carballal R, Riguera R, Fernandez-Megia E. 

GATG dendrimers and PEGylated block copolymers: from synthesis 

to bioapplications. The AAPS journal. 2014 Sep 1;16(5):948-61. 

5. Fernandez-Megia E, Correa J, Rodríguez-Meizoso I, Riguera R. A click 

approach to unprotected glycodendrimers. Macromolecules. 2006 

Mar 21;39(6):2113-20. 

6. Amaral SP, Fernandez-Villamarin M, Correa J, Riguera R, Fernandez-

Megia E. Efficient multigram synthesis of the repeating unit of gallic 

acid-triethylene glycol dendrimers. Organic letters. 2011 Aug 

5;13(17):4522-5. 



106 
 

7. Amaral SP, Tawara MH, Fernandez-Villamarin M, Borrajo E, 

Martínez-Costas J, Vidal A, Riguera R, Fernandez-Megia E. Tuning the 

Size of Nanoassembles: A Hierarchical Transfer of Information from 

Dendrimers to Polyion Complexes. Angewandte Chemie 

International Edition. 2018 May 4;57(19):5273-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 
 

 

 

 

 

 

 

Chapter III: 

Synthesis and characterization of Affitin-dendrimer conjugates 

for multivalent targeting of Staphylococcus aureus Protein A 

 

 

 

 

 

 

 



108 
 

Table of Contents 
I. Introduction .............................................................................................. 109 

I.1 Affitins .......................................................................................................... 109 

I.1.1 Affitin development .............................................................................. 110 

I.1.2 Affitin applications ................................................................................ 111 

I.1.3 Affitin C5 ............................................................................................... 114 

I.2 GATG dendrimers ......................................................................................... 116 

I.2.1 Synthesis of GATG dendrimers ............................................................. 116 

I.2.2 Applications of GATG dendrimers ......................................................... 117 

I.3 Affitin-dendrimer conjugation ..................................................................... 122 

I.3.1 Azide-alkyne cycloaddition ................................................................... 122 

II. Materials and methods ............................................................................. 125 

II.1 Materials ..................................................................................................... 125 

II.2 Bacterial strains and oligonucleotides ........................................................ 126 

II.3 Production and purification of proteins ..................................................... 126 

II.3.1 C5-SH plasmid construction ................................................................. 126 

II.3.2 Production and purification of Affitins C5 and C5-SH .......................... 127 

II.3.3 Production and purification of biotinylated C5 and SpA domain A ..... 127 

II.4 ELISA ............................................................................................................ 128 

II.5 Preparation of conjugates ........................................................................... 129 

II.5.1 C5-BCN synthesis ................................................................................. 129 

II.5.2 2[Gn]-FITC synthesis............................................................................. 132 

II.5.3 2[Gn]-[C5] synthesis ............................................................................. 139 

II.6 Surface plasmon resonance ........................................................................ 145 

III. Results and discussion ............................................................................. 148 

III.1 Making Affitin C5 “clickable” ..................................................................... 148 

III.2 Surface engineering of 2[Gn]-FITC ............................................................. 150 

III.3 Affitin-dendrimer conjugates ..................................................................... 151 

III.4 Surface plasmon resonance ....................................................................... 154 

IV. Acknowledgements ................................................................................. 159 

V. References ............................................................................................... 160 

 

 



109 
 

I. Introduction 

I.1 Affitins 

Archaeal DNA-binding proteins, whose natural role is to pack and 

stabilize DNA of archaea in the extreme conditions they live in, have an 

important place among the range of available protein scaffolds. They are 

characterized by high robustness, small size and simple structure, which also 

results in high thermal and chemical stability, as required by their natural 

function, which make them attractive candidates for the development of 

engineered affinity binding proteins. The first successful use of archaeal 

proteins for the generation of artificial affinity reagents – Affitins, was 

described by the group of Mouratou in 2007.1,2 

Affitins (commercially available as Nanofitins) are derived from 

archaeal proteins Sac7d from Sulfolobus acidocaldarius3 and Sso7d 

Sulfolobus solfataricus,4 both being hyperthermophilic and acidophilic 

bacteria. Both of these proteins consist of a single polypeptide chain (66 

amino acids for Sac7d and 64 for Sso7d) that contains no disulfide bridges 

(Figure 1) and are extremely stable thermally (Tm = 90.4⁰C for Sac7d and 

100.2⁰C for Sso7d) 5,6 and chemically, in a pH range from 0 to at least 12.7,8 

Recently, another archaeal scaffold protein, Aho7c, for Affitin development 

has been reported by our group.9 
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Figure 1 Schematic representation of wild-type Sac7d, with residues involved 

in DNA binding shown in yellow (from 1) 

 

I.1.1 Affitin development 

 Affitins are obtained through a target-driven, fully in vitro selection 

process based on ribosome display technique. First, 14 amino acids located 

in the DNA binding sites of scaffold proteins are randomized, providing large 

DNA libraries. Alternative library design randomizes 10 amino acids, some of 

which are outside of the DNA binding site, further expanding on the range 

of potential binders.7 Then, these libraries are exposed to the chosen target 
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in a number of selection rounds via ribosome display, until only very strong 

and specific binders are enriched. Finally, selected binders are produced in 

E. coli and thoroughly characterized.1 

 Affitin binders with nanomolar and subnanomolar affinities, specific 

for very different molecular targets, such as bacterial protein PulD,1,10,11 

glycosidases (chicken egg lysozyme and CelD),12,13 human IgGs,7,14 tumor-

associated markers CD13815 and EpCAM9 and S. aureus protein A (SpA)16 

were isolated and characterized using the described approach. These Affitins 

retain favorable properties of original archaeal proteins, such as high 

thermal and chemical stability and high-yield production in E. coli, along with 

very narrow specificities and high affinities for their targets, that compare 

well with those of antibodies.  

 

I.1.2 Affitin applications 

 Applications of Affitins for different purposes have been 

demonstrated, such as immunolocalization, enzyme inhibition, biosensing, 

affinity chromatography, magnetic fishing and tumor imaging (Figure 2). 

 PulD targeting Affitins have been fused to the green fluorescent 

protein (GFP). This fusion was used as a reporter for determining the 

localization of wild type PulD in E. coli, which suggested that GFP-tagged 

Affitins can be used as immunolocalization agents.11 
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Figure 2. Applications of Affitins 

 

Specific inhibition of two different glycosidases, CelD from 

Clostridium thermocelium and lysosome from hen egg, was achieved using 

Affitins developed for these targets, confirming the potential of Affitins as 

specific inhibitors of other enzymes.12 

 Biosensors based on Affitins and DARpins that combine specific 

binding with the detection signal in a single molecule have been 

demonstrated for particular targets. The strategy isbased on exploiting an 

inserted Cysteine residue to chemically introduce a fluorophore in a site 

specific manner. Fluorescence quenching would be induced by the binding 

to the target, providing instantaneous analytical signal of the interaction.17 

 The most extensively demonstrated application of Affitins could be 

as reagents for Affinity chromatography, where their high specificity and 
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robustness allows them to sustain harsh regeneration procedures of the 

column. Agarose affinity columns for human IgGs, bacterial PulD and hen 

egg white lysozyme were demonstrated to be highly specific for their 

respective target, providing high degrees of protein purity and recovery, 

even in the present of media, ascites or bacterial lysates. These columns 

could be reused with up to 90% of their initial capacity after 25 

purification/cleaning cycles, while the degree of purity of IgG after the 

Affitin-based column was well comparable to that of a Protein A column.18 

 An alternative affinity-purification method based on magnetic 

nanoparticles (MNPs)has been successfully used for purification of IgG and 

lysozyme.19 

 A biodistribution study of Affitins demonstrated fast clearance 

without accumulation, compatible for radioimaging of tumors with short 

half-life isotopes such as 68Ga.14 A first tumor-specific Affitin targeting 

CD138, showed the same fast clearance and accumulation in the tumor 

tissue in mice carrying subcutaneous human MDN myeloma tumors, 

demonstrating suitability for this kind of application. 

 An Affitin for another tumor marker, EpCAM, has been developed 

from a new scaffold Aho7c. This Affitin has been successfully used to 

decorate LNPs and target them towards the EpCAM expressing cells. 

Unfortunately, the high specificity that this Affitin achieved towards the 

molecular target was somewhat lost in the experiments with cell cultures.20 
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I.1.3 Affitin C5 

 We have recently described an Affitin molecule, named C5, with 

narrow specificity and high affinity for S. aureus.16 Derived from Sac7d, it 

contains 66 amino acids in its sequence, none of which are Cysteine residues. 

We have shown that Affitin C5 recognizes S. aureus exclusively, with 0% false 

positives or negatives, among dozens of strains, including clinical ones. 

Molecular target was determined to be SpA, which was bound by C5 with an 

overall affinity of 170 nM, as determined by Bio-Layer Interferometry (BLI). 

Further elucidation identified that this binding occurs primarily at domains 

A (107 nM) and D (231 nM) of SpA molecule, while no binding was observed 

with other three domains of the protein. 

 Affitin C5 retains the high thermostability of the scaffold 

(Tm=77.0⁰C), while retaining the binding properties after prolonged storage 

in borate buffer pH=10.5. Furthermore, fusions of Affitin C5 with bacterial 

phosphatase A (PhoA) and green fluorescent protein (GFP) have been 

obtained with unaffected activity. 

 Affitin C5 has been successfully used for fluorescent labelling of S. 

aureus cells (Figure 3), as well as cell capture by paramagnetic beads. 
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Figure 3. S. aureus strain detected by fluorescence microscopy. (a) C5-GFP 

and Ig-AlexaFluor647 were used simultaneously to probe S. aureus ST25 

strain. (b) S. epidermidis strain was used to verify that the fluorescence 

signals seen with the two probes were specific of S. aureus (from 16). 
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I.2 GATG dendrimers 

 Gallic acid-triethylene glycol (GATG) dendrimers are a family of 

dendritic structures first described by the group of Roy,21,22 composed of a 

repeating unit that contains a gallic acid core and hydrophilic triethylene 

glycol arms with terminal azide groups. Such structure of the repeating unit 

and chemical versatility of azides are exploited for dendrimer synthesis and 

functionalization, providing unique advantages to GATG dendrimers 

compared to other dendritic architectures, such as high monodispersity and 

no structural defects, facile and fast synthesis and high customizability.23  

 

I.2.1 Synthesis of GATG dendrimers 

 Initial efforts to synthesize GATG dendrimers were limited by low 

availability of the repeating unit.21,22 In 2006, an improved preparation of 

the repeating unit was described by the group of Fernandez-Megia for cost-

effective production,24 while further improvement of the method allowed 

obtaining quantities larger than 100 g, with excellent overall yield and 

purity.25 Very efficient divergent synthesis of N[Gn]-N3 (where N is the 

valency of the core, and n is the generation number) dendrimers has been 

achieved up to generation 4 for 2[Gn] and 3[Gn] dendrimers, containing 

between 6 and 243 terminal azide groups (Figure 4).26  

 

 



117 
 

 

Figure 4. A) Synthesis of 2[Gn] and 3[Gn] dendrimers. B) DLS size distribution 

of [Gn]-NH2⋅HCl. C) Structural data of dendrimers. D) GPC elugrams of [Gn]-

N3 (THF) (from 26). 

 

 Synthesis of GATG dendrimers involves a simple divergent sequence. 

Activation step is performed by azide reduction (Ph3P, 90-100%), while a 

subsequent growth step involves an amide coupling of the resultingterminal 

amino groups with the repeating unit (EDC, HOBt, 93-96%). 2[Gn] and 3[Gn] 

dendrimers are obtained with high yield, good purity and monodispersity.26  

 

I.2.2 Applications of GATG dendrimers 

 Diverse applications of GATG dendrimers and their PEGylated block 

copolymers have been reported (Figure 5). 
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Figure 5. Applications of GATG dendrimers 

 

 An extensively explored application of GATG dendrimers is in 

preparation of PEGylated block copolymers. Cellular internalization of these 

structures has been studied,27 elucidating their potential as delivery 

vehicles. They have also been used to template the preparation of metal 

NPs,28 and to prepare drug delivery vehicles, such as polyion complex (PIC) 

micelles29-31 and dendriplexes for gene therapy.23,32-34 In a more recent 

contribution, the generation of GATG dendrimers was revealed to be a 

powerful tool in controlling the size and biodistribution of PIC assemblies. 

Using combinatorial screening of oppositely charged dendrimers and linear 

PEGylated copolymers, a dendrimer-to-PIC hierarchical transfer of structural 
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information was revealed with PIC diameters that increased from 80 to 500 

nm upon decreasing the dendrimer generation. The increase in size, 

accompanied by a micelle-to-vesicle transition, is interpreted according to a 

cone- to rod-shaped progression in the architecture of the unit PIC. This 

precise size tuning enabled dendritic PICs to act as nanorulers for controlled 

biodistribution.26 

 Non-PEGylated GATG dendrimers have been shown to have 

potential use as anti-HIV drugs targeting the capsid assembly, when 

decorated with peripheral benzoate groups,35 as well as a potential anti-

Alzheimer’s agent, in the form of morpholine-decorated dendrimers.36 

Furthermore, their enhanced relaxivity as contrast agents for Magnetic 

Resonance Imaging (MRI) has been demonstrated by peripheral decoration 

with Gd-DO3A chelates.37 

 The multivalent presentation of ligands on GATG dendrimers has 

been exploited to study the nature of the lectin-carbohydrate recognition, 

which is based on weak monovalent interactions enhanced via multivalency. 

Different generations of dendrimers, decorated with monosaccharides, 

provided a precise nanoscale tool for gaining insight into the nature of these 

multivalent interactions.38,39  

Surface Plasmon Resonance (SPR) is a label-free technique that 

allows real-time monitoring of molecular binding events. Signal obtained 

from SPR, usually given as arbitrary Resonance Units (RU), represents the 
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local refractive index change on the surface of the SPR chip. This signal, in 

the conditions of constant temperature and incident light, is directly 

proportional to the number of molecules bound to the sensor surface.40 

Kinetic models that describe SPR sensograms of monovalent interactions are 

well established, since the nature of monovalent binding is not dependent 

on the density of the immobilized ligand, but only on the concentration of 

binding partners. These models are readily available in the commercial 

software of SPR instruments and they describe kinetics of monovalent 

interactions well. However, there is a growing need for robust 

characterization of multivalent interactions and establishment of 

parameters that describe them well. To this end, group of Fernandez-Megia 

has developed an SPR method which focuses on the analysis of early 

association and late dissociation phases of sensograms when high-affinity, 

multivalent binding modes prevail over the monovalent binding, due to high 

concentration of free receptors available on chip (Figure 6). This provided a 

generalized approach to characterizing the role of multivalency-enhanced 

binding mechanisms by obtaining kinetic parameters of such binding.41  

 More recently, cationic GATG dendrimers have been used as tools to 

agglutinate bacteria. It has been shown on Vibrio harveyi as a model 

organism that cationic GATG dendrimers efficiently agglutinate bacteria in a 

generation-dependent manner. Furthermore, this agglutination induced a 

quorum-sensing controlled luminescence, probably by maintaining a high 
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concentration of quorum sensing signals inside the cell clusters, while 

increasing the permeability of microbial outer membranes.42 

 

 

Figure 6. Schematic representation of the dynamic binding heterogeneity of 

surface-bound experiments between lectin clusters and glycodendrimers: (a) 

Initial binding of glycodendrimers to the lectin cluster with potential 

stabilization via chelate mechanism depending on glycodendrimer size and 

lectin cluster density. (b) At longer association times, competition between 

dendrimers for lectin complexation increases, promoting monovalent 

interactions primarily stabilized via rebinding effects. (c) An initial fast 

dissociation of glycodendrimers bound with low affinity is followed by (d) a 

slower dissociation due to stabilization by rebinding and potential chelate 

effects (From 41) 
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I.3 Affitin-dendrimer conjugation 

 Conjugation of proteins to NPs is of increasing interest in 

biomedicine.43 A commonly used approach for attaching proteins to 

nanoparticles is through non-covalent interactions, which has its limitations 

such as possible dissociation and lack of control over the orientation. In 

contrast, different strategies for covalent conjugation allow very stable links 

to be formed in a site-specific manner. Site-specific conjugation requires a 

unique chemical handle to be introduced to a targeted site in the protein. 

Common strategies include incorporation of unnatural amino acids,44 

enzymatic modifications, such as sortase-mediated ligation,45 and chemical 

modifications, such as site-selective lysine modifications46 and thiol 

coupling.47 

 

I.3.1 Azide-alkyne cycloaddition 

 The concept of click chemistry, introduced in 2001 by Kolb, Finn and 

Shapless,48 encompasses a set of reactions that must be modular, 

stereospecific and wide in scope, while giving very high yields and generating 

only inoffensive byproducts that can be removed by nonchromatographic 

methods. The greatest exponent among the entire proposed collection of 

click chemistry reaction has been the Huisgen 1,3-dipolar azide-alkyne 

cycloaddition (AAC).49 
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 The discovery of the Cu1-catalyzed variant of this reaction (CuACC) 

has extended its application into the fields of chemistry, polymer science and 

biology.50 However, use of copper in the context of biomolecules presented 

limitations such as structural damage to biomolecules, as well as often 

limiting speed of reactions at low micromolar concentrations required for 

many bioconjugation reactions. Another Cu-free variant, a strain-promoted 

azide-alkyne cycloaddition, has been described by Bertozzi and co-workers, 

addressing some of the issues of CuAAC (Figure 7).50,51 

 

Figure 7. (from 50) (a) Huisgen 1,3-dipolar azide alkyne cycloaddition (AAC) 

(b) Cu1-catalyzed variant (CuAAC) (c) Strain-promoted variant (SPAAC) 

 

 Here, we set out to develop a robust conjugation method that could 

allow site-selective attachment of Affitins onto GATG dendrimers. We chose 

a thiol-coupling strategy for site-specific modification of Affitin C5, exploiting 

the lack of cysteine residues as an engineering advantage. A chemical handle 

containing bicyclononyne (BCN), a click chemistry (SPAAC)50,51 partner to the 
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azide groups present on the surface of GATG dendrimers, was selected for 

an initial functionalization of the Affitin via Michael addition exploiting the 

site-selective incorporation of a unique thiol group (cysteine) at the C-

terminal position. Such a strategy converts the Affitin into a “clickable” 

partner for the dendrimer surface (Figure 8).  

 

Figure 8. Synthesis scheme of Affitin-dendrimer conjugates 

  

The rational design of targeted nanoparticles is an important factor 

that contributes to making a platform attractive. An important criterion to 

meet is customizability and control over important design parameters. We 

report the preparation of four distinct populations of conjugates that allows 

control of physicochemical properties, such as size, surface functionalization 

and multivalency. Obtained conjugates combine versatility and multivalency 

of GATG dendrimers and specific targeting properties of Affitins, providing a 

robust, customizable platform useful for a range of applications. 

 

SPAAC 
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II. Materials and methods 

II.1 Materials 

BCN-Mal was purchased from Synaffix as a preparation kit. 2[G3]-N3 

and 2[G4]-N3 were prepared following previously reported procedures from 

our laboratory.26 Enzymes for molecular biology and DNA ladders were 

purchased from Thermo Fischer Scientific, oligonucleotides from Eurofins. 

All other reagents were purchased from commercial sources and used 

without further purification. Ultrafiltration was performed on Amicon 

stirred cells with Amicon YM10 and YM3 membranes. Nuclear Magnetic 

Resonance (NMR) spectra were recorded on Bruker DRX 500 MHz in D2O. 

Chemical shifts were reported in ppm (δ units) downfield from the HOD 

signal. Mass spectra of BCN-Mal were obtained on an Agilent G1956A 1100 

LC/MSD system. MALDI-TOF mass spectra were recorded on an Applied 

Biosystems MDS SCIEX 4800 MALDI-TOF/TOF using either 2,5-

dihydroxybenzoic acid (DHB) or sinapic acid (SA) as matrix and operating in 

linear mode. Size-exclusion chromatography (SEC) was performed on 

BioLogic DuoFlow chromatography system using either Superdex 75 or 

Superdex 200 filtration columns (GE Healthcare). DLS measurements were 

carried out on a Malvern Nano ZS (Malvern Instruments, U.K.) operating at 

633 nm with a 173⁰ scattering angle, at 25 ⁰C. Mean diameters were 

obtained from the volume particle size distribution provided by Malvern 

Zetasizer Software. UV-Vis spectra were recorded on a NanoDrop 2000c 
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device (Thermo Scientific), using either the drop method or the cuvettes. 

SPR experiments were performed on a Biacore 3000 instrument.  

 

II.2 Bacterial strains and oligonucleotides 

 Escherichia coli DH5α Iq and Escherichia coli DH5α-BirA were used for 

expression of the non-biotinylated and biotinylated proteins, respectively. 

 Oligonucleotides: 

SC_F: 5’-ACCATCACGGATCCGTCAAGGTGAAATTC-3’ 

H4-C-ter-R: 5’-TTAATTAAGCTTTCATTAGCAGCCCTTTTTCTCGCGTTCCGCAC-3’ 

 

II.3 Production and purification of proteins 

II.3.1 C5-SH plasmid construction  

In this study, a unique cysteine residue was introduced at the C-

terminus of C5 Affitin to allow coupling via thiol chemistry. Plasmid pFP1001 

containing the sequence of C5 Affitin was used as template for in vitro 

mutagenesis.16 The C5 gene was amplified by the polymerase chain reaction 

using the SC_F and H4-C-ter-R oligonucleotides as primers.  The resulting 

PCR product was inserted into the BamHI and HindIII restriction sites of the 

pFP1001 vector.  
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II.3.2 Production and purification of Affitins C5 and C5-SH 

Affitins C5 and C5-SH were produced by modifying a method 

described previously.10 Briefly, 5 mL of an overnight preculture of E. coli 

DH5α Iq transformed with pFP1001/C53 or pFP1001/C5-SH (LB + 0.1 mg/mL 

ampicillin + 1% glucose, 37 ⁰C) was used to inoculate 1L of production culture 

(2xYT + ampicillin + 0.1% glucose, 37 ⁰C). When OD600 reached 1.0, 

expression was induced with 0.5 mM IPTG and cultures were shaken for 19 

h at 30 ⁰C. Cells were then centrifuged and pellets were washed and 

resuspended in PBS (2,7mM KCl, 10mM Na2HPO4, 2mM KH2PO4, 150 mM 

NaCl, pH 7.4), containing 25 mM imidazole. Cells were lysed by sonication (5 

min at 10W) and the debris removed by centrifugation. Affitins were purified 

first by immobilized metal ion affinity chromatography (IMAC) on a 5 mL 

HiTrap column using PBS containing 250 mM imidazole, pH 7.4 for elution 

and then by size-exclusion chromatography (SEC) on a Superdex 75 26/60 

gel filtration column (GE Healthcare) using PBS, pH 7.4. Protein 

concentration was determined by UV absorption at 280 nm in PBS pH 7.4, 

using a calculated Molar Extinction coefficient of 15340 M-1 cm-1 for the 

monomeric form. 

 

II.3.3 Production and purification of biotinylated C5 and SpA domain A 

Biotinylated and non-biotinylated subdomain A of extracellular 

region of SpA, used for SPR, as well as biotinylated Affitin C5 used for ELISA, 
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were obtained using the pFP1301 plasmid in either E.coli DH5α-BirA 

(biotinylated) or E.coli DH5α (non-biotinylated) cells, as described 

previously.16 

 

II.4 ELISA 

 Modified Affitin C5-SH was tested against the biotinylated Affitin C5 

by ELISA in order to verify that it retains the activity of C5. SpA domain A (10 

µg/mL) was coated on a Maxisorb plate (Nunc) for 2h at 25⁰C with shaking. 

After washing 3 times with PBS, wells were saturated with PBS-Caseine 1% 

for 2h, followed by washing 6 times with PBS-Tween 0.1% (which is repeated 

in each subsequent washing step). C5-SH dilutions (10µM-0.6nM) were 

made with PBS-Tween 0.1% directly in the wells and incubated for 1h, 

followed by a washing step. Biotinylated C5 (78,1 nM) was then added to all 

the wells, incubated for 1h, followed by another washing step. Finally, 

detection was performed using streptavidin conjugated HorseRadish 

Peroxidase (HRP), incubated for 1h, followed by a washing step, and a 

subsequent addition of the HRP substrate o-phenylenediamine (1 mg/ml in 

a buffer containing 0.05 M citric acid and 0.05% hydrogen peroxide (Sigma)). 

Once the color develops in the wells, signal is measured at 450 nm. The 

experiment was done in triplicate, using non-coated wells as a negative 

control. 
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II.5 Preparation of conjugates  

II.5.1 C5-BCN synthesis 

 

 

BCN-Mal. 4-Maleimidobutyric acid N-hydroxysuccinimide ester (58.9 

mg, 210 µmol, GMBS) was added to a stirred solution of BCN-NH2 (88.7 mg, 

273 µmol) in DMSO (0.91 mL). The resulting solution was stirred at rt under 

Ar, protected from light. The reaction was followed to completion 

(disappearance of GMBS, 2 h) by TLC (silica, EtOAc) and ESI-MS (no signals 

due to GMBS and appearance of peaks at m/z 490.3 and 512.3 assigned to 

[BCN-Mal+H]+ and [BCN-Mal+Na]+, respectively). 

C5-BCN. TCEP (47 mg, 164 µmol; 3000 mol % per C5-SH) was added 

to a stirred solution of C5-SH (50 mg, 5.47 µmol) in PBS-EDTA (49.2 mL; PBS 

pH 7.4 + 10 mM EDTA). The resulting solution was stirred at rt under Ar for 

1 h to reduce the disulfide bridge present in C5-S dimers. During this time, a 

freshly prepared solution of BCN-Mal (as described above) was diluted with 

DMSO to a final volume of 6.1 mL. Then, 5.5 mL of this solution (equivalent 

to 80.4 mg of BCN-Mal, 164 µmol; 3000 mol % per C5-SH) was added 

dropwise to the C5-SH solution. The reaction mixture was stirred at rt under 

Ar for 24 h, protected from light before being filtered through a cotton plug 
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and purified by ultrafiltration (PBS-DMSO buffer - PBS pH 7.4 + 10% DMSO, 

5 x 150 mL; MWCO 3000 Da, YM3 membrane). SDS-PAGE (15%; coomassie 

staining, quantification by ImageLab software) showed a 25% of non-

reduced C5-S dimer accompanying a 75% of monomers (C5-BCN and C5-SH). 

Analysis by MALDI-TOF MS revealed 95% conversion of C5-SH monomer to 

C5-BCN, which accounts for a total 71% C5-BCN conversion (complete 

protein recovery was confirmed by UV-Vis). C5-BCN was not further purified 

and directly used for SPAAC conjugation with the dendrimers. UV-Vis (BBS-

DMSO - 100 mM borate buffer, 500 mM NaCl, 10% DMSO, pH 10.5) λmax: 280 

nm. 

MALDI-TOF MS (SA, linear mode, m/z) C5-SH: 9131.7. Calcd. for [C5-SH+H]+: 

9136.7. 

MALDI-TOF MS (SA, linear mode, m/z) C5-BCN: 9615.8 (peak area: 95%), 

9135.1 (peak area: 5%, starting C5-SH). Calcd. for [C5-BCN+H]+: 9626.2. 

 

SDS-PAGE (15%) of C5-BCN reaction. (L) Ladder, (1) C5-BCN reaction 
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MALDI-TOF MS spectrum of C5-SH.

 

MALDI-TOF MS spectrum of C5-BCN. 
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UV-Vis spectrum of C5-BCN (in BBS-DMSO buffer). 

 

II.5.2 2[Gn]-FITC synthesis 

General procedure. 2[Gn]-N3, synthesized as described previously,26 

was added to a 33 mM solution of Ph3P in H2O-CHCl3-MeOH (1:5:5) to give a 

0.1 M final concentration of azides. The mixture was stirred at rt under Ar 

for 16 h till 33% of the terminal azides were reduced to primary amines. 

Then, the solvent was evaporated. A freshly prepared solution of FITC in 

DMSO (3.7 mol % of FITC per terminal group) and Et3N (600 mol % per 

terminal NH2) were added and the reaction was stirred at rt under Ar for 8 

h, protected from light. Finally, glutaric anhydride was added (600 mol % per 

terminal NH2) and stirring continued at rt for 12 h, protected from light. The 

reaction mixture was filtered through a cotton plug and purified by 
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ultrafiltration (2% NaHCO3:acetone (1:1), 5 x 200 mL; then H2O, 3 x 200 mL; 

MWCO 10000Da, YM10 membrane) to afford 2[Gn]-FITC/CO2H/N3 (abb. 

2[Gn]-FITC). 

2[G3]-FITC. Following the general procedure described above from 

2[G3]-N3 (75 mg, 4.8 µmol) and Ph3P (22.5 mg, 0.086 mmol) dissolved in H2O 

(0.235 mL) - CHCl3 (1.17 mL) - MeOH (1.17 mL), and using FITC (3.71 mg, 0.01 

mmol) in DMSO (2.57 mL), Et3N (0.073 mL, 0.524 mmol) and glutaric 

anhydride (60 mg, 0.524 mmol), the dendrimer 2[G3]-(FITC)2/(CO2H)15/(N3)37 

(2[G3]-FITC hereafter) was obtained as a yellow oil (78 mg, 92%). 1H NMR 

(500 MHz, D2O) δ: 7.14-7.09 (m, 52H), 6.55-6.49 (m, 8H), 4.37–3.20 (m, 

948H), 2.26 (t, J=7.7 Hz, 30H), 2.19 (t, J=6.6 Hz, 30H), 1.91–1.77 (m, 30H). IR 

(ATR, cm−1): 3298, 2928, 2873, 2102, 1640, 1579, 1497, 1426, 1330, 1100. 

UV-Vis (DMSO) λmax: 519 nm. UV-Vis (BBS-DMSO) λmax: 260, 500 nm. MALDI-

TOF MS (DHB, linear mode, m/z) 2[G3]-FITC: 17676, 8813 . Calcd. for [M+H]+: 

17777, [M+2H]2+: 8888. An average of 1.5 fluorescein and 15 glutaric acid 

groups were determined by integration of the multiplets at 6.55-6.49 ppm 

(fluorescein) and 1.91–1.77 ppm (glutaric acid) in the 1H NMR (D2O) 

spectrum. Same degree of fluorescein functionalization was obtained by 

absorbance at 519 nm in DMSO, applying an extinction coefficient of 60800 

M−1 cm−1. 
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1H NMR spectrum (D2O) of 2[G3]-FITC. 

 

 

IR spectrum of 2[G3]-FITC. 



135 
 

   

MALDI-TOF MS spectrum of 2[G3]-FITC. 

 

UV-Vis spectrum of 2[G3]-FITC (in BBS-DMSO buffer). 

 

2[G4]-FITC. Following the general procedure described above from 

2[G4]-N3 (75 mg, 1.6 µmol) and Ph3P (22.1 mg, 0.084 mmol) dissolved in H2O 

(0.230 mL) - CHCl3 (1.15 mL) - MeOH (1.15 mL), and using FITC (3.65 mg, 9.4 
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µmol) in DMSO (2.53 mL), Et3N (0.071 mL, 0.508 mmol) and glutaric 

anhydride (58 mg, 0.508 mmol), the dendrimer 2[G4]-

(FITC)5/(CO2H)44/(N3)113 (2[G4]-FITC hereafter) was obtained as a yellow oil 

(77 mg, 92%). 1H NMR (500 MHz, D2O) δ: 7.15-7.08 (m, 160H), 6.54-6.49 (m, 

20H), 4.48–3.13 (m, 2892H), 2.26 (t, J=7.7 Hz, 88H), 2.19 (t, J=6.6 Hz, 88H), 

1.90–1.77 (m, 88H). IR (ATR, cm−1): 3357, 2926, 2872, 2103, 1708, 1637, 

1576, 1552, 1497, 1425, 1332, 1097. UV-Vis (DMSO) λmax: 519 nm. UV-Vis 

(BBS-DMSO) λmax: 260, 500 nm. MALDI-TOF MS (DHB, linear mode, m/z) 

2[G4]-FITC: 54349, 27996 . Calcd. for [M+H]+: 53672, [M+2H]2+: 26836. An 

average of 5.5 fluorescein and 44 glutaric acid groups were determined by 

integration of the multiplets at 6.54-6.49 ppm (fluorescein) and 1.90–1.77 

ppm (glutaric acid) in the 1H NMR (D2O) spectrum. A similar degree of 

fluorescein functionalization (5.2) was obtained by absorbance at 519 nm in 

DMSO, applying an extinction coefficient of 60800 M−1 cm−1. 
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1H NMR spectrum (D2O) of 2[G4]-FITC. 

 

 

IR spectrum of 2[G4]-FITC. 
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MALDI-TOF MS spectrum of 2[G4]-FITC. 

 

UV-Vis spectrum of 2[G4]-FITC (in BBS-DMSO buffer). 
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II.5.3 2[Gn]-[C5] synthesis 

 General procedure. 2[Gn]-FITC was dissolved in BBS-DMSO to give a 

0.3 mM concentration of terminal azides. An equal volume of either 0.05 

mM C5-BCN (16.6 mol % per terminal N3, low loading) or 0.1 mM C5-BCN 

(33.3 mol % per terminal N3, high loading) in BBS-DMSO was added dropwise 

(buffer exchanged from PBS-DMSO to BBS-DMSO using Vivaspin 20, MWCO 

3000). The resulting solution was stirred at rt under Ar, protected from light. 

Analysis of the reaction mixture after 24 h by SDS-PAGE revealed the 

presence of high molecular weight 2[Gn]-[C5] conjugates that were 

separated from unreacted Affitin by SEC (Superdex 75 gel filtration column, 

GE Healthcare) using BBS-DMSO as running buffer. The purity and 

monodispersity of the conjugates were verified by SEC (Superdex 200 gel 

filtration column, GE Healthcare; BBS-DMSO) and DLS (BBS-DMSO buffer), 

which showed the expected increase in size with G and degree of C5 

functionalization. 

Determination of the degree of functionalization of the conjugates 

with C5 Affitin (N, average valency). 2[G3]-[C5]low was analysed by MALDI-

TOF and the average number of conjugated C5 Affitins per dendrimer (N) 

was determined by integration of the peaks corresponding to the conjugates 

containing 2-10 Affitins per dendrimer. Since MALDI spectra of adequate 

quality could not be obtained for the remaining conjugates, probably due to 

their much larger MW and higher powers required, a UV-Vis quantification 
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method (described below) was validated by comparison with the N value 

determined via integration of the MALDI MS of 2[G3]-[C5]low. 

UV-Vis method. The average number of conjugated C5 Affitins per 

dendrimer (N) was determined by UV-Vis comparing the relative 

absorbances at 280 nm (dendrimer and Affitin; λmax for the Affitin) and 500 

nm (FITC at dendrimer, λmax for the dendrimer) in BBS-DMSO, using the 

equation: 

N =
�A280 −  A500 ∗ ε280dend

ε500dend � ∗  ε500dend

ε280Aff  ∗ A500
 

 

where A280 and A500 are the absorbances of the conjugates at 280 nm and 

500 nm in BBS-DMSO, and ε280dend, ε500dend and ε280Aff  the extinction coefficients 

of 2[Gn]-FITC dendrimers and C5-BCN in BBS-DMSO at given wavelengths 

(table below). All the spectra used for quantification were recorded in 

duplicate. Similar results were obtained by the analysis of 260/280 nm signal 

ratios (data not shown). 
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Extinction coefficients ε (M-1 cm-1) of dendrimers and C5-BCN. 

 2[G3]-FITC 2[G4]-FITC C5-BCN 

ε𝟐𝟐𝟐𝟐𝟐𝟐 131300 414710 13710 

ε𝟓𝟓𝟐𝟐𝟐𝟐  106050 326680 0 

 

2[G3]-[C5]low. From 2[G3]-FITC (1.6 mg, 90 nmol) and C5-BCN (5.3 

mg, 540 nmol), following the general procedure described above, 2[G3]-

[C5]low was obtained with an average (N) of 6 Affitins per dendrimer (N=5.69 

determined by UV-Vis, 5.83 by MALDI-TOF (peaks 2[G3]-[C5]2-10); 95% C5-

BCN conversion). MALDI-TOF MS (SA, linear mode, m/z) 2[G3]-[C5]1-12: 

28745, 38117, 47138, 56698, 66145, 75747, 85082, 94843, 104020, 113751, 

124422, 134005. Calculated for [M+H]+: 27398, 37019, 46639, 56260, 65881, 

75502, 85123, 94744, 104365, 113985, 123606, 133227. UV-Vis (BBS-DMSO) 

λmax: 260, 500 nm. 
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MALDI-TOF MS spectrum of 2[G3]-[C5]low. 

 

UV-Vis spectrum of 2[G3]-[C5]low (in BBS-DMSO buffer).  
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2[G3]-[C5]high. From 2[G3]-FITC (1.6 mg, 90 nmol) and C5-BCN (10.6 

mg, 1080 nmol), following the general procedure described above, 2[G3]-

[C5]high was obtained with an average (N) of 10 Affitins per dendrimer as 

determined by UV-Vis (88% C5-BCN conversion). UV-Vis (BBS-DMSO) λmax: 

260, 500 nm. 

 

UV-Vis spectrum of 2[G3]-[C5]high (in BBS-DMSO buffer). 

 

2[G4]-[C5]low. From 2[G4]-FITC (1.6 mg, 30 nmol) and C5-BCN (5.3 

mg, 540 nmol), following the general procedure described above, 2[G4]-

[C5]low was obtained with an average (N) of 12 Affitins per dendrimer as 

determined by UV-Vis (67% C5-BCN conversion). UV-Vis (BBS-DMSO) λmax: 

260, 500 nm. 
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UV-Vis spectrum of 2[G4]-[C5]low (in BBS-DMSO buffer). 

 

2[G4]-[C5]high. From 2[G4]-FITC (1.6 mg, 30 nmol) and C5-BCN (10.6 

mg, 1080 nmol), following the general procedure described above, 2[G4]-

[C5]high was obtained with an average (N) of 27 Affitins per dendrimer as 

determined by UV-Vis (74% C5-BCN conversion). UV-Vis (BBS-DMSO) λmax: 

260, 500 nm. 

 

UV-Vis spectrum of 2[G4]-[C5]high (in BBS-DMSO buffer). 
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II.6 Surface plasmon resonance 

 SPR binding assays. Biotinylated SpA domain A was immobilized on 

a streptavidin-chip to a low density of 25 resonance units (RU) for the 

analysis of 2[G3]-[C5]low, 2[G3]-[C5]high, 2[G4]-[C5]low and 2[G4]-[C5]high. A 

higher density immobilization was necessary to obtain kinetic data for C5 

and C5-S dimer (400 RU). All the tested samples were diluted in the running 

buffer HBSEP pH 7.4 (20 mM HEPES, 150 mM NaCl, and 0.005% Surfactant 

P20)  in a range of concentrations (15.6-250 nM for C5 and C5-S dimer, 6.25-

100 nM for 2[G3]-[C5]low and 2[G3]-[C5]high, 1.56-12.5 nM for 2[G4]-[C5]low 

and 2[G4]-[C5]high). Association times were 3 min for C5, 6 min for C5-S dimer 

and 8 min for 2[G3]-[C5]low, 2[G3]-[C5]high, 2[G4]-[C5]low and 2[G4]-[C5]high. 

Dissociation times were 3 min for C5, 5 min for C5-S dimer and 12 min for 

2[G3]-[C5]low, 2[G3]-[C5]high, 2[G4]-[C5]low and 2[G4]-[C5]high. Regeneration 

between cycles was performed with 10 mM glycine, pH 1.5. 

SPR data analysis. All the experimental data were corrected for 

instrumental and bulk artefacts using reference curves obtained from the 

buffer injections in the pre-processing step in the BIAevaluation software 

version 3.1. C5 binding curves were analysed using a 1:1 Langmuir binding 

model incorporated in the BIAevaluation software and kinetic constants kon, 

koff and KD were obtained. All other binding curves were exported to R Studio 

software and analysed as follows. 
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SPR analysis of multivalent binding modes. Multivalency of the 

conjugates causes heterogeneous binding profiles representative of both 

low and high affinity binding modes. To perform the SPR analysis of the 

conjugates, we applied our previously described method39 that focuses on 

analysing early association and late dissociation phases of sensograms, 

where high affinity multivalent binding modes prevail, providing kinetic 

constants kon-high, koff-high and KD. This way, meaningful kinetic and 

thermodynamic data was obtained for 2[G3]-[C5]low. The remaining 

conjugates with larger valency (N) showed no observable dissociation from 

the target, which hampered quantitative analysis. For 2[G3]-[C5]low the 

analysis was performed in three steps: 

Step one: Analysis of the late dissociation phase. koff-high was obtained 

by global fitting of the late dissociation phase data to the classical equation 

for pseudo first order kinetics: 

Rt = R0 exp(-koff-high (t-t0))  [1] 

Where Rt is the SPR response at time “t”, R0 is the response at the beginning 

of late dissociation (t0=780 s).  

Step two: Linear analysis of the early association phase. Observable 

rate constants, kobs were calculated for each analyte concentration by locally 

fitting early association phase (t<30 s) of the sensograms to the equation: 

Rt = Req (1-exp(-kobs t))  [2] 
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Then, plots of kobs against Cd (concentration of the analyte) were 

represented, where deviations from the standard linear behaviour were 

indicative of binding heterogeneity, and used to select the conditions 

representative of either higher or lower affinity binding modes for step three 

of the analysis. 

Step three: Non-linear analysis of the early association phase. kon-high 

and kon-low values were calculated by global fitting of the early association 

phase of the sensograms selected in step two to the equation: 

Rt = Req (1-exp(-(kon Cd + koff-high) t))  [3] 
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III. Results and discussion 

III.1 Making Affitin C5 “clickable” 

 Using site-directed mutagenesis we were able to replace LN residues 

at the C-terminal of C5 Affitin sequence with GC, introducing a unique 

cysteine residue that will allow a site-specific thiol coupling far away from 

the Affitin binding site (Figure 9). 

 

Figure 9. C5 sequence as expressed in pFP1001 vector aligned against a 

consensus from the four sequencing results of the modified C5-SH. At N-

terminal, there is a His6 tag to facilitate purification of the Affitin, while C-

terminal modification provided a unique thiol group for chemical 

functionalization. 

 

 C5-SH Affitin sequence ligated in the pFP1001 vector was then used 

to transfect E. coli DH5α Iq and produce the protein with yields up to 40 mg 

per liter of culture. SEC and SDS-PAGE analysis of the purified protein 

revealed that it spontaneously forms C5-S dimers in the absence of a 

reducing agent (Figure 10), while adding tris(2-carboxyethyl)phosphine 

(TCEP) reduces most of the dimers. Even though dimerization is not 
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complete, in all further experiments where no reducing agent is added, C5-

SH is considered as C5-S dimer and the concentration is given according to 

the dimeric form. 

 

Figure 10. C5-SH on (a) SEC in PBS, (b) 15% SDS-PAGE and (c) 15% SDS-PAGE 

after 1h stirring in PBS in the presence of TCEP (TCEP:C5-SH = 30:1) 

 The ELISA test of C5-S dimer shows a significant, concentration-

dependent inhibition of the signal originating from biotinylated C5. This 

confirms binding of C5-S dimer to SpA, which leaves fewer binding sites 

available for C5 binding, and suggests a low dissociation constant (Figure 11). 

 

Figure 11. ELISA test of C5-S dimer against biotiylated C5 
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Obtained Affitin C5-SH was then reacted with a maleimide-BCN 

construct with an overall yield of 71%, effectively making it azide-reactive 

and so, “clickable” to the dendrimer surface (Figure 12) 

 

Figure 12. C5-SH functionalization with BCN and MALDI-TOF of C5-SH (left) 

and C5-BCN reaction (right). 

 

III.2 Surface engineering of 2[Gn]-FITC 

 Starting from 2[G3]-N3 and 2[G4]-N3 (containing 54 and 162 terminal 

azides), synthesized as described before,8 we exploited the versatility of the 

terminal azide groups to introduce carboxylates on the dendrimer surface to 

improve the water solubility, as well as to achieve fluorescein labelling in 

order to facilitate downstream quantification and detection. We devised a 

simple, one-pot three-step protocol that allows complete control over the 

surface functionality of the dendrimer. To this end, an initial reduction of a 
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third of the terminal azides to primary amines via Staudinger reaction was 

followed by fluorescent labeling with fluorescein isothiocyanate (FITC). 

Finally, since cationic dendrimers have been shown to cause unspecific 

bacterial clustering52,53 and cyto-toxicity,54,55 we used glutaric anhydride to 

replace positively charged amines with negatively charged carboxylates. 

Resulting water-soluble, fluorescent 2[G3]-FITC and 2[G4]-FITC were 

obtained in very good yield. NMR analysis confirmed that around 30% of the 

terminal azides present in dendrimers were converted into carboxylates, 

while an average of 1.5 and 5.5 fluorescein molecules was determined for 

2[G3]-FITC and 2[G4]-FITC, respectively (NMR and UV analysis). An 

abundance of azide groups remained available on the modified dendrimer 

surface for SPAAC conjugation of Affitin or other desired agents (Table 1). 

Table 1. Surface functionalization of 2[G3]-FITC / 2[G4]-FITC.  

 Average number of peripheral functions 

 N3 CO2Na Fluorescein Total 

2[G3]-FITC 37 15 2 54 

2[G4]-FITC 113 44 5 162 

 

III.3 Affitin-dendrimer conjugates 

 Using the devised SPAAC conjugation strategy, four distinct Affitin-

dendrimer conjugates were devised. The Mansfield-Tomalia-Rakesh 

equation56 predicted a maximum of 25 and 50 Affitins (Nmax) to be 

accommodated on the dendritic surface of 2[G3]-FITC and 2[G4]-FITC based 

on their relative radii (ca 4.5 nm for 2[G3]-FITC, 7.5 nm for 2[G4]-FITC,26 and 
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1.4 nm for C5-SH57). Accordingly, two degrees of labeling were pursued for 

each dendrimer G accounting for half, and a quarter of the Nmax. As a result, 

four Affitin-dendrimer conjugates, labeled as 2[Gn]-[C5]x [where n signifies 

dendrimer generation (3 or 4), and x is Affitin valency (low or high)], were 

obtained with a 70-95% conjugation efficiency. The obtained conjugates 

were purified from any unreacted Affitin molecules and characterized in 

terms of their multivalency, size, monodispersity and affinity for the target. 

 MALDI-TOF analysis of 2[G3]-[C5]low provided detailed insight into 

the structure and size distribution of the conjugates. The distribution of 

MWs followed a theoretical Poisson distribution predicted for such a 

conjugation (Figure 13).  

 

Figure 13. Poisson distribution predicts sizes of obtained products with high 

correlation. 
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 Since MALDI spectra of adequate quality could not be obtained for 

the remaining conjugates because of their high molecular weight, a UV-Vis 

method that allows facile concentration measurement and determination of 

average Affitin valency (N) was successfully validated by comparison with 

the results obtained by MALDI for 2[G3]-[C5]low. As expected, the size of 

conjugates, analyzed by DLS, was found to be increasing with G and N of 

conjugates: 2[G3]-[C5]low (N=6, 13 nm), 2[G3]-[C5]high (N=10, 15 nm), 2[G4]-

[C5]low (N=12, 17 nm), and 2[G4]-[C5]high (N=27, 22 nm). Their purity and 

monodispersity were confirmed by SEC and DLS (Figure 14). 

 

Figure 14. A) Schematic representation of Affitin-dendrimer conjugates 

2[Gn]-[C5]x (n: dendrimer generation, x: Affitin valency, low or high) 

reflecting the average number of Affitins per dendrimer (N). B) DLS size 

distribution, C) 10% SDS-PAGE, and D) SEC analysis of the conjugates. 
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III.4 Surface plasmon resonance 

 Affinity of the monovalent interaction of Affitin C5 with SpA domain 

A, immobilized on the chip as a target, was found to be 103 nM, using a one-

site-binding model from the instrument software - which is very similar to 

the 107 nM value previously obtained by bio-layer interferometry.9 

 Visual inspection of sensograms (Figure 15) obtained by the analysis 

of spontaneously formed C5-S dimer on the same high-ligand-density chip 

(400 RU) used for the monomer reveals much slower dissociation rates, 

indicating stabilization by either rebinding or chelating effect, due to the 

bivalency of this product. However, a heterogeneous binding profile, 

reflecting both monomer and dimer forms present in the sample, doesn’t fit 

any of the available kinetic models, rendering it impossible to reliably obtain 

kinetic constants. 

 

Figure 15. SPR sensograms of Affitin C5 (left) and C5-S dimer (right) analyzed 

with a 400 RU SpA domain A chip loading 
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 Affitin-dendrimer conjugates were analyzed on a chip loaded with 

ligand at lower density (25 RU) (Figure 16 shows full sensograms of all 

conjugates).  

 

Figure 16. SPR sensograms of the Affitin-dendrimer conjugates analyzed at 

25 RU initial response chip loading (Concentrations: 6.25-100 nM for 2[G3]-

[C5]low and 2[G3]-[C5]high; 1.56-12.5 nM for 2[G4]-[C5]low and 2[G4]-[C5]high) 

 

Using our previously described kinetic analysis method,39 which 

allows insight into multivalent, high affinity binding modes by studying the 

early association and late dissociation phases of the sensorgrams, we were 

able to determine meaningful thermodynamic and kinetic constants for 

2[G3]-[C5]low, which showed around three orders of magnitude 
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improvement of KD over the monovalent interaction, mostly due to 

improved dissociation rate. Furthermore, larger kon values compared to the 

monomer Affitin were also observed at the early association phase (Figure 

17, Table 2). While decreased dissociation of the complexes can be due to 

rebinding and chelation effects, increased association rates unambiguously 

point to the conjugate’s ability to bind two target molecules on chip 

simultaneously,41,58-60 confirming the efficient chelating character of the 

design. 

Remaining conjugates showed no observable dissociation at given 

conditions, in agreement with an almost irreversible binding. Therefore, the 

conjugates were compared by the percentage of SPR signal decay during 

early dissociation rate, which reflects the portion of each conjugate 

population that is capable of multivalency-stabilized complexes with the 

target (Table 3). For G3 conjugates, there is an improvement from 24% signal 

decay for the lower valency to 10% for the higher valency, indicating that 

extra Affitin loading translates into higher affinity interactions with the 

target. Remarkably, both conjugates of G4 dendrimers show almost no 

signal decay, clearly indicating that their larger size has a great impact on the 

stabilization of the complexes, while higher Affitin loading doesn’t seem to 

provide additional advantage at this dendrimer generation. 
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Figure 17. SPR kinetic analysis (ref. 37) of the multivalent interaction of 

2[G3]-[C5]low (6.25-100 nM) with SpA domain A. Step I (late dissociation 

phase kinetic analysis): (a) sensograms (black) and global fitting (red) to 

equation [1]. Step II and III (early association phase kinetic analysis): B. plots 

of observed rates kobs determined by local fitting to equation [2] against the 

concentrations for which they are determined (red points for higher affinity 

modes observed, yellow for lower) and C. sensograms (black) and their global 

fitting (red for higher affinity modes observed, yellow for lower) to equation 

[3] (see equations and analysis description in materials and methods). 
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Table 2. Binding data from separate SPR kinetic analysis of C5 and 2[G3]-

[C5]low: kon (×106 M-1 s-1), koff (×10-4 s-1) and KD (nM). 

 kon koff KD 

C5 0.95 979 103 

2[G3]-[C5]low* 2.50 4.30 0.17 

 

 * kon-high, koff-high, and KD-high for 2[G3]-[C5]low based on the early association 

and late dissociation phase analysis. 

 

 

Table 3. Percentage of SPR signal decay at early dissociation times calculated 

as (1 - Rt=780/Rt=480)x100, where Rt=480 is the SPR response at the end of 

analyte injection.  

Analyte 
(conc=12.5 nM) 

% SPR signal decay 

2[G3]-[C5]low 24 

2[G3]-[C5]high 10 

2[G4]-[C5]low 2 

2[G4]-[C5]high 2 
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I. Introduction 

 Multivalency is often seen as a way to enhance affinities via 

simultaneous interaction of multiple copies of ligands and targets located 

onto biological surfaces. This effect usually results in the crosslinking of 

particles,1 a mechanism observed in many naturally occurring phenomena, 

such as transcription regulation,2 cell adhesion,3 coagulation,4 biofilm 

formation,5 etc.  

 Crosslinking between bacterial cells (bacterial clustering) is of special 

relevance as an underlying principle of many complex multicellular 

behaviours that activate different kinds of quorum sensing responses.6 For 

example, the mechanism of biofilm formation in S. aureus has been shown 

to be controlled by a quorum sensing system.7 Furthermore, beside naturally 

occurring bacterial clustering, multivalency is exploited for agglutination of 

bacteria by external agents, which is the most widely used principle for quick 

identification of different bacterial strains for over 100 years.8 

 Significance of S. aureus as a human pathogen9 and food 

contaminant10 cannot be overstated, especially due to its notorious ability 

to become resistant to antibiotics.11 Staphylococcal biofilms are the most 

frequent cause of biofilm-associated infections, including those related to 

wounds, valve endocarditis and devices.12 Furthermore, the ability to form 

biofilms has been demonstrated as a critical factor for pathogenicity and 

outcomes of S. aureus infections,13 as well as for antibiotic resistance.14 SpA, 
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which is the most common protein found on the surface of S. aureus cells 

and which plays many important roles in bacterial virulence and immune 

evasion mechanisms, has also been shown to be involved in the bacterial 

self-aggregation and biofilm formation.15  

Due to the multiple roles played in pathogenicity and the fact that it 

is the most common protein expressed at the surface of S. aureus, SpA 

represents a molecular target of great interest. Traditionally, it is targeted 

using IgGs, since it binds with great affinity to their Fc fragment. However, 

this interaction lacks specificity since there are many other proteins that 

bind IgGs, particularly expressed in different bacteria – IgG Binding Proteins 

(IBPs). Examples include a second IBP of S. aureus, named Sbi, as well as IBPs 

present in other gram-positive bacteria such as streptococci and 

peptostreptococci.16 Therefore, since no human IgG can be developed to 

specifically targets SpA and no other IBPs, alternative binder scaffolds are 

extremely useful for such purposes. Examples of non-IgG binders include an 

Affibody molecule that binds SpA with high affinity17 and Affitin C5, whose 

demonstrated specificity for SpA over Sbi and other IBPs is, to the best of 

our knowledge, unprecedented.18 An aptamer specific to S. aureus has also 

been developed, but no molecular target of this binder has been identified.19  

Rapid and facile identification of S. aureus often relies on 

longstanding agglutination assays, that consist of particles usually displaying 

clumping factor A (ClfA) and/or SpA binding molecules on their surface. Since 
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not all S. aureus strains are ClfA-positive, while an SpA binding ligand used 

in all available agglutination reagents is IgG-based, none of them are 100% 

specific to S. aureus. Cross reactivity with other IBPs is often observed giving 

false-positives, while ClfA-based tests are ineffective for ClfA-negative 

strains.20 Thus, an SpA-specific agglutination provided by multivalent 

presentation of a highly specific Affitin C5 could be useful for designing a 

fully specific and accurate agglutination assay for identifying SpA-presenting 

S. aureus without any cross reactivity with other IBPs potentially present on 

other bacteria. 

SpA plays a role in the process of bacterial self-aggregation, as well 

as in the second phase of biofilm maturation, both of which include 

multivalent cell-to-cell adhesion.15,21 Blocking SpA has been shown to 

prevent biofilm formation in a microtiter dish assay.15 However, since the 

role of SpA in biofilm formation is related to bacterial clumping and the 

resulting quorum-sensing-controlled phenotype changes, multivalent SpA-

blocking agents that cause agglutination of bacteria could replace or even 

outperform this role of SpA. Supporting that hypothesis is the fact that 

dendrimer-mediated agglutination of Vibrio harveyi has been shown to 

switch to a quorum-sensing phenotype,22 while cationic polymers promote 

biofilm induction via transcriptional changes in Vibrio cholerae.23  
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Here, we set out to explore the usefulness of Affitin-dendrimer 

conjugates as SpA-specific agglutination agents of S. aureus and the effect 

of agglutination on the formation and inhibition of biofilm.  
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II. Materials and methods 

II.1 Materials 

 UV-Vis spectra were recorded on a NanoDrop 2000c device (Thermo 

Scientific), using either the drop method or the cuvettes. Absorbance from 

96-well microplates was measured using an Infinite M200 PRO plate reader 

(Tecan). Micrographs for the agglutination assay were obtained on an 

Olympus CKX41 inverted microscope. Nikon A1 RSi fluorescence microscope 

(Nikon Instruments) was used for fluorescence microscopy. Images were 

captured with a 60x/1.4 oil immersion objective and analysed with Fiji 

software. 

 

II.2 Bacterial strains 

 The five different strains used in this study were: a Staphylococcus 

aureus strain available in the laboratory (termed ST25 hereafter), 

Staphylococcus aureus Newman, Staphylococcus aureus Newman ΔSpA, 

Staphylococcus epidermidis and Escherichia coli DH5α Iq.  

The draft genome sequence of the ST25 strain is deposited at 

DDBJ/EMBL/GenBank under the accession number NZ_LXFD00000000.1. 

The S. aureus Newman strain and its protein A (ΔSpA) deficient mutant were 

kindly provided by Prof. Timothy Foster (Dublin, Ireland).24 The 

Staphylococcus epidermidis bacterial strain was available from the 
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Bacteriology and Infection control unit at Nantes University Hospital. Non-

ATCC strain identification was confirmed by MALDI-TOF spectrometry. 

Broth cultures were grown overnight at 37 ⁰C with shaking in LB 

(Luria Bertani) medium.  

 

II.3 Fluorescence microscopy 

Affitin C5 and human IgGs (Sigma) were labelled with Alexa Fluor 647 

(ThermoFisher Scientific) using the protocol provided by the manufacturer. 

Labelled Affitin was obtained and determined to have 0.4 Alexa Fluor 647 

dyes per molecule, while labelled IgG had 7.8. Newman culture was grown 

in LB to mid-log phase (OD600~0.8) and 30 mL of culture was centrifuged for 

15 min at 8000 g. The bacterial pellets were washed three times with 25 mL 

of PBS and resuspended in 10 mL of PBS. Wells of µ-Slide 18 Well - Flat 

ibiTreat (Clinisciences) were coated with 30 µl of poly L-Lysine for 30 min at 

rt and washed three times with 30 µl PBS before adding 35 µl of bacteria 

suspensions. After incubation for 30 min at rt, wells were washed three 

times with PBS and saturated with 35 µl PBS-BSA 3% O/N at 4 °C. After 

removal of the blocking solution, 30 µl of a solution containing IgGs-Alexa 

Fluor 647 (5 µg/L), C5-Alexa Fluor 647 (5 µM) and/or either 2[G3]-[C5]high 

(500 nM) or 2[G4]-[C5]high (50nM) in PBS500 buffer (PBS pH 7.4 + 500 mM 

NaCl) supplemented with BSA (0.15%) were added to the wells for an 
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incubation of 1 h in the dark. Wells were then washed 15 times with 30 µl of 

PBS500 and observed under the microscope. 

 

II.4 Agglutination assay 

Agglutination assay was performed by adapting the method 

previously described by Xiao et al.25 Aliquots from separate cultures of five 

different strains grown overnight were centrifuged at 5000 x g for 10 min. 

Pellets were then washed with and resuspended in PBS500 buffer (PBS pH 7.4 

+ 500 mM NaCl) and OD600 was set to 0.5. 60 µl aliquots of each of these 

bacterial dispersions were then incubated in separate wells of a 96 flat-

bottom polystyrene well plate (Thermo ScientificTM NuncTM) with either 

PBS500 (negative control), C5-S dimer (500 nM, 50 nM), 2[G3]-[C5]high (500 

nM, 50 nM, and 5 nM), 2[G4]-[C5]high (50 nM and 5 nM ) or C5 (1 μM) for 30 

min at ambient temperature with mild shaking. Wells were then observed 

under the microscope (Olympus CKX41) with 40x magnification and multiple 

brightfield image fields of each sample were acquired. Using ImageJ 

software, those samples where agglutination was observed were analysed 

by digitally encircling 50 bacterial clusters per sample as regions of interest 

and calculating the average area of these clusters. The average cluster size 

induced by different agents was normalized by setting the sample with the 

largest average cluster size to a relative value of 1.0. 
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II.5 Precipitation assay 

 Precipitation assay was performed by adapting the method 

previously described by Merino et al.15 Aliquots from separate cultures of 

five different strains grown overnight were diluted, using LB500 (LB medium 

containing 500 mM NaCl) and LB1000 (LB medium containing 1000 mM NaCl), 

to obtain final 1 mL suspensions of bacteria with 500 mM NaCl and OD600=1. 

These were mildly shaken in glass cuvettes at room temperature with either 

C5 (1 μM), C5-S dimer (500 nM), 2[G3]-[C5]high (500 nM), 2[G4]-[C5]high (50 

nM), or with LB500 as negative control. OD600 of the upper part of the 

cuvettes was measured periodically throughout a 4 h period. Assays were 

performed in triplicate.  

 

II.6 Biofilm assay 

Biofilm assay was performed by adapting the protocol published by 

O’Toole et al.26 Overnight cultures of S. aureus ST25, S. aureus Newman, S. 

aureus Newman ΔSpA and Staphylococcus epidermidis (positive control) 

were diluted 1:100 in LB, LB500 or LB500-Glc (LB500 medium containing 0.2% 

glucose) fresh medium. One hundred microliters of these dilutions per well 

were added to a 96 well round-bottom polystyrene plate (Thermo 

ScientificTM NuncTM) and incubated at 37 ⁰C for 48 h without shaking with 

different concentrations of either C5, C5-S dimer, 2[G3]-[C5]high, 2[G4]-

[C5]high or with the corresponding volume of medium added (positive 

control). Sterile medium was used as a negative control and all the samples 
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were tested in triplicate. After incubation, biofilms were washed twice with 

water and heat-fixed at 60 ⁰C for 30 min. Fixed biofilms were stained with 

1% solution of crystal violet for 15 min and then washed 3 times with water 

and dried overnight. Crystal violet was then solubilized by adding 125 µL of 

30% aqueous acetic acid to each well and incubating for 15 min. Finally, the 

absorbance was quantified in a plate reader at 600 nm. 
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III. Results and discussion 

III.1 Fluorescent labelling of S. aureus Newman 

 Having demonstrated enhanced binding of Affitin-dendrimer 

conjugates compared to monomeric C5 to the molecular target by SPR, we 

used fluorescence microscopy to verify the ability of the conjugates to also 

outcompete the monomer in binding to the native target on the cell surface. 

Figure 1 shows the result of a competitive experiment between the 

conjugates and monomeric Affitin towards a Newman strain. Both Affitin-

dendrimer conjugates were able to outcompete C5 for binding on the 

surface of the cell with the concentrations 10-fold lower for 2[G3]-[C5]high 

and 100-fold lower for 2[G4]-[C5]high. Good colocalization is observed 

between the fluorescein channel, where signal coming from the conjugates 

is observed, and the bright-field showing the position of the cells. Very faint 

signal coming from the Alexa 647 channel, originating from C5, is observed 

as opposed to strong colocalization when only C5 is used.  
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Figure 1. Newman strain. Competition between 500 nM 2[G3]-[C5]high and 5 

µM C5-Alexa 47 (upper row); 50 nM 2[G4]-[C5]high and 5 µM C5-Alexa 647 

(lower row). 

 

 To demonstrate that Affitin-dendrimer conjugates were binding SpA 

on the surface of the Newman strain in a highly specific manner, we used an 

SpA deficient Newman ΔSpA strain and performed fluorescent labelling with 

the conjugates (Figure 2). We also tested for presence of Sbi or other IgG-

binding proteins of S. aureus, in order to verify that Affitin-dendrimer 

conjugates retain their specificity for SpA even in the presence of other IBPs. 

To this end, we performed another competition experiment, this time 

between Affitin-dendrimer conjugates and human IgGs on Newman ΔSpA 

(Figure 3). 
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 Remarkably, no colocalization between Newman ΔSpA and either of 

the Affitin-dendrimer conjugates was observed in the two experiments. On 

the other side, strong colocalization between IgG and Newman ΔSpA (Figure 

3) proves that other IBPs such as Sbi, are present on the surface of this SpA 

deficient strain. This suggests narrow specificity of the Affitin-dendrimer 

conjugates for SpA. In order to avoid the background noise in the fluorescein 

channel observed in both experiments with Newman ΔSpA, a new round of 

experiments is needed where further washing optimization should resolve 

this problem and confirm given observations. 

 

 

Figure 2. Newman ΔSpA strain. 500 nM 2[G3]-[C5]high (upper row) and 50 nM 

2[G4]-[C5]high (lower row). 
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Figure 3. Newman ΔSpA strain. Competition between 500 nM 2[G3]-[C5]high 

and 5 µg/L IgG-Alexa 647 (upper row); 50 nM 2[G4]-[C5]high and 5 µg/L IgG-

Alexa 647 (lower row). 
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III.2 SpA-specific agglutination of bacteria 

 Affitin-dendrimer conjugates, C5-S dimer and monomeric C5 (as a 

control), were used for agglutination of ST25, Newman and Newman ΔSpA 

strains of S. aureus, as well as S. epidermidis and gram-negative E. coli DH5α 

Iq strains. The resulting bacterial clusters were observed under microscope 

(see representative micrographs in Figure 4) and their average relative sizes 

were quantified and compared (Table 1, largest observed clusters 

normalized to the value of 1.0). 

 Agglutination was only triggered in SpA-expressing strains by 

multivalent binders, while monomeric C5 showed no ability to agglutinate 

any of the tested strains, in accordance with the fact that this is a 

multivalency-related phenomenon. The absence of agglutination in E. coli, S. 

epidermidis and an SpA-deficient mutant of Newman confirms that 

agglutination occurs via highly specific binding to the SpA molecule. Clusters 

formed by the C5-S dimer were smaller than those formed by the 

conjugates, while their shapes tended to be more string-like or “strepto” 

compared to fuller, grape-like or “staphylo” clusters observed for the 

conjugates (Figure 5). These observations are in line with the possibility of 

the dimer to bind only two target molecules at once, which have to be on 

two different cells for crosslinking to occur; while conjugates can bind many 

more target molecules simultaneously, thus exhibiting multivalency-

enhanced interaction with each cell.  
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Figure 4. Typical bright-field images of agglutinated bacterial clusters (A2, 

A4, A5, A7, A8, B2, B4, and B7) or bacterial dispersions where no 

agglutination was observed. ST25 (column A), Newman (column B), Newman 

Δspa (column C), S. epidermidis (column D), and E. coli DH5α Iq (column E) 

strains treated with PBS500 (top, row 1), C5-S dimer (rows 2: 500 nM; 3: 50 

nM), 2[G3]-[C5]high (rows 4: 500 nM; 5: 50 nM; 6: 5 nM), 2[G4]-[C5]high (rows 

7: 50 nM; 8: 5 nM), and C5 (row 9: 1 μM). 

 

 

Figure 5. Illustration of chain-like (“strepto”) and grape-like (“staphylo”) 

clusters of bacteria formed by the C5-S dimer and Affitin-dendrimer 

conjugates, respectively. 

 

 Minimum Agglutination Concentrations (MAC) of the conjugates 

varied between the strains. In ST25 they were 50 nM and 5 nM for 2[G3]-
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[C5]high and 2[G4]-[C5]high, respectively, while they were higher in Newman 

strain: 500 nM and 50 nM for 2[G3]-[C5]high and 2[G4]-[C5]high, respectively. 

This variation is absent in the case of C5-S dimer, which has a MAC of 500 

nM for both strains. Stronger agglutination, manifested as larger clusters 

(Table 1), higher extent of agglutination (Table 2) and lower MAC values, is 

observed with the increasing valency of the agent (2[G4]-[C5]high ≥ 2[G3]-

[C5]high > C5-S dimer). Similarly stronger effects are observed for ST25 

compared to Newman, which points to possible different SpA local densities 

on the surface of both strains. 

 

Table 1. Average relative cluster sizes as determined by agglutination assay, 

normalized relative to the sample of largest clusters observed which is given 

value of 1.0 (500 nM 2[G3]-[C5]high + ST25). 

Bacterial 
strain 

Agglutination agent 

C5 C5-S dimer 2[G3]-[C5]high 2[G4]-[C5]high 

1 
µM 

500 
nM 

50 
nM 

500 
nM 

50 
nM 

5 
nM 

50 
nM 

5    
nM 

ST25 - 0.2 - 1.0 0.8 - 0.5 0.2 

Newman - 0.2 - 0.4 - - 0.5 - 

Newman ΔSpA - - - - - - - - 

S. epidermidis - - - - - - - - 

E. coli DH5α Iq - - - - - - - - 
(-) no agglutination observed 
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 To examine the scope of agglutination (percentage of cells 

agglutinated) with time, we analyzed the process macroscopically by 

measuring the OD600 of the upper part of samples where agglutination of cell 

clusters was occurring throughout time. The drop of OD600 relative to a 

negative control (cells in suspension with no agglutination agent) is directly 

proportional to the extent of agglutination. Figure 6 shows the dynamics of 

cell precipitation, while Table 2 sums up percentages of OD600 signal decay 

for each sample tested. 

All of the samples tested achieved maximum precipitation at 90-120 

minutes, after which their OD600 remained at those levels or slightly rose 

during the following 2 hours. The extent of precipitation induced by the C5-

S dimer was lower in both strains (55% in ST25 and 33% in Newman) 

compared to the conjugates. Both conjugates behaved almost identically, 

although the concentration used for 2[G4]-[C5]high was 10-fold smaller. They 

precipitated around 85% of ST25 cells and 60% of Newman, confirming the 

overall higher capacity of all tested agents to agglutinate ST25 compared to 

Newman.  
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Figure 6. Precipitation assay with C5 (1 μM), C5-S dimer (500 nM), 2[G3]-

[C5]high (500 nM), and 2[G4]-[C5]high (50 nM) on 5 different bacterial strains 

expressed as a change of OD600 throughout time. Error bars – SD from 3 

replicates. 

 

 

 



191 
 

Table 2. Percentage of maximum OD600 signal decay in the precipitation 

assay illustrative of the extent of agglutination. 

Analyte 
% OD600 signal decay 

ST25 Newman 

C5 0 0 

C5-S dimer 55 33 

2[G3]-[C5]high 84 62 

2[G4]-[C5]high 85 61 

 

  

III.3 Modulating biofilm formation of S. aureus  

 Beside ST25 and Newman, Staphylococcus epidermidis, a strain that 

forms robust biofilms, was used in all biofilm assays as a positive control. 

Newman ΔSpA couldn’t be used as a control since no significant biofilm 

formation was observed under any of the tested conditions. Many different 

protocols were tested and optimized in order to achieve robust biofilm 

formation for all three tested strains. Finally, three different growth media 

were tested under optimized conditions (Figure 7). Glucose and NaCl were 

added as supplements since they have been shown to stimulate biofilm 

formation.27,28 LB500 medium supplemented with 0.2% glucose was chosen, 

considering that no biofilm was observed in LB medium, while LB 

supplemented with glucose provided signals with less than 10:1 signal-to-

noise ratios. Furthermore, 500 mM NaCl enables comparison with the 

agglutination experiments, performed with the same salt concentration. 
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Figure 7. Intensity of biofilms formed by the three tested strains in different 

media. Error bars – SD from three replicates. 

  

Since blocking SpA via IgG inhibits biofilm formation,15 we speculated 

that a similar inhibition could be achieved using C5, C5-S dimer and Affitin-

dendrimer conjugates as SpA blocking agents. However, considering that 

agglutination of bacteria has been shown to trigger quorum-sensing 

phenotypes22,23 and that the role of SpA in biofilm formation is related to 

bacterial aggregation, we hypothesised that the agglutination caused by the 

multivalent agents might substitute this blocked function, therefore 

hampering efficient biofilm inhibition. To test these hypotheses, we 

performed the biofilm assay under previously optimized conditions (Figure 

8) 

First observation is that S. aureus ST25 biofilms are more intense and 

robust than Newman biofilms under the tested conditions. Their initial 

intensity is higher, while only slight inhibition is observed with 5 µM C5 and 
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500 nM – 8 µM C5-S dimer, compared to almost complete inhibition of 

Newman biofilms with the same agents (Figure 8-A).  

 

 

Figure 8. (a) Biofilm inhibition by monomeric C5 and C5-S dimer (b) Biofilm 

modulation by Affitin-dendrimer conjugates. Error bars – SD from three 

replicates. *** p<0.001; ** p<0.01. 

 

   

A) 

 

 

 

 

 

 

 

B) 
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Second, the ability of Affitin-dendrimer conjugates to inhibit biofilms 

seems to be in negative correlation with their agglutination power. Namely, 

biofilm inhibition is observed for the Newman strain in the non-agglutinating 

concentrations (50 nM for 2[G3]-[C5]high and 5 nM for 2[G4]-[C5]high) of the 

conjugates. On the other hand, higher concentrations previously shown to 

efficiently agglutinate Newman strain (500 nM for 2[G3]-[C5]high and 

especially 50 nM for 2[G4]-[C5]high), induce even stronger biofilms compared 

to the control (Figure 8-B). This suggests that Affitin-dendrimer conjugates 

are able to modulate biofilm formation in a concentration-dependent 

manner, with concentrations higher than those shown to efficiently 

agglutinate bacteria reinforcing biofilms, while lower concentrations inhibit 

it by blocking SpA function. 

 It is evident, both visually and by OD measurement, that no 

significant biofilm inhibition is observed for any of the ST25 samples. Since 

the concentrations tested have all shown the ability to efficiently agglutinate 

ST25 (500 and 50 nM for 2[G3]-[C5]high; 50 nM and 5 nM for 2[G4]-[C5]high), 

this lack of biofilm inhibition is in line with the assertion that the 

agglutination effect substitutes the role of SpA and promotes biofilm 

formation. However, it is impossible to say if any enhancement in biofilms is 

present, especially for samples with higher conjugate concentrations, due to 

signal overflow. 
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 Third, even though 500 nM C5-S dimer causes slight agglutination of 

both ST25 and Newman, it maintains the ability to inhibit biofilm formation 

of both of these strains in the same concentration. This indicates that 

weaker agglutination caused by the dimer isn’t capable of achieving the 

same biofilm modulation effect that is observed with the conjugates. 

Traditionally, biofilm formation is divided into three main phases: 

attachment, maturation and detachment.5 The attachment phase is 

characterized by cell-to-surface interactions, where only single cells attach 

to the surface, while the maturation phase is characterized by complex cell-

to-cell interactions, starting with the cell clustering that triggers further 

responses. However, recent observations confirm that initial seeding can 

happen either by single cells or by preformed multicellular aggregates, 

suggesting an update of the existing model to include for the possibility of 

cell clustering happening before the attachment.29 Our results further these 

observations, indicating that beside self-aggregated cells, externally-

agglutinated cell clusters can also seed biofilms and apparently outperform 

the single-cell derived biofilm formation.  
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Conclusion and perspectives 

 The specific recognition of molecular targets characteristic of 

infectious agents broadens the range of strategies currently available for 

fighting pathogens, decreasing their chances of developing resistance. 

Although the concept of “molecular targeting” has been most extensively 

used for innovative strategies in the field of cancer, reducing antibiotic 

resistance and a deeper understanding of the molecular mechanisms of 

different pathogens could also benefit from its application to the infectious 

diseases arena. For instance, radioimmunotherapy has been adapted for 

antimicrobial therapy by using antibodies for targeted delivery of radiation 

to pathogens.1 

 Even though antibodies are the most commonly used targeting 

agents today, alternative scaffolds are emerging that overcome certain 

limitations of antibodies, most importantly their large sizes and intricate 

structure, often incompatible with chemical synthesis. One such scaffold are 

Affitins, whose narrow specificity and high affinity for many different targets 

has been demonstrated, along with a small size and high thermal and 

chemical stability. Affitin C5, whose molecular target is S. aureus protein A, 

allows highly specific targeting of this bacterial species with nanomolar 

affinity (107 nM), opening many potential avenues for diagnostic, 

therapeutic and imaging applications. Furthermore, it can be a useful tool 

for molecular and cellular studies of the microbe itself. 
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Targeted nanoparticles are a promising tool for biomedical 

applications that combines multivalent molecular targeting and large 

capacity to carry therapeutic, diagnostic and/or imaging agents. Rational 

design is an important feature of targeted nanoparticles, which is enabled 

by extraordinary versatility of certain nanoparticle classes, such as GATG 

dendrimers. Facile control over the dendrimer generation and surface 

functionalization allows for customizable physicochemical and 

pharmacokinetic properties. 

We hypothesised that combining advantages of Affitins as targeting 

agents and GATG dendrimers as versatile, multivalent carriers, could provide 

powerful nanoscale devices with application in many different fields, 

including infectious diseases. Thus, we set two main goals for this thesis. 

First, to develop and validate a robust conjugation method that will allow 

customization of size, physicochemical and recognition properties, 

maximising their potential for different purposes (Chapter III). Then, to 

exploit the obtained Affitin-dendrimer conjugates for specific targeting of S. 

aureus and asses their potential for modulating multicellular behaviours, 

such as agglutination and biofilm formation (Chapter IV). 

 

 

 



205 
 

Main contributions 

 In order to achieve a fully rational design of targeted nanoparticles, 

their preparation has to allow a versatile control over some critical design 

parameters. In theory, such a process would take any molecular target of 

choice and any desired biological effect as input, and provide a 

straightforward preparation of custom targeted nanoparticles as output. 

The versatile properties of GATG dendrimers as carriers and Affitins as 

targeting agents already meet most of rational design criteria, such as 

customizable specificity for any molecular target of interest and control over 

size and other important physicochemical properties. In chapter III, we 

report a robust conjugation method that combines these strengths with a 

versatile surface functionalization to provide control over the nature and 

strength of interactions with the target via multivalency. 

 We take advantage of the abundance of “clickable” azides on the 

dendrimer surface and lack of cysteine residues in the Affitin sequence, to 

achieve site-specific conjugation via SPAAC and insure proper orientation of 

the Affitin. In a simple sequence of reactions, performed in one pot with no 

purification required, we first convert some of the azide functions into 

amines; then we use some of those amines for fluorescent labelling with 

FITC; finally, we convert all the remaining amines into carboxylates. This 

demonstrates full flexibility over surface charge, as well as the capacity to 



206 
 

use two different chemistries for surface functionalization, providing 

additional versatility in design. 

 We have validated the conjugation method by preparing four distinct 

populations of conjugates, combining two generations of dendrimers with 

two different loadings of Affitins. Obtained conjugates were of good purity 

and monodispersity, with the expected differences in size, valency and 

affinity. They all combine multivalency-enhanced specific recognition and 

binding, an incorporated fluorescent dye, and the ability to carry additional 

loads after a simple SPAAC functionalization via the abundance of remaining 

azides on their surface. 

 In chapter IV, we explored the interactions of the conjugates with 

their target cells (S. aureus). We have demonstrated that they possess 

enhanced affinity not only to the molecular target, as previously shown by 

SPR, but also to S. aureus cells. We have unambiguously shown that this 

binding is specific to SpA as the molecular target with no cross-reactivity 

with any other molecules present on the surface of cells, including other IgG-

binding proteins. Considering the lack of specificity displayed by most agents 

used to agglutinate bacteria, particularly those used in agglutination slide 

assays for identification of S. aureus,2 we decided to test our conjugates as 

agglutination agents. Massive, highly specific agglutination, makes them 

ideal candidates for creating a fully specific agglutination test that could 

outcompete all currently available ones in terms of specificity and reliability. 
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 Having in mind that biofilm formation is proving to be one of the 

most significant factors in pathogenicity and antibiotic resistance of S. 

aureus,3-5 we have explored how Affitin-dendrimer conjugates affect biofilm 

formation. In accordance with recent observations of similar phenomena by 

some of us and others6,7, we found that inducing agglutination with 

conjugates might be promoting biofilm growth, even though blocking SpA 

with lower, non-agglutinating concentrations of the conjugates, inhibits 

biofilm formation. To the best of our knowledge, this is the first report of 

such concentration-dependent modulation of biofilm formation that could 

have implications in novel approaches to manipulating biofilm phenotypes 

of bacteria.  
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Perspectives and potential pitfalls 

 There are two distinct perspectives arising from the results obtained 

here: (i) to extend the work done with S. aureus in chapter IV using the 

described conjugates and (ii) to apply the method described in chapter III to 

obtain conjugates targeting either cancer cells or some other pathologies, 

taking advantage of the versatility of the platform for enhanced imaging, 

diagnostic and therapy purposes. 

One way to continue the research done with S. aureus is by 

expanding on the hypothesis already set here. For example, while we did 

demonstrate negative correlation between the ability of conjugates to 

agglutinate bacteria and the ability to inhibit biofilm formation, experiments 

that would include more elaborate controls, wider range of concentrations 

and statistical significance based on independent experiments instead of 

replicates in a single experiment, would allow much deeper insight into this 

phenomenon. Furthermore, analysing the signalling pathways that become 

active during these processes could further elucidate the mechanisms 

involved and reveal useful applications of the observed behaviour. 

Nevertheless, importance of the observation that agglutination can hamper 

biofilm inhibition caused by multivalent agents is that it reveals an important 

potential pitfall to be considered in design of biofilm-targeting agents. 
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Massive, SpA-specific agglutination that has been demonstrated can 

be exploited to develop a slide agglutination assay for rapid identification of 

S. aureus. Furthermore, a trend in bacterial detection is using specific 

nanoparticles combined with sensitive techniques, such as flow cytometry.8 

Affitin-dendrimer conjugates, combining virtually irreversible binding to S. 

aureus and a fluorescence label, could allow for very sensitive, flow- 

cytometry-based, detection method.   

Another way to continue on the S. aureus studies is by introducing 

new functionalities via the clickable surface of the conjugates and exploring 

diverse downstream applications. An interesting example of this could 

involve simple SPAAC functionalization with a radionuclide, which would 

provide a theranostic tool for real-time imaging of S. aureus infections, as 

well as a potentially powerful antimicrobial agent against resistant strains. 

This strategy could also prove useful for reducing toxicity and increasing the 

effectiveness of different antimicrobial agents, allowing for lower doses and 

higher selectivity.  

 Beside the further studies of the existing conjugates, synthesizing 

new conjugates with different targets and fine-tuning their properties in 

agreement with the intended application, opens up a wide range of potential 

applications. In this case, it is important to consider a potential pitfall in 

design of new Affitin-dendrimer conjugates using the method described 

here, which is the opposite charge of dendrimer surface and Affitins at 
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physiological pH. Carboxylates were chosen as terminal functions on the 

dendrimer surface mainly for the purpose of making the dendrimer water-

soluble. As a result, conjugates tend to form irreversible aggregates when 

centrifuged at high speeds or when concentrated to high concentrations at 

physiological pH. Here, we avoid this problem by using high pH values for 

the synthesis and purification - exploiting once again high chemical stability 

of Affitins, but this puts a limit to the concentration range that can be 

obtained for downstream applications at more neutral pH values. In 

hindsight, alternative solubilisation with hydrophilic non-charged molecules 

such as sugars or short-chain PEG, even though possessing limitations of 

their own, might be a superior choice.  

 Affitins specific to cancer markers, such as CD138 and EpCAM are 

already available, while any other molecular target of choice could be used 

for selection of new Affitins. Conjugating them to GATG dendrimers, while 

optimizing the properties of the products to the intended purpose, 

constitutes a wide-reaching, robust methodology for biomedical 

applications.  
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Titre : Conjugués Affitines-dendrimères pour un ciblage amélioré par multivalence 

Mots clés : Affitine, dendrimères GATG, Staphylococcus aureus, multivalence, biofilm 

Résumé :  Les nanoparticules décorées de 
ligands de ciblage sont des dispositifs 
puissants développés pour servir d'outils 
théranostiques efficaces contre des maladies 
graves comme le cancer ou les maladies 
infectieuses. En raison des limitations 
importantes des anticorps en tant que ligands 
de ciblage, comme une grande taille et une 
faible stabilité, les protéines d'affinité 
modifiées à façon offrent une alternative 
intéressante pour la fonctionnalisation des 
nanoparticules. Les Affitines sont de petites 
protéines thermiquement et chimiquement 
stables, dérivées d'une famille de protéines 
d’archées de 7 kDa liant l'ADN, dont la 
spécificité et l'affinité pour leurs cibles sont 
comparables à celles des anticorps.  Les 
dendrimères de l'acide gallique-
triéthylèneglycol (GATG) sont des 
macromolécules monodispersées, 
synthétiques, globulaires, en forme d'arbre, 

préparées de façon itérative (générations) 
permettant une présentation multivalente des 
ligands de ciblage. L'objectif de ce travail de 
thèse est de combiner les propriétés de 
ciblage des Affitines et la polyvalence des 
dendrimères pour obtenir des conjugués 
Affitines-dendrimères pour des applications 
biomédicales. Le premier objectif était de 
mettre au point une méthode de conjugaison 
orientée pour incorporer des Affitines ciblant 
Staphylococcus aureus (S. aureus) et un 
traceur fluorescent pour la détection et 
l'imagerie, puis de les caractériser en termes 
de taille, d’hétérogénéité, de composition et 
d’affinité. Le deuxième objectif était d'évaluer 
leur potentiel à moduler des comportements 
multicellulaires complexes, comme 
l'agglutination et la formation de biofilms de 
S. aureus grâce aux interactions 
multivalentes implémentées. 

 

Title : Affitin-dendrimer conjugates for multivalency-enhanced targeting 

Keywords : Affitin, GATG dendrimer, Staphylococcus aureus, multivalency, biofilm 

Abstract :  Smart targeted nanoparticles are 
powerful devices developed to serve as 
efficient theranostic tools against severe 
disorders such as cancer or infectious 
diseases. Due to important limitations of 
antibodies as targeting ligands, such as large 
size and low stability, engineered affinity 
binding proteins offer an attractive alternative 
for nanoparticle functionalization. Affitins are 
small, thermally and chemically stable 
proteins derived from an archaeal 7 kDa 
DNA-binding family, with specificity and 
affinity for their targets comparable to that of 
antibodies. Gallic acid-triethylene glycol 
(GATG) dendrimers are monodisperse, 
synthetic globular tree-like macromolecules 
prepared in a stepwise fashion (generations) 
allowing multivalent presentation of targeting 

ligands. The aim of this project is to combine 
the targeting properties of Affitins and the 
versatility and multivalency of dendrimers to 
obtain Affitin-dendrimer conjugates for 
biomedical applications. The first goal of this 
work was to develop a site-specific 
conjugation method to incorporate Affitins 
targeting Staphylococcus aureus (S. aureus) 
and a fluorescent dye for detection and 
imaging, and then to thoroughly characterize 
them in terms of size, heterogeneity, 
composition and affinity. The second goal 
was to assess the potential of these 
conjugates to modulate complex multicellular 
behaviors, such as agglutination and biofilm 
formation of S. aureus due to enhanced 
multivalent interactions.
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