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Introduction 

Bacteria can be grown in a culture by allowing them to multiply in a specific 

growth medium under strictly controlled conditions. Culturing bacteria is the most 

common method for the detection and identification of bacteria, and is essential to study 

their phenotype. Moreover, culturing is needed to obtain sufficient cells for other 

studies, such as expression analysis, transformation or isolation of DNA for genomic 

characterization. In the case of pathogenic bacteria, culturing is also crucial for assessing 

their antibiotic susceptibility or resistance.1 The most frequently used and well-

established methods for bacterial cultivation include growth in liquid media or on agar 

plates. However, these methods present limitations, such as being time-consuming and 

not allowing for automation and high throughput analysis while it also appeared that the 

majority of bacterial species cannot be grown in the laboratory.2, 3 

In recent years, new cultivation and detection approaches have emerged that 

enable faster and more accurate detection and diagnosis as well as broadening the range 

of cultivable species. Various point-of-care tests, i.e. tests that can be performed at or 

near the site of patient care, have been developed to decrease diagnosis time and, 

consequently, allow for a faster start of antibiotic therapy.4-6 Novel culturing devices for 

bacteria have also been developed and applied for long-term microscopic observation,7 

detection,8 and cultivation of bacteria that cannot be cultivated using the conventional 

methods.2 One promising, recently developed culturing platform are porous aluminum 

oxide (PAO) membranes. They can be used for early microcolony detection and to 

cultivate certain bacteria that cannot be grown with the conventional methods.9 The 

covalent biofunctionalization of PAO surfaces would enhance and expand its application 

for bacterial culturing and detection, and is the topic of the research described in this 

thesis. In the next few sections essential background information related to PAO is 

provided and discussed, including its surface chemistry and (bio)functionalization. 
 

Porous aluminum oxide (PAO) 

Porous aluminum oxide (PAO), also known as anodic aluminum oxide, 

nanoporous alumina, and porous anodic alumina, is a nanoporous material obtained 

upon electrochemical oxidation of aluminum. Optimization of the anodization 



General Introduction 

9 

parameters, such as temperature, type and concentration of the electrolyte, voltage and 

time, can lead to materials with different structural orders, thicknesses, pore sizes, and 

pore volumes (Figure 1).9-16 Different nanostructures may influence certain 

characteristics of the PAO substrate, such as mechanical properties11 or the optical 

response when used in a flow cell for optical detection of biomolecules.17 The 

specifications of the PAO samples used for the research presented in this thesis are 

shown in Table 1.�
 

Figure 1. (a) High-resolution SEM of 

surface of a commercial PAO; (b) 

Lower resolution SEM of same 

surface; (c) Reverse side of the 

sample that comprised panels (a) and 

(b) with pore diameters from 100 to 

200 nm; (d) Surface as panels (a) 

and (b) with upper surface sheared 

off in central region revealing 

structure beneath; (e) More highly 

ordered PAO with pores around 

300 nm; (f) Similar to panel (e), but 

with square pores; (g) PAO with 

40 nm pores. Scale bar in panel (g) 

indicates the following: 80 nm when 

applied to panel (a); 350 nm panels 

(b) and (c); 700 nm panel (d); 

550 nm panels (e) and (f); 120 nm 

panel (g). Reprinted with permission from reference 9. Copyright (2012) Elsevier. 

 

As a material PAO has many outstanding properties, such as biocompatibility, 

well-ordered structure, chemical stability, large surface area, controllability of 

fabrication, optical transparency, and low autofluorescence,9, 18-20 and has therefore 

been applied in various fields of research. It has been used for the development of 

biosensing systems20-33 and implantable devices for drug delivery,18, 34-36 as a template 

for the fabrication of other microstructures and nanostructures,37-45 as a support for the 

immobilization of enzymes for biocatalysis,46-48 as a membrane for filtration,49 protein 

recognition and purification,50 and removal of heavy metals.51 Finally, the most relevant 

application for the topic of this thesis that takes full advantage of the low 

autofluorescence and the porous structure of PAO, is its use as a support to culture and 
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Table 1. Specifications and SEM pictures of the PAO samples used for the research presented in 

this thesis.  

Characteristic Dimension  

Slide size 8 × 35.6 mm 

Thickness 60 µm 

Pore size 200 nm 

SEM picture Ȃ smooth side 

 

SEM picture Ȃ rough side 

 

 

count various cell types,19, 52 including a range of different microorganisms.9, 53-58 The 

porous structure enables cellular growth, because the nutrients can easily diffuse from 

the medium on which the PAO is placed to the other side of the surface, where the cells 

are located. Additionally, this application of PAO can also be used as a semipermeable 

barrier between different cell types, maintaining the cell-to-cell communication by the 

diffusion of soluble molecules through the pores.59 

The use of PAO or other porous membranes for culturing in microbiology offers 

the possibility of cultivating certain bacteria that do not grow on traditional agar plates, 

such as river and soil bacteria.54, 60 The possibility of cultivating soil bacteria in the 

laboratory is important because these less well researched types of bacteria have often 

been found to be a viable source for new drug candidates. A prime example of this is the 

recently discovered teixobactin, the first member of a new class of antibiotics that is 

likely to induce minimal resistance development by target microorganisms.3 Another 

interesting application of PAO in microbiology is for testing antimicrobial resistance or 

susceptibility of bacteria and fungi. Because of the possibility of microcolony detection, 

it is possible to obtain resistance or susceptibility results more rapidly than with 

conventional tests, such as disc diffusion and Etest.61-64 Microcolony detection 



General Introduction 

11 

techniques have been used to speed up culture-based assays and may be interesting 

especially for slow-growing pathogenic species, such as Mycobacterium tuberculosis.65, 66 

Additionally, a miniaturized disposable microbial growth chip based on PAO has been 

developed and is now commercially available, making high throughput-screening of 

microorganisms possible. The so-called micro-Petri dish (or MicroDish Culture Chip) 

(Figure 2) was produced via deposition of an acrylic film on PAO, followed by reactive 

ion etching using plasma directed at a shadow mask. The removal of the laminate from 

defined areas creates a series of microbial growth chips on PAO. The main advantage of 

this micro-Petri dish is that it allows for the growth (and study) of different microbial 

species at a high density.54  

 
Figure 2. Images of PAO-based materials, 

growth compartments, and microbial culture 

on PAO chips. (a) SEM of PAO with pores on 

average 200 nm diameter; (b) Transmission 

OLJKW�PLFURVFRS\�RI�KXQGUHGV�RI����î����ǋP�

FRPSDUWPHQWV�� �F�� 6(0� RI� �� î� �� ǋP�

compartments at a 30° angle; (d) Culture of 

/DFWREDFLOOXV�SODQWDUXP in six compartments 

stained with a fluorescent dye (Syto 9) after 

growth. Adapted with permission from 

reference 54. 
 

 

Although most of the applications of PAO in microbiology do not require surface 

modification, the potential (bio)technological applications of PAO can be considerably 

expanded when the PAO surface can be chemically modified in order to tailor its 

properties or to immobilize certain biomolecules. The possibility to chemically modify 

PAO with biomolecules to increase microbial binding has been previously shown by our 

group.67 The techniques currently used to chemically modify aluminum oxide surfaces, 

including PAO, will be discussed in the following section.   

 

Surface modification of aluminum oxide 

The possibility of tuning the surface properties of materials by chemical 

modification widely expands their range of applications. This is also the case for PAO, 
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and various functional groups have been used for the modification of (porous) 

aluminum oxide surfaces (Figure 3).68 

 
Figure 3. Functionalization methods of (porous) aluminum oxide and the resulting structure on the 

modified surfaces. 

 

The most commonly used method for the modification of aluminum oxide 

surfaces is with silane derivatives, presenting chloride, alkoxide or hydride as a leaving 

group.69-72 The main advantage of this technique is the short reaction time of these 

molecules with the hydroxyl groups of aluminum oxide surfaces. The main drawback, 

however, is the difficulty in obtaining uniform monolayers.68, 69 Silane derivatives 

presenting different functional groups have been used for modification of aluminum 

oxide surfaces, such as perfluorinated,70, 73-75 and amine-terminated69 silanes. 

Specifically for PAO surfaces, long hydrocarbon chains have been attached via silane 

derivatives to generate (super)hydrophobic PAO surfaces.71, 76 Additionally, N-

hydroxysuccinimide-terminated polyethylene glycol29 and epoxy-terminated21 silanes 

have been immobilized on PAO as a first step for surface biofunctionalization. 

Another method used for the modification of aluminum oxide surfaces is with 

carboxylic acids. Although the modification of aluminum oxide with these molecules is 

simple and various carboxylic acids are commercially available, the resulting modified 
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surfaces present poor stability, especially in aqueous environment.77-79 Bifunctional 

carboxylic acids have shown to generate more stable monolayers on aluminum oxide 

surfaces,80 however, their still limited stability will hamper the application of these 

modified surfaces. 

Unsaturated hydrocarbons, namely alkene- and alkyne-containing molecules, can 

also be used for the modification of aluminum oxide surfaces.67, 81-83 In this case, the 

mechanism likely involves oxygen- and light-dependent oxidation of these molecules to 

different species, followed by formation of a monolayer with the species that can form 

stable interactions with the aluminum oxide surface.67 

Catechol (or 1,2-dihydroxybenzene) derivatives have also been used for surface 

functionalization of (porous) aluminum oxide surfaces. This type of modification was 

inspired by the way that mussels adhere to solid surfaces in the sea via mussel byssal 

proteins that have exceptional adhesive characteristics due to multiple catechol 

groups.84 Modification of PAO surfaces with catechol derivatives has been used to create 

catalytic membranes via immobilization of asymmetric catalysts,85 pH-responsive 

membranes via immobilization of surface-bound initiators for atom-transfer radical 

polymerization (ATRP),86 and temperature-responsive membranes via immobilization 

of a poly(N-isopropylacrylamide) (PNIPAam)-catechol derivative.87 

Finally, phosphonic acids can also be used for modification of (porous) aluminum 

oxide surfaces.88 Most of the research on modification of aluminum oxide surfaces with 

phosphonic acids has been performed with alkyl phosphonic acids,89-95 but there are 

also some examples using perfluorinated phosphonic acids,88, 93, 96, 97 phenylphosphonic 

acid,98 sulphur-containing phosphonic acids,99 and even carbohydrate derivatives 

containing a phosphonic acid group.100 This thesis focusses to a large extent on the use 

of such phosphonic acids because of the high stability of their monolayers on PAO. 

The exact contribution of the various binding modes of phosphonic acids to metal 

oxides surfaces, including aluminum oxide, to form phosphonate monolayers has still 

not been fully elucidated. Monodentate, bidentate, and tridentate binding modes are 

possible due to the presence of three oxygen atoms on the phosphonic acids, also 

possibly combined with electrostatic and hydrogen-bonding interactions. Additionally, 

all three oxygen atoms can bind to the same metal atom (chelating mode) or to different 

metal atoms on the surface (bridging mode) (Figure 4). 
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Figure 4. Possible binding modes of phosphonic acids to metal oxide surfaces, including aluminum 

oxide, where M = metal: monodentate (a and b), bridging bidentate (c and d), bridging tridentate 

(e), chelating bidentate (f and g), and chelating tridentate (h).68, 101 

 

Biomolecules on surfaces 

Over the past few years, the immobilization of biomolecules on surfaces has 

attracted tremendous attention due to the possibility of extending and refining the 

application of solid supports, mainly for biosensors and other biotechnological 

applications. Various biomolecules, such as carbohydrates, proteins (antibodies, lectins, 

and enzymes), and DNA, can be immobilized onto surfaces and be used as recognition 

elements. In general, biomolecules can be attached to surfaces via non-covalent 

immobilization (physical adsorption) or by covalent immobilization (covalent chemical 

bond formation).102-107 The main disadvantage of non-covalent immobilization is the 

limited stability of the biofunctionalized surfaces.103, 105 Covalent immobilization, on the 

other hand, although is typically more laborious, usually provides more stable 

surfaces.105, 106 

Various non-covalent and covalent immobilization methods have been developed 

for the immobilization of biomolecules on surfaces. The methods commonly used to 

immobilize carbohydrates on surfaces can be divided in three distinct approaches: (a) 

direct formation of carbohydrate-containing self-assembled monolayers (SAMs); (b) use 

of secondary (or tertiary) reactions to install a carbohydrate on a pre-formed SAM; and 

(c) non-covalent immobilization of carbohydrates on a surface. An extensive overview of 

these methods is presented in Chapter 2. 
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Protein immobilization on surfaces can be performed via non-specific (random) 

or site-specific attachment.102, 108, 109 Non-covalent random immobilization of proteins 

can occur through ionic bonds and hydrophobic and polar interactions. Polystyrene 

surfaces can be used to immobilize proteins via hydrophobic interactions107, 108, 110 Other 

methods involve surfaces modified to present positively charged amine or negatively 

charged carboxylate groups.108, 111, 112  

The most common method for covalent immobilization of proteins on surfaces 

employs the amine group of the lysine side chain, and this was the approach used in this 

thesis. Various amine-reactive functionalized surfaces can be used for this purpose, such 

as N-hydroxysuccinimide (NHS)-,29 epoxide-,21 aldehyde-,113, 114 and isothiocyanate-

terminated surfaces113 (Table 2). Although this is an easy and well-established method, 

the main disadvantage is that it often leads to random orientations in the protein 

immobilization, due to the high abundance of amine groups on the protein structure.108 

Although the random immobilization of proteins is often relatively simple and 

does not require prior modification of the target protein, it presents the risk of 

modifying or blocking the active/binding site of the protein, decreasing its activity. To 

circumvent this problem, site-specific immobilization techniques have in recent years 

attracted considerable attention.102, 108, 115 Site-specific protein immobilization can also 

be divided in covalent and non-covalent binding. Non-covalent site-specific 

immobilization of antibodies, for example, can be performed by first immobilizing an 

antibody-binding protein on the surface, such as protein A, protein G, or protein A/G, a 

recombinant fusion protein containing binding domains of both protein A and protein G. 

These proteins present binding domains that are specific to the Fc portion of antibodies. 

The antibodies are then immobilized on the protein A or G-containing surfaces, resulting 

in mainly tail-on orientation.102, 108 This approach was used to immobilize anti-galectin 

antibodies on PAO microarray chips for cancer diagnostics and prognostic purposes.27 

Another approach for non-covalent site-specific immobilization of proteins 

employs the strong and stable interaction between biotin and avidin or streptavidin. In 

this case, the surface is initially modified with biotin or (strept)avidin and the protein to 

be attached is previously modified in order to present the complementary molecule.108 

This method was used to attach anti-epithelial cell adhesion molecule (EpCAM) 

antibodies on PAO surfaces for the detection of circulating tumor cells.23 Although the 

biotin-streptavidin interaction is one of the strongest non-covalent interactions, the 
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main disadvantage is that it requires modification of the protein, biotinylation in most 

cases, which is not always site-specific.116 

 

Table 2. Immobilization of proteins (here represented by an antibody) using amine-reactive 

functionalized surfaces: (a) NHS-, (b) epoxide-, (c) aldehyde-, and (d) isothiocyanate-terminated 

surfaces.  

 Surface 

Termination 

Protein Immobilized Product 

 

 

(a) 

 

 

 

 

(b) 

 

 

 

(c) 

 

 

 

(d) 

 

Another non-covalent approach involves the fusion of a polyhistidine (His6) 

affinity-tag on the recombinant protein to be immobilized. The His6 tag presents a high 

affinity to Ni2+, Co2+, Zn2+, and Cu2+ surfaces. These metals can be attached to the surface 

via a tetradentate ligand nitriloacetate, which occupies three or four binding sites, and 

the remaining two or three binding sites are chelated by the imidazolyl from the 

histidine tag.102, 107, 117 
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Compared to the non-covalent approach, the covalent site-specific methods of 

protein immobilization usually provide more stable biofunctionalized surfaces, but also 

in general require protein modification. One exception is the immobilization of 

antibodies via their carbohydrate moiety at the Fc part on boronic acid-presenting 

surfaces, which form cyclic boronate ester with 1,2- and 1,3-diols of the N-glycan 

carbohydrate residues.118 The main disadvantage of this method is the reversibility of 

the bond between boronic acid and the carbohydrates. To overcome this problem, Lin 

and co-workers designed and synthesized a molecule that presents a boronic acid in 

combination with a photoactivable reagent, which upon activation form covalent bonds 

with the antibody near or with the N-glycans.119    

Another method that uses the carbohydrate moieties of the antibodies for the 

immobilization is via specific oxidation of the vicinal hydroxy groups of the 

carbohydrates using sodium periodate. The aldehyde groups formed can then react with 

hydrazide or hydroxylamine-containing reagents.120 

Additionally, various bio-orthogonal reactions can be used for site-specific 

covalent immobilization of proteins, such as Diels-Alder cycloaddition,121 Staudinger 

ligation,122 copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), strain-promoted 

azide-alkyne cycloaddition (SPAAC), click sulfonamide reaction (CSR),123 and thiol-ene 

reaction.124, 125 In general, all these reactions form stable covalent bonds. Their main 

drawback, however, is the necessity of protein modification to install the functional 

reactive group involved in the bio-orthogonal reaction.102, 107, 108, 110, 115   

Bacterial capture and sensing on PAO 

Bacterial adhesion to surfaces occurs in many fields of application and can be 

detrimental or beneficial. Adhesion of probiotic bacteria, such as lactic acid bacteria, to 

the surface of the gastrointestinal tract is believed to be important to protect the host 

against pathogenic bacteria.126 The molecular details of this process has been worked 

out in some detail in Lactobacillus plantarum WCFS1, which contains a cell-envelope 

located mannose-specific adhesion and Lactobacillus rhamnosus GG, which produces 

filamentous pili decorated with a mucus-binding protein.127, 128 On the other hand, 

adhesion of bacteria to implants, such as orthopaedic devices, can be extremely 

dangerous, leading to implant failure.129 
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Table 3. Methods for oriented immobilization of proteins (here represented by an antibody) onto 

reactive surfaces: (a) Protein A/G, (b) biotin–streptavidin, (c) polyhistidine-conjugated antibodies 

immobilized onto nitriloacetic acid-terminated surfaces, (d) immobilization via the glycan part of 

antibodies onto boronic acid-terminated surfaces, and (e) oxidized antibodies onto hydrazide-

terminated surfaces.   

 Surface 

Termination 

Protein Immobilized Product 

 

 

(a) 

 

 

 

(b) 

 

 

 

(c) 

 

 

 

(d) 

 

 

 

 

(e) 



General Introduction 

19 

Surfaces have been modified with different coatings in order to prevent 

detrimental bacterial adhesion.130, 131 However, it is also possible to biofunctionalize 

surfaces in order to specifically capture certain types of bacteria. These surfaces can be 

modified with carbohydrates, proteins (antibodies, lectins, and enzymes), and DNA, for 

example, and be used for diagnostic purposes.6, 132-135 

PAO surfaces with immobilized antibodies have been used to capture Escherichia 

coli cells in a sensitive and selective manner.136 Yang and co-workers also used 

biofunctionalized PAO to capture and to detect E. coli and Staphylococcus aureus. In this 

work, the authors immobilized the antibodies via an epoxy-terminated silane self-

assembled monolayer, and detected the captured bacteria using a microfluidic sensor.21 

Later, the same group also published a work using a different approach to immobilize 

the antibodies on the PAO surface. This time they used a NHS-terminated silane 

derivative containing a PEG spacer, known to decrease non-specific adhesion. They also 

concentrated the E. coli cells using antibody-coated magnetic beads and this 

concentration step increased the sensitivity of the detection method (Figure 5).29 

 

 
Figure 5. Schematic diagram for biofunctional magnetic bead concentration of bacteria cells in the 

biochip. (a) Magnetic beads were conjugated with bacteria cells; (b) Bacteria cells were 

concentrated in a small region by applying an external point magnetic field and captured by the 

antibody immobilized on nanoporous membrane; and (c) The external magnetic field was released 

and unbounded magnetic beads were washed away. Adapted with permission from reference 29. 

Copyright (2013) Elsevier. 
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PAO surfaces with covalently immobilized DNA have been used to prepare a 

biosensor for the detection of Legionella sp. In this work, the PAO surface was initially 

modified with an amino-terminated silane, followed by reaction with glutaraldehyde 

and subsequent immobilization of the DNA probes. The label-free DNA biosensor 

showed a low detection limit and was able to differentiate the complementary sequence 

from target sequences with single and triple bases mismatches.25 

Outline of the thesis 

The previous sections have shown that PAO surfaces can been used for various 

advanced (bio)technological applications. These applications can be further extended 

when the surface of PAO is chemically modified and (bio)functionalized with 

carbohydrates or proteins, for example. The research described in thesis focuses on the 

(bio)functionalization of PAO surfaces, mainly by using phosphonate chemistry, with 

carbohydrates, lectins and antibodies to enable the capture and growth of bacteria 

(Figure 6). 

 

 

 
Figure 6. Outline of the thesis. 

 

In Chapter 2, an overview is presented of the most commonly used methods to 

prepare carbohydrate-presenting surfaces. The review of these methods is divided in 

three different approaches: (a) direct formation of carbohydrate-containing self-

assembled monolayers (SAMs); (b) use of secondary (or tertiary) reactions to 

immobilize a carbohydrate on a pre-formed SAM; and (c) non-covalent immobilization. 

The chapter also presents several surface analysis techniques that can be used to 

characterize carbohydrate-presenting surfaces and the applications of these surfaces in 

microbiology. 

PAO 

1.Monolayer 

2.Stability (Chapter 3)  

3.Biofunctionalization (Chapters 2 ± 6) 

4.Binding (Chapters 3, 5 & 6) 

5.Growth (Chapters 3, 4 & 6) 

=  Biomolecules 
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Chapter 3 describes the modification of PAO with a range of functional groups 

and the evaluation of the stability of these modified surfaces under pH and temperature 

conditions that are relevant for microbial growth. Additionally, a mannose-presenting 

surface was prepared, and the binding and growth of the mannose-binding bacterium 

Lactobacillus plantarum was studied on this surface.  

Chapter 4 presents a straightforward and stable initial modification of the PAO 

surface, which is followed by subsequent reactions that provide a wide scope of terminal 

reactive groups. As a proof of principle, we also showed that these reactive surfaces can 

be further (bio)functionalized with carbohydrate derivatives and fluorescently labelled 

proteins. 

Chapter 5 describes additional studies of binding of lectins and bacteria on PAO 

surfaces functionalized with carbohydrates. These additional binding studies aim to 

further explore the variables that can influence the interaction between the 

carbohydrates and the bacteria. Subsequently, Chapter 6 presents the immobilization of 

anti-E.coli antibodies on PAO surfaces for the increased binding and growth of this 

bacterium.  

Finally, Chapter 7 summarizes the most important achievements of the research 

described in this thesis and discusses future challenges and possibilities for further 

research. 
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Introduction 

Carbohydrates are a complex class of essential biomolecules that can be 

considered as the dark matter of the biological universe as they are greatly understudied 

yet omnipresent in all kingdoms of life, and vital to fully understanding biological 

processes. The structurally diverse carbohydrates are present both on the cell surface as 

inside cells. They decorate the cell surface to form the so-called glycocalyx, a dense and 

complex layer of carbohydrates unique for every type of cell or organism, and as such 

are key to many important biological recognition events by interacting with 

carbohydrate-binding proteins. Carbohydrate-protein interactions play an important 

role in various biological events occurring at the cell surface, such as bacterial and viral 

infections,1, 2 cancer metastasis,3, 4 and immune response.4 The study of the interactions 

between carbohydrates and other biomolecules at biological surfaces and interfaces is 

instrumental in the understanding of these processes and contributing to the 

development of novel diagnostic methods and medicines. The study of carbohydrates, 

compared to e.g. nucleic acids and proteins, however, poses unique challenges because 

their structure is non-linear and their biosynthesis not template driven. The native 

glycocalyx is too complex, dense and dynamic for studying these interactions 

individually, with the current techniques at our disposal. Therefore, a simplified version 

is often created by the placement of well-defined, synthetic carbohydrates on a surface, 

so-called glycoarrays or glycosurfaces, to study specific carbohydrate-protein 

interactions. These fabricated glycosurfaces can also be more readily incorporated in a 

sensor or a nanostructure and as such be used to elicit, detect or quantify binding 

events, for example in diagnostic devices, molecular imaging and drug delivery 

applications. Various approaches have been developed to prepare glycosurfaces, each of 

them with their advantages and drawbacks, and these approaches will be the main focus 

of this chapter. 

We will start the chapter by presenting an overview of the different methods 

most commonly used to prepare glycosurfaces. These methods will be discussed divided 

over three sections that each reflect one of the three distinct approaches used to create 

glycosurfaces: (a) direct formation of carbohydrate-containing self-assembled 

monolayers (SAMs); (b) use of secondary (or tertiary) reactions to install a carbohydrate 

on a pre-formed SAM; and (c) non-covalent immobilization of carbohydrates on a 

surface. The discussion of the secondary reaction approach (b) is subdivided into two 
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subsections: one addressing the use of unmodified ‘natural’ carbohydrates, and the 

other the use of synthetic carbohydrate derivatives with a special emphasis on 

attachment using so-called “click” chemistry. Next, we will focus on several key surface 

analysis techniques that can be used to characterize a prepared glycosurface and the 

type of information that can be obtained from each technique. As previously mentioned, 

carbohydrate-protein interactions are involved in bacterial pathogenesis and symbiosis. 

A famous example of carbohydrate-mediated bacterial adhesion is between the gut 

microbiota and the carbohydrates present on the surface of human intestinal cells. 

Glycosurfaces can be used for the binding, capture, and sensing of gut bacteria. A 

representative example of this from our own group is the study of interactions between 

the mannose-specific adhesin of Lactobacillus plantarum5 – a lactic acid bacterium 

present in various probiotic products, fermented foods and our gut – and fabricated 

mannose-terminated glycosurfaces.6 At the end of this chapter we will discuss several 

more applications of glycosurfaces in microbiology, focusing on binding, capture, and 

sensing of bacteria and bacterial toxins, and on the multivalency effects that exert a large 

influence on the interaction between carbohydrates and proteins in biological systems 

and on fabricated glycosurfaces. 

Preparation of self-assembled monolayers (SAMs) containing 

carbohydrates 

Self-assembled monolayers (SAMs) are ordered molecular assemblies that 

spontaneously form on a substrate by chemisorption (or strong interaction) of 

molecules containing a chemical functionality with a strong affinity for the substrate 

surface. The chemical structure of molecules that are used to prepare a SAM is usually 

subdivided in its constituting parts; the part that adsorbs on the substrate surface can be 

called the attaching group, the part on the opposing end of the molecule that ends up at 

the top of the monolayer is called the end group or terminal group and the intermediate 

part is called the chain or backbone.7, 8 In this section, we will present an overview of the 

recent scientific literature on the preparation and properties of SAMs containing 

carbohydrates as end groups (Table 1). 
 

 

 



Chapter 2 

30 

Table 1. Approaches used for the direct preparation of carbohydrate-presenting SAMs. (a) Thiol on 

gold, (b) disulfide on gold (monovalent binding), (c) disulfide on gold (multidentate binding), (d) 

alkene on silicon, (e) alkyne on silicon, (f) phosphonic acid on aluminum oxide, and (g) silane on 

silica. 

 Substrate Functional 
Group 

Immobilized 
Product 

Immobilized Carbohydrates 

 
 

 
(a) 

 

Mannose,9-14 glucose,9, 15-17 
galactose,13, 16, 17, N-

acetylglucosamine,18 lactose,15 
rhamnose,17 maltose,17, 19 

maltotriose,17 abequose,20 paratose,20 
tyvelose,20 globotriose,21 xylose,17 

dimethylated maltose,17 GM1,15 other 
disaccharides,22, 23 hexasaccharide24 

 
(b) 

Globotriose,25-27 maltose,28 Pk 
trisaccharide,29 asialo-GM2 

disaccharide29 
 

 
 
 
(c) 

 
 

Mannose,30 glucose,30-32 fucose,30 
galactose,30, 31 N-acetylglucosamine,30 

sialic acid,30 lactose31 
 

 
 

 
(d) 

 
 

 
Lactose33 

 
 

 
 
 
(e) 

 
 

 
Mannose34 

 

 
 

 
 
 
(f) 

 
 
 
 

Mannose, Gb3, globo H35 

 
 

 
 
(g) 

 
 

 
 

N-acetylglucosamine, galactose36 
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One of the most common combinations of substrate and attaching group is the 

formation of SAMs of thiols on gold (Table 1; entry a), and, to our knowledge, this was 

also the first example of a carbohydrate-presenting SAM. In 1996, Spencer and co-

workers reported the formation of SAMs on gold surfaces with a thiol-terminated 

hexasaccharide. The thiol-terminated hexasaccharide, a truncated amylose derivative 

consisting of six D-1,4-linked glucopyranosides, was assembled on gold surfaces in its 

protected (peracetylated) and deprotected form. Both protected and deprotected 

compounds readily formed SAMs on gold, although the kinetics of SAM formation varied, 

with the deprotected hexasaccharide achieving a SAM with higher density. The 

protected hexasaccharide was also successfully deprotected on the surface after the SAM 

formation, however, the degree of deprotection was slightly lower than when conducted 

in solution before SAM formation.24 These early studies already indicate that thiol SAMs 

on gold are best prepared directly with deprotected carbohydrate derivatives in order to 

circumvent incomplete deprotection of carbohydrates on the surface and degradation of 

the unstable thiol on gold SAM itself. 

Using a similar approach, Russell and co-workers (1998) synthesized protected 

and deprotected thiol-terminated monosaccharides that were assembled as SAMs on 

gold-coated glass substrates, and afterwards assessed for their interaction with a series 

of lectins. The SAM formed with a thiol-terminated mannose derivative was exposed to 

concanavalin A (Con A), a lectin known to bind strongly with mannose, and a lectin from 

Tetragonolobus purpureas, which specifically binds L-fucose. As expected, the mannose-

terminated SAM showed selective interaction with Con A, demonstrating that 

carbohydrate-presenting SAMs can be used to study interactions between 

carbohydrates and proteins as a simplified version of natural cell surfaces.9 

Houseman and Mrksich (1999) were the first to prepare mixed SAMs that 

consisted of various ratios of a carbohydrate and oligoethylene end group, in which the 

latter was incorporated to minimize nonspecific interactions. The authors prepared 

SAMs using N-acetylglucosamine and tri(ethylene glycol) with thiol attaching groups, 

and studied the effect of the concentration of N-acetylglucosamine in the monolayer on 

an enzymatic reaction.18 Later in this chapter, we will further discuss the strategy of 

using molecules to “dilute” the amount of carbohydrate on a surface and thereby tune 

the carbohydrate presentation and concentration (Multivalency effect and optimization 

of density). 
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The relatively easy preparation of thiol SAMs on gold and high tolerance for 

additional functional groups, including carbohydrate hydroxyls, has made it a popular 

method to immobilize also other carbohydrates with various levels of complexity: 

monosaccharides (mannose,10-14 glucose,15-17, 32 galactose,13, 16, 17, 37 xylose,17 

rhamnose17), disaccharides (lactose,15 maltose,17, 19 dimethylated maltose17)20, 22, 23 and 

oligosaccharides (GM1 pentassacharide,15 globotriose,21 maltotriose17).37 

A general drawback of SAMs created by the adsorption of thiols on gold is their 

relative limited stability. In order to increase the stability of SAMs on gold, some 

research groups have prepared SAMs with molecules that can form multiple bonding 

interactions with the substrate (multidentate adsorbates) (Table 1; entry c). The 

increased stability enables their use under conditions that are not compatible with the 

monodentated ones.38 Disulfides can be used to generate more stable SAMs on gold 

(Figure 1a) and this strategy has been applied to various carbohydrate derivatives: 

mannose,10, 30 galactose,30, 31 glucose,30, 31 fucose,30 N-acetylglucosamine,30 sialic acid,30 

and lactose.31 However, some carbohydrate derivatives containing disulfides are 

designed in a way that does not enable multidentate binding to the surface (Figure 1b 

and Table 1; entry b). Although these molecules also form SAMs on gold, their binding 

mode and presentation of the carbohydrate are comparable to the binding of single thiol 

attaching groups.25-29 

 

       
 
Figure 1. Mannose derivatives containing disulfides: (a) Disulfide that can form multidentate 

binding on gold and (b) disulfide that results in monodentate binding on gold. 

 

As is clear from the previous paragraphs, carbohydrate-presenting SAMs have up 

till now been prepared mostly by thiol absorption on gold, but several alternative 

methods exist which are discussed next. One of these is the formation of SAMs on 

hydrogen-terminated silicon surfaces using terminal alkenes as attaching group (Table 

1; entry d). In this case, the SAMs can be obtained by thermal or photochemical radical 

reaction of the alkene, resulting in the formation of a Si–C bond. Acetyl-���������� Ⱦ-

(a)                                                                 (b) 
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�������ǡ� ������������� Ⱦ� ����D-sialic acid and a sialic acid derivative were successfully 

immobilized on hydrogen-terminated silicon surfaces using either thermal or 

photochemical method, depending on the thermal stability of the carbohydrate.39, 40  

Using a similar approach, lactose was immobilized as p-vinylbenzyllactonoamide 

on silicon (Figure 2). Through a thermal radical reaction, a silicon-centered radical, 

which was formed by the activation of a Si–H bond, reacted with the terminal alkene of 

the p-vinylbenzyllactonoamide molecule in an anti-Markovnikov fashion. After SAM 

formation, the lactoside-covered surface was patterned by UV irradiation using a copper 

grid. The authors showed specific binding of a lactose-binding lectin (Ricinus communis 

agglutinin, RCA120) on the regions that were not irradiated with UV light, without 

nonspecific adsorption of the protein on the SiOx regions. Compared to the earlier SAMs 

on gold, this technique offers the advantage that an additional resistant SAM, such as a 

polyethylene glycol chain, is not needed to prevent nonspecific adsorption of proteins on 

silicon surfaces.33  

 
Figure 2. Immobilization of lactose as S-vinylbenzyllactonoamide on silicon. 

 

In a similar approach, a mannose derivative containing a terminal alkyne group 

was used to form SAMs on hydrogen-terminated silicon surfaces by a photochemical 

radical reaction (Table 1; entry e). Hydrosilation of the Si–H surface was achieved by 

UV/visible light irradiation generated radicals, which initiate the Si–C bond formation 

that over time generates the SAM. The mannose-presenting SAM was formed on a 

patterned substrate and displayed specific protein recognition of fluorescently labelled 

mannose-binding lectin (Con A).34 
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Another approach to generate covalent SAMs uses carbohydrate derivatives 

containing a phosphonic acid attaching group that is able to form SAMs on oxide 

surfaces (Table 1; entry f). Using this approach, Wong and co-workers (2010) prepared 

phosphonic acid-presenting derivatives of simple monosaccharides, like mannose, and 

more complex carbohydrates, like the trisaccharide Gb3 and the hexasaccharide Globo H 

that were allowed to form SAMs on aluminum oxide-coated glass slides. The glycan 

arrays generated by this technique were successfully used to study several 

carbohydrate–protein interactions.35  

Although one of the most common methods to prepare SAMs in general is the 

modification of surface oxides with alkylsilanes,41 there are not many examples of 

carbohydrate derivatives containing alkylsilanes to form SAMs, probably due to the 

reactivity of silanes with the hydroxyls of unprotected carbohydrates and the 

consequently laborious synthesis routes required to circumvent this. One of the few 

existing examples is the synthesis of N-acetyl-D-glucosamine and galactose derivatives 

containing a trialkoxysilane attaching group and their use to form SAMs on silica-coated 

stainless steel surfaces (Table 1; entry g). The presence and availability for biological 

interactions of the carbohydrates was confirmed by the successful binding of N-acetyl-D-

glucosamine- and galactose-binding lectins.36  

In general, there are not many methods for the direct formation of SAMs with 

carbohydrate derivatives. It is evident that the most well-known and frequently used 

method is the formation of SAMs of thiols or disulfides on gold surfaces. Although this is 

an easy and well established technique for carbohydrate SAMs formation, the limited 

stability of the thiol SAMs on gold may hamper the scope of their potential 

applications.42 However, the formation of thiol SAMs on gold is the most simple method 

to immobilize carbohydrates on a surface in only one step and is currently still being 

used successfully, especially to study carbohydrate-protein interactions by surface 

plasmon resonance (SPR),14 electrochemical impedance spectroscopy (EIS),12, 13, 21 cyclic 

voltammetry,16 quartz crystal microbalance (QCM),30 and a cantilever sensor platform.37 

An alternative for the direct formation of SAMs with carbohydrate derivatives is to use a 

secondary reaction to attach the carbohydrates via the end groups of a previously 

formed SAM, an approach that is discussed in the following section.  
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Preparation of glycosurfaces via a secondary reaction on SAMs 

Glycosurfaces obtained stepwise using unmodified carbohydrates  

The attachment of unmodified carbohydrates to a reactive surface is the simplest 

method, because it does not require prior chemical modification of the carbohydrates, 

which is usually a time-consuming step. For the methods described in this section, in 

general a preformed SAM presents end groups that react with a functional group of a 

carbohydrate to form a covalent bond (Table 2).  

Koberstein and co-workers (2006) described a photochemical method for 

immobilization of a variety of unmodified mono-, oligo-, and polysaccharides on glass, 

quartz, and silicon substrates. The authors initially synthesized a phthalimide-

derivatized silane, which was self-assembled on the substrates to generate phthalimide-

terminated surfaces. Upon exposure to UV light, an excited n-Ɏȗ�������������������������
abstracts a hydrogen atom from a nearby molecule (Figure 3a & Table 2; entry a). The 

resulting radicals then recombined and formed a covalent bond that in this case was 

with a nearby carbohydrate present in the reaction solution. Because of the 

photochemical nature of the process, this method can be used for direct chemical 

patterning of surfaces with carbohydrates via a photolithography process. Similar 

experiments were also successfully performed on benzophenone-terminated surfaces 

(Figure 3b), which also contain aromatic carbonyls that can photochemically react with 

natural carbohydrates. However, the thickness of these carbohydrate layers was lower 

and the water contact angle was higher than of the carbohydrates immobilized on the 

phthalimide-terminated surfaces.43 

Another more recently reported application of a photochemical reaction to 

immobilize unmodified carbohydrates on surfaces employs perfluorophenylazide-

terminated SAMs (Figure 3c & Table 2; entry b). Initially, SAMs were formed on gold 

with perfluorophenylazide-containing thiol groups. Upon irradiation with UV light, the 

azide moiety yields perfluorophenylnitrene, which is able to insert into C–H bonds 

(Figure 3c). A series of mono- and oligosaccharides was successfully immobilized in this 

way onto SPR sensors and used for carbohydrate-protein binding studies. Through these 

binding studies, it was shown that the surface-bound carbohydrates retained their 

binding affinities and selectivity. Thus, this technique apparently enables the formation 

of robust and stable carbohydrate arrays, which can be repeatedly used to study 
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carbohydrate-protein interactions.44 These photochemical reactions form the basis for 

convenient methods to immobilize various unmodified carbohydrates onto surfaces, 

although a major drawback is that the carbohydrates are immobilized in an ill-defined 

way due to the many reactive sites in the same molecule. 
 

Table 2. Immobilization of unmodified carbohydrates on surfaces with different end group 

terminations. (a) Phthalimide, (b) perfluorophenyl azide, (c) hydrazide, (d) aminooxy, and (e) vinyl 

sulfone. 

 

 Surface 

Termination 

Unmodified 

Carbohydrates 

Immobilized 

Product 

Immobilized Carbohydrates 

 

 

(a) 

 

Galactose, N-
acetylgalactosamine, 
arabinose, rhamnose, 

mannose, glucose, 
isomaltotriose, 

isomaltopentose, 
isomaltoheptaose43 

 

(b) 

 

 
 
 

Mannose, glucose, galactose44 
 

 

 

(c) 

 

 
N-acetylglucosamine, 
mannobiose, methyl 

mannopyranoside, mannan, 
sialy Lewis x, 

isomaltopentaose,45 mannose, 
heparin decasaccharides46 

 

 

(d) 

 
N-acetylglucosamine, 
mannobiose, methyl 

mannopyranoside, mannan, 
sialyl Lewis X, 

isomaltopentaose45 
 
 

 

(e) 

 
Mannose,47 various complex 

carbohydrates48 
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Figure 3. Photochemical reactions used to immobilize unmodified carbohydrates on surfaces with 

photoactive end groups: (a) phthalimide, (b) benzophenone, and (c) perfluorophenylazide. 

 

A way to overcome this problem and still use unmodified carbohydrates is to use 

the anomeric hemiacetal present in reducing carbohydrates for the surface 

immobilization. In solution this functional group is in equilibrium with the open chain 

form aldehyde that can undergo various selective reactions. Wang and co-workers 

(2009) used this approach to prepare carbohydrate microarrays on glass slides. They 

initially immobilized a three-dimensional poly(amidoamine) starbust dendrimer on 

epoxy-terminated glass, followed by functionalization of the dendrimer with terminal 

hydrazide (Table 2; entry c) and aminooxy (Table 2; entry d) groups (Figure 4). These 

functional groups react with the aldehyde of the reducing carbohydrates, leading to site-

specific immobilization via oxime and hydrazine formation. Using these techniques, the 

authors immobilized various unmodified mono-,oligo-, and polysaccharides with 

preservation of their specific binding activity.45 

 

(a) 

(c) 

(b) 
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Figure 4. Chemical process for preparation of 3D aminooxy- and hydrazide functionalized glass 

slides. Reprinted with permission from reference 45. Copyright (2009) American Chemical Society. 

 

In a similar approach, Zhi and co-workers (2006) prepared carbohydrate 

microarrays by reacting the aldehyde group of a reducing carbohydrate with hydrazide-

terminated surfaces. The difference between this approach and the previous one is that 

the latter uses an additional reduction step of the oligosaccharides to form a reducing 

end aldehyde moiety, which reacts with the hydrazide groups present on the surface, 

�������� �� ���������Ǥ� ����� ���������� ��� ����� ������� ���������� ����� ���� ������� Ⱦ-

pyranose form, immobilizing the carbohydrates in a site-specific way.46 

Another approach that leads to a certain degree of site-specific immobilization of 

unmodified carbohydrates on surfaces makes use of divinyl sulfone as a crosslinking 

agent between hydroxy-terminated surfaces and the hydroxyl groups of the 

carbohydrate (Table 2; entry e).47, 48 In the first step, a hydroxy-terminated thiol-based 

SAM is generated on gold, followed by the immobilization of divinyl sulfone and the 
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unmodified carbohydrate via a Michael addition. The increased nucleophilicity of the 

anomeric hydroxyl contributes to the immobilization of the carbohydrates mainly via 

their anomeric center. However, an important drawback of this method is that the 

carbohydrate may also be immobilized by any of its other multiple hydroxyl groups and 

��������������������������Ƚ�����Ⱦ��������ǡ����������������������������cterize on a surface 

and can have an effect on subsequent biological assays. To overcome these problems 

and to improve the reactivity of the carbohydrates, mannose derivatives containing 

amine and thiol groups were synthesized and immobilized on these vinyl-terminated 

surfaces (Table 3; entry i). The results indeed showed that the aminated and thiolated 

mannose derivatives are more efficiently immobilized on the vinyl sulfone-terminated 

surfaces.47 

Although the approaches described in this section are easy and versatile as they 

can be applied to a variety of natural carbohydrates, their major drawback is the 

nonspecific attachment of carbohydrates onto the surface. The use of chemically 

modified carbohydrates derivatives for site-selective attachment on surfaces is 

therefore a more commonly used approach to ensure that all molecules present on the 

surface are immobilized in a well-defined manner and thus have the same orientation. 

The reactions that are most frequently used for site-selective attachment of 

carbohydrates on surfaces are discussed in the following section. 

Glycosurfaces obtained stepwise using synthetic carbohydrate derivatives 

The most extensively developed method to immobilize carbohydrates on surfaces 

involves the prior attachment of surface-reactive groups at the anomeric position of 

carbohydrates, resulting in site-specific immobilization (Table 3).49 Of course, if one 

invests the additional time and effort in synthesizing a tailor-made carbohydrate 

derivative, the subsequent SAM attachment reaction should proceed in a controlled and 

efficient fashion to allow for a well-defined glycosurface and under mild conditions to 

allow for a large scope of (complex) carbohydrates. 
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Table 3. Immobilization of synthetic carbohydrates derivatives on surfaces with different end group terminations. 

(a) CuAAC on alkyne-terminated surfaces, (b) CuAAC on azide-terminated surfaces, (c) SPAAC on azide-terminated 

surfaces, (d) SPAAC on cyclooctyne-terminated surfaces, (e) nitrile oxide-alkene cycloaddition, (f) thiol-ene, (g) 

thiol-yne, (h) thiol-maleimide coupling, (i) Michael addition, (j) Diels-Alder on benzoquinone and (k) maleimide-

terminated surfaces, (l) Diels-Alder with inverse-electron-demand, (m) disulfide formation, (n) Staudinger ligation, 

(o) amide coupling on NHS-terminated surfaces, (p) epoxide-amine addition, (q) azlactone-amine coupling, (r) imine 

formation on aldehyde-terminated surfaces, (s) reductive amination on amine-terminated surfaces, (t) isocyanate-

amine coupling on isocyanate-terminated surfaces, (u) isothiocyanate-amine coupling on amine-terminated surfaces, 

(v) Michael addition on amine-terminated surfaces, (w) benzoquinone-aminooxy reaction, (x) enzymatic 

transglycosylation, (y) surface-initiated atom transfer radical polymerization (SI-ATRP), and (z) UV-induced graft 

polymerization on polypropylene membranes. 

 Surface 
Termination 

Functionalized 
Carbohydrates 

Immobilized 
Product 

Immobilized Carbohydrates 

 

(a) 

 

Mannose,6, 50-54 galactose,52 glucose,52, 

55 N-acetylglucosamine,52 sulfo-N-
acetylglucosamine,52 sialic acid,52 
lactose,50, 53 Ƚ-Gal trisaccharide,50 

 

 

 

(b) 

 
 

Mucin mimic glycopolymer,56 
maltoheptaose57 

 

 

 

(c) 

 
 
 

Mannose58 

 

 

 

(d) 

Lactose59 
 

 

 

(e) 

 
 

Galactose58 

 

(f) 

Mannose,60, 61 glucose,62 galactose61, 62 
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 Surface 

Termination 

Functionalized 

Carbohydrates 

Immobilized 

Product 

Immobilized Carbohydrates 

 

 

 

(g) 

 

 
 

Mannose,61 galactose,61 
glucose63, 64 

 

 

(h) 

 
 
 

Mannose,65-67 galactose,65 
glucose,65, 68 N-

acetylglucosamine65 
 

 

 

(i) 

 
 
 
 
 

Mannose,47, 69 galactose,69 
complex carbohydrates69 

 

 

 

(j) 

 
 

 
Mannose, galactose, glucose, 

fucose, rhamnose, N-
acetylglucosamine70 

 
 

 

 

(k) 

 
 
 

Mannose, galactose, glucose, 
lactose, maltose71 

 
 

 

 

 

(l) 

 

 

 
 

Mannose, lactose, N-
acetylglucosamine72 
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 Surface 

Termination 

Functionalized 

Carbohydrates 

Immobilized 

Product 

Immobilized Carbohydrates 

 

 

(m) 

 

 
 

Mannose,73 galactose,73, 74 
maltose74 

 

 

 

 

(n) 

 
 
 
 

 
Galactose, lactose, N-acetyl-

lactosamine75 

 

 

 

 

(o) 

 
 
 

Galactose,76, 77 glucose,76, 78, 79 
mannose,76, 80 N-

acetylglucosamine,76, 77 N-
acetylgalactosamine,78 sialic 

acid,77, 81 lactose,60, 76 N-acetyl-
lactosamine,79, 81 

mannobiose,79 heparin 
decasaccharide,76 Globo H,82 

complex carbohydrates76, 80-84 
 

(p) 

 
 

Complex carbohydrates84, 85 
 

 

 

(q) 

 
 
 
 

Glucamine86 

 

 

 

 

(r) 

 

 

 

Mannose, galactose, glucose87 
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 Surface 

Termination 

Functionalized 

Carbohydrates 

Immobilized 

Product 

Immobilized 

Carbohydrates 

 

 

(s) 

 

 
Mannose, galactose, 

glucose, glucosamine, 
cellobiose, lactose, 

lactosamine88 
 

 

 

(t) 

 
 
 

N-acetylglucosamine, N-
acetyl-lactosamine89 

 

 

 

(u) 

 
 

 
 

Mannose90 

 

 

 

 

(v) 

 
 

 
Mannose, glucose, N-
acetylglucosamine, 

fucose, lactose, maltose, 
melibiose91 

 

 

 

(w) 

 
 

 
Galactose, glucose92 

 

 

 

(x) 

 
 
 
 
 

Galactose93 
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 Surface 

Termination 

Functionalized 

Carbohydrates 

Immobilized 

Product 

Immobilized Carbohydrates 

 

 

(y) 

 

 
 

Glucose,94-97 sulfonated 
glucose,95 mannose,97, 98 

galactose97 
 

 

 
 

(z) 

 
 
 
 
 

Galactose99 

 

 

In view of these desired reaction characteristics, the most frequently used 

reactions to immobilize carbohydrates on surfaces via this approach belong to the 

popular so-called “click” reactions. The most used is the copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC) reaction (Table 3; entries a & b), which can be 

performed in various solvents and tolerates most functionalities. One of the first 

examples of immobilization of carbohydrates on surfaces using a CuAAC reaction was 

reported by Wang and co-workers (2006). In their study, azide-containing carbohydrate 

derivatives (mannoside, lactoside, and a galactose-containing trisaccharide) were 

successfully immobilized on alkyne-terminated gold surfaces via the CuAAC reaction. 

The immobilized carbohydrates presented specific binding towards proteins, as 

analyzed by SPR and QCM.50 Overall two different approaches have been used to 

immobilize carbohydrates on surfaces via CuAAC: the alkyne functionality is either 

present on the surface and reacts with azide-containing carbohydrate derivatives6, 51-53, 

55, 100-102, or the azide group is on the surface and reacts with an alkyne-containing 

carbohydrate.56, 57 While the yield of CuAAC is typically high, a significant drawback of 

this reaction is the requirement of the toxic copper catalyst, which cannot always be 

completely removed and might limit the use of the resulting glycosurfaces for diagnostic 

and other biotechnological applications.103, 104 
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An interesting alternative to circumvent the toxicity of copper is the use of 

strained cyclic alkynes that are able to react with azides via a copper-free strain-

promoted azide-alkyne cycloaddition (SPAAC) reaction (Table 3; entries c & d)105. The 

SPAAC reaction was first described by Bertozzi and co-workers (2004)106 and has been 

used by our group to attach lactose derivatives containing azide groups on cyclooctyne-

terminated Si3N4 surfaces. The bioactivity of the lactoside immobilized on Si3N4 was 

analyzed by binding studies with a fluorescently labeled lectin.59 In the same year, Ravoo 

and co-workers (2012) immobilized a mannose derivative containing a cyclooctyne 

group on azide-terminated surfaces.58 The main disadvantage of the SPAAC reaction is 

the more challenging synthesis of carbohydrate derivatives containing cyclooctynes 

when compared with the ones containing linear terminal alkynes. The limited stability of 

cyclooctyne-terminated monolayers also needs to be considered when using the SPAAC 

reaction to immobilize biomolecules on surfaces.  

Another reaction used by Ravoo and co-workers (2012) to immobilize 

carbohydrates on surfaces involves in situ generation of nitrile oxide moieties on the 

surface, which react with alkenes or alkynes, forming isoxazolines (Table 3; entry e). 

The nitrile oxide groups on the surface were generated by oxidation of oxime-

terminated surfaces using diacetoxy iodobenzene as the oxidizing agent. Using this 

approach, the authors immobilized a galactose derivative containing a norbornene 

group, and the galactose-terminated surfaces were shown to bind fluorescently labeled 

peanut agglutinin (PNA).58 

Another approach immobilizes carbohydrates on surfaces using a “click” reaction 

between thiols and alkenes or alkynes, called the thiol-ene or thiol-yne reaction (Table 

3; entries f & g), respectively. The radical thiol-ene and thiol-yne reactions are usually 

carried out under UV light using a photoinitiator such as 2,2-dimethoxy-2-

phenylacetophenone (DMPA). Ravoo and co-workers (2012) used the thiol-ene 

photochemical reaction to attach a thiol-containing mannose derivative on alkene-

terminated surfaces.60 The same type of reaction was also used by Ramström and co-

workers (2012) to attach mannose and galactose derivatives on polymer-coated quartz 

surfaces functionalized with alkenes or alkynes. The authors carried out the reactions at 

room temperature and in aqueous solutions of the thiol-containing carbohydrates, in 

contrast with the reported reaction conditions for both thiol-ene and thiol-yne reactions, 

i.e. using nonpolar solvents. The addition of a radical initiator was not necessary for the 
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reactions and, as expected, the thiol-ene reaction proceeded at a higher rate than the 

thiol-yne. The carbohydrate-terminated surfaces were then tested for their binding 

affinity to various lectins, showing good selectivity.61 The thiol-yne reaction was also 

used to immobilize glucose derivatives on an alkyne-presenting microporous 

polypropylene membrane63, 64 and on an alkyne-terminated silicon surface.107 In the 

latter example, the consecutive double addition of thiol-terminated carbohydrates onto 

the alkyne in the thiol-yne reaction resulted in a higher surface density of carbohydrates 

when compared with the thiol-ene reaction. 

Thiol-containing carbohydrate derivatives can also be used for immobilization 

onto maleimide-terminated surfaces (Table 3; entry h). Mrksich and co-workers (2003) 

used thiol-maleimide coupling to attach mannose, galactose, glucose, and N-

acetylglucosamine derivatives on mixed disulfide monolayers on gold.65 The same 

approach was also used later to prepare mannose-terminated surfaces, which were used 

to compare the binding responses with Con A of propagating SPR and localized SPR 

sensors.66 Glucose-68 and mannose67-terminated surfaces were also prepared using the 

same reaction.  

Another reaction used to immobilize carbohydrates on surfaces is the Diels-Alder 

reaction. Diels-Alder was used to attach various carbohydrate-diene conjugates on 

benzoquinone- (Table 3; entry j)70 and maleimide- (Table 3; entry k)71 terminated 

surfaces. The Diels–Alder reaction with inverse-electron-demand (Table 3; entry l) was 

also successfully used to immobilize alkene-containing carbohydrate derivatives on 

tetrazine-terminated surfaces.72 

Thiol-containing carbohydrate derivatives have also been used for 

immobilization on thiol-terminated monolayers by formation of disulfides (Table 3; 

entry m). Based on this method, Corn and co-workers (2003) attached mannose and 

galactose derivatives on gold surfaces to fabricate carbohydrate arrays for imaging 

SPR.73 Badyal and co-workers (2009) also used the formation of disulfides as a method 

to immobilize galactose and maltose on thiol-terminated surfaces.74 An advantage of this 

immobilization method is the possibility of reducing the disulfide bonds and reusing the 

same thiol-terminated surfaces to attach other carbohydrates, if the initial monolayer is 

stable enough to survive the reduction step. 

Cairo and co-workers (2010) prepared galactose, lactose, and N-acetyl-

lactosamine-terminated surfaces using the Staudinger ligation as immobilization 
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method (Table 3; entry n). For this technique, the authors initially introduced an azide 

functionality to a carboxymethyldextran surface, which reacted with phosphane-

containing carbohydrate derivatives. The modified surfaces were then used to analyze 

carbohydrate-lectin interactions by SPR.75 

Another functional group frequently used for attachment of carbohydrates on 

surfaces is the amine group, which can either be present on the surface or in the 

carbohydrate derivative. Amine-containing carbohydrate derivatives can be attached to 

carboxy-terminated surfaces using carbodiimide chemistry (e.g. 

diclyclohexylcarbodiimide, DCC) or N-hydroxysuccinimide (NHS) coupling chemistry 

(Table 3; entry o). Using this latter technique, a series of mono- and disaccharide 

derivatives containing an amine group was synthesized and attached on NHS-

terminated monolayers on gold surfaces. The specific binding of proteins on the 

carbohydrate arrays was analyzed by SPR, matrix-assisted laser desorption ionization 

time-of-flight mass spectrometry (MALDI-ToF-MS), and on-chip enzymatic 

modification.76 This NHS-approach has also been used to immobilize a variety of 

monosaccharides,77, 79, 80 disaccharides, 60, 77, 81 and also more complex carbohydrates,80-

84 and has been used by the Consortium for Functional Glycomics (CFG) for the surface 

immobilization of carbohydrates for years.108 The resulting surfaces were used to 

prepare arrays used for various biotechnological applications such as profiling diverse 

glycan binding proteins83 and studying carbohydrate-specific cell adhesion.77  

Carbohydrate derivatives containing amine groups have also been immobilized 

on epoxy-terminated surfaces (Table 3; entry p). De Boer and co-workers (2007) used 

this technique to immobilize a series of complex carbohydrates, and prepare an array to 

study carbohydrate-protein interactions.85 Cummings and co-workers (2009) compared 

the immobilization of amine-containing complex carbohydrate derivatives on epoxy and 

NHS-terminated surfaces. The authors observed that the minimum detectable printing 

concentrations are lower on the epoxy slides, but that this reaction is less specific when 

compared with printing on NHS-terminated surfaces.84  

Amine-containing molecules can also be immobilized on azlactone-terminated 

surfaces (Table 3; entry q). Using this approach, Lynn and co-workers (2009) 

immobilized D-glucamine on polymeric films with terminal azlactones and the resulting 

surfaces prevented the adhesion and growth of mammalian cells in vitro.86 Another 

technique to immobilize amine-containing carbohydrate derivatives is by reacting with 
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aldehyde-terminated surfaces, forming an imine bond (Table 3; entry r). Wang and co-

workers (2014) used this approach to attach monosaccharides onto a polyacrylamide 

hydrogel activated with glutaraldehyde, and employed the resulting surfaces for 

bacterial capture.87 The use of carbohydrate-terminated surfaces to capture 

microorganisms will be discussed in more detail at the end of this chapter. The 

formation of an imine bond can also be used to attach aldehyde-functionalized 

carbohydrates on amine-terminated surfaces. The imine bond can then be reduced with 

mild reducing agents such as sodium cyanoborohydride to obtain irreversible 

immobilization (Table 3; entry s).88 The reaction between amines and isocyanate or 

isothiocyanate groups (Table 3; entries t & u) have also been used to immobilize 

carbohydrate derivatives on surfaces. Amine-functionalized carbohydrates were 

successfully immobilized onto 96-well plates coated with an isocyanate-presenting 

polymer.89 Using a similar reaction, a mannose derivative containing an isothiocyanate 

group was attached to amine-terminated surfaces and the resulting surfaces were used 

for bacterial capture.90 Another strategy that has been used to prepare glycosurfaces 

involves the reaction between amines and vinyl sulfones (Table 3; entry v). Ratner and 

co-workers (2012) used this reaction to immobilize carbohydrates on the surface of 

silicon photonic microring resonators, used for label-free detection of glycan–protein 

and glycan–virus interactions.69 Another possibility is to synthesize carbohydrate 

derivatives with a vinyl sulfone group, which then reacts with amine-terminated 

surfaces such as commercially available amine-functionalized glass slides or microwell 

plates.91 

Another strategy used to prepare glycosurfaces is to synthesize carbohydrates 

presenting an oxyamine group, which reacts with the ketone group in electroactive 

quinone-terminated monolayers (Table 3; entry w). A remarkable advantage of this 

approach is the possibility to release the immobilized carbohydrate by applying a 

constant potential under reducing conditions to regenerate the original surface. Using 

this technique, glucose, galactose, and mannose derivatives were immobilized on gold 

surfaces, which were used to prepare microarrays to analyze binding of lectins.92 

Carbohydrates can also be attached on surfaces via enzymatic reactions. In a 

recent work, Xu and co-workers (2012) immobilized lactose on QCM chips modified 

with hydroxyl-terminated poly(ethylene glycol) (PEG) brushes via enzymatic 

transglycosylation (Table 3; entry xȌǤ� ���� Ⱦ-galactosidase enzyme catalyzed the 
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transfer of the galactose unit from lactose to the hydroxyl acceptor, yielding the 

glycoside compound ����� �� Ⱦ-1,4-glycosidic bond. The modified surface was used to 

selectively bind a lectin, while it displayed minimal non-specific adsorption of bovine 

serum albumin (BSA).93 

Finally, another quite distinct method to prepare glycosurfaces is the use of 

polymerization reactions with carbohydrate-containing monomers. The most commonly 

used polymerization method is the surface-initiated atom transfer radical 

polymerization (SI-ATRP) (Table 3; entry y), a powerful and versatile controlled radical 

polymerization method that enables control over polymer thickness and functionality.109 

Using this method, Fukuda and co-workers (2000) prepared glucose-terminated 

surfaces with protected glucose-functionalized monomers. The glucose units were 

subsequently deprotected quantitatively by removing the isopropylidenyl protecting 

groups, which did not result in degrafting or chain breaking of the glycopolymers.94 The 

same monomer was later also used by Ayres and co-workers (2008) and Yoon and co-

workers (2009), but with different surface-bound initiators.95, 96 Additionally, Ayres and 

co-workers (2008) performed a sulfonation reaction to also obtain glycosurfaces that 

may mimic heparin, a naturally occurring sulfonated glycosaminoglycan.95 Another 

example using SI-ATRP to functionalize surfaces with glycopolymers employs D-

gluconamidoethyl methacrylate as the glycomonomer used for the polymerization. The 

capability of preventing the binding of nonspecific proteins, such as lysozyme, BSA, and 

fibrinogen, on this glycopolymer was shown by SPR studies.110 The property of certain 

glycopolymers to prevent nonspecific protein adsorption on surfaces was also explored 

by Yu and Kizhakkedathu (2010). In their work, the authors prepared glycopolymer 

brushes by SI-ATRP using unprotected mannoside, glucoside, and galactoside N-

substituted acrylamide derivatives as the monomers. The surfaces modified with the 

glycopolymers showed low BSA and fibrinogen adsorption, but also preserved the 

specific protein interaction as shown in the binding study with Con A.97 Another 

example of a mannose-containing polymer was prepared by free radical polymerization 

on a gold surface and binding with Con A was studied by QCM, atomic force microscopy 

(AFM), and SPR techniques.98 A galactose-containing monomer was synthesized by 

Ulbricht and co-workers (2010) and grafted on a polypropylene microfiltration 

membrane surface by UV-induced graft polymerization (Table 3; entry z). The 

galactose-presenting glycopolymer was successfully recognized by the bacterium 
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Enterococcus faecalis, increasing the adhesion of bacteria (by a factor of 39) when 

compared with the unmodified polypropylene surfaces.99 The main advantage of 

preparing glycopolymers on surfaces is that the orientations in which they are 

presented probably better resembles the complex natural presentation of carbohydrates 

when compared to SAMs. However, one current challenge is to limit the polydispersity 

in order to obtain well-defined glycosurfaces. 

The chemo-selective reactions discussed in this section are the most frequently 

used approach to immobilize carbohydrates on surfaces in a well-defined and controlled 

manner. In general, the main benefit of this approach is the possibility of obtaining a 

homogeneous carbohydrate layer, in which all the carbohydrate units are presented in 

the same orientation. They are usually bound to the surface via a linker connected to the 

anomeric carbon of the carbohydrate, yielding a carbohydrate layer with defined 

anomeric centers and thus hopefully similar properties compared to the glycosurfaces 

present in nature. However, this approach also has the disadvantage of requiring 

chemical modification of the carbohydrates for the immobilization on the previously 

prepared initial SAM. The synthetic methods required for the modification of the 

carbohydrates might limit the wider applicability of these chemo-selective reactions in 

the carbohydrate nanotechnology scientific community. 

Non-covalent immobilization of carbohydrates to prepare glycosurfaces. 

The preparation of glycosurfaces using secondary reactions, either using 

unmodified carbohydrates or in a chemo-selective way, usually has the advantage of 

yielding stable modifications due to the covalent nature of the bond used for the 

immobilization of the carbohydrate. Non-covalent immobilization (Table 4) is a quick 

and easy alternative to immobilize carbohydrates on surfaces, although it usually yields 

less stable glycosurfaces. 

An interesting approach to prepare glycosurfaces using non-covalent 

immobilization methods is using glycolipids (Table 4; entry a), which can interact with 

surfaces presenting hydrophobic monolayers or also with surfaces that are intrinsically 

hydrophobic.115, 126 Using this approach, Kiessling and co-workers (1998) prepared a 

mannose-presenting glycolipid, which interacted with a previously prepared 

hydrophobic SAM. The carbohydrate density on the glycolipid bilayer was varied by 

using different percentages of the mannose glycolipid relative to phosphatidylcholine. 
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The modified surfaces were then used to investigate the specific binding of Con A by 

SPR.111 Mannose glycolipids with two hydrophobic alkyl chains were also immobilized 

on surfaces by a similar technique.113-115 More complex carbohydrates such as 

gangliosides were also immobilized on surfaces using a similar approach and used to 

investigate the binding of cholera toxin.112, 119, 127 The same technique was also used to 

prepare glycosurfaces with C-lactose and C-galactose glycolipids on a commercially 

available HPA hydrophobic chip (Biacore).117 Natural glycolipids secreted by 

Pseudozyma yeast, known as mannosylerythritol lipids, were also immobilized on the 

HPA hydrophobic chip.128 Using a slightly different technique, but also with a 

carbohydrate derivative containing hydrophobic chains, Liu and co-workers (2007) 

prepared N-acetylglucosamine-terminated surfaces. In their approach (Figure 5), a 

glass slide was initially functionalized to present amino groups. The amino-terminated 

glass slide was then covered with gold nanoparticles and these nanoparticles were then 

functionalized with thiols containing hydrophobic chains, which were used to interact 

with the glycolipids.118  

Non-covalent immobilization of carbohydrates by hydrophobic interactions is not 

restricted to long alkyl chains. Other groups that provide hydrophobic or fluorophase 

interactions can be bound to carbohydrates and used to prepare glycosurfaces, such as 

aromatic rings and perfluorinated hydrocarbon chains (Table 4; entry b). Lindhorst 

and co-workers (2012) prepared mannose-terminated surfaces using trityl-containing 

mannose derivatives, which were immobilized onto polystyrene microplates.67, 116 

Complex carbohydrates were also immobilized on aluminum oxide-coated glass surfaces 

via interaction between perfluorinated hydrocarbon chains immobilized on the surface 

and the ones present on the carbohydrate derivative.35 

Another type of interaction that can be used to prepare glycosurfaces via non-

covalent immobilization is ionic interaction between surfaces and molecules with 

opposite charges (Table 4; entries c & d). The anionic polysaccharide heparin was 

immobilized on a positively charged amine-terminated surface.120 Coullerez and co-

workers (2008) also prepared a glycosurface based on the polycationic graft copolymer 

poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG), which was modified to present 

mannose units and immobilized via ionic interactions on a negatively charged surface.121 
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Table 4. Methods of non-covalent immobilization of carbohydrates on surfaces. (a) Glycolipids, (b) 

Perfluorinated hydrocarbon chains, ionic interactions on (c) positively and (d) negatively charged 

surfaces, (e) biotin-streptavidin interaction, and (f) DNA-directed immobilization. 

 Substrate Functional 

Group 

Immobilized 

Product 

Immobilized 

Carbohydrates 

 

(a) 

 

Mannose,111-116 galactose,117 
N-acetylglucosamine,116, 118 

lactose,117 cellobiose,117 
maltose,117 GM1,112, 119 other 

complex carbohydrates112 
 

 

 

 

(b) 

 
 

 
 

Mannose, lactose, cellobiose, 
cellolotriose, cellotetraose, 

Gb5, Globo H35 
 

 

 

(c) 

 
 
 

Heparin120 
 
 

 

(d) 

 
Mannose121 

 
 

 

 

(e) 

 
 

Complex carbohydrates122-124 
 

 

 

 

 

(f) 

 

 

 

Mannose, galactose125 
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Figure 5. Schematic representation of the self-assembled multicomponent system for the 

investigation of biomolecular binding. Reprinted with permission from reference 118. Copyright 

(2007) Elsevier. 

 

More specific non-covalent interactions, as between biotin and its protein binding 

partners (avidin, neutravidin, or streptavidin) has also been used to prepare 

glycosurfaces for biotin-linked carbohydrates (Table 4; entry e).129 For the 

carbohydrate immobilization, biotin-terminated layers were initially prepared, followed 

by binding of neutravidin on the biotin-terminated surfaces (Figure 6). Finally, the 

biotin group linked to sialoside derivatives could then interact with the remaining free 

binding sites of the neutravidin units. The surface-bound sialosides were used to study 

carbohydrate-protein interactions.124, 130  

 

 
Figure 6. Schematic representation of the carbohydrate immobilization using the non-covalent 

interaction between NeutrAvidin and biotin. Reprinted with permission from reference 124. 

Copyright (2009) American Chemical Society. 
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Additionally, DNA-directed immobilization can also be used to prepare 

glycosurfaces (Table 4; entry f). Chevolot and co-workers (2009) successfully 

immobilized galactose derivatives on borosilicate glass slides using this technique.125  

The carbohydrates present on the cell surface in nature are usually present in the 

fluid lipid bilayer of membranes as glycoconjugates of proteins or lipids and, 

consequently, are exposed to their interaction partner in a dynamic fashion. In order to 

better mimic this aspect of natural glycosurfaces, some non-covalent immobilization 

techniques can be used, such as solid-supported lipid bilayers.115, 126 In this case, the 

carbohydrates may be exposed in a more dynamic way and may behave more similarly 

to the natural glycosurfaces. 

In general, various techniques to prepare glycosurfaces have been developed in 

the past few decades. These techniques can be divided in four main groups: SAMs of 

molecules containing carbohydrates, covalent immobilization of unmodified 

carbohydrates by secondary reactions, chemo-selective covalent immobilization of 

carbohydrate derivatives, and non-covalent immobilization of carbohydrates. All the 

approaches discussed have their advantages and their drawbacks, and the optimal 

technique usually depends on the application of the glycosurfaces and the expertise of 

the scientists responsible for their design and preparation. However, what all these 

techniques have in common is the need to comprehensively characterize the obtained 

glycosurfaces. The main techniques used for characterization of glycosurfaces, including 

a few examples, will be discussed in the following section. 

 

Characterization of glycosurfaces 

Various methods are reported in the literature for preparation of glycosurfaces, 

as described in the previous sections. Glycosurfaces generated via all these methods 

need to be characterized to prove the successful modification of the surface. In this 

section, we provide an overview of the most frequently used techniques to characterize 

glycosurfaces (Figure 7), including the type of information that can possibly be obtained 

with each of these techniques.  
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Figure 7. Main analysis techniques used to characterize glycosurfaces. 

 

Contact angle measurements (wettability) 

One of the most often used techniques for characterization of modified surfaces, 

including glycosurfaces, is the measurement of the surface wettability. The surface 

wettability is measured statically by placing a small drop of liquid on a surface and 

measuring the angle formed between the liquid and the solid surface, named contact 

angle. Nowadays, these measurements are obtained using a camera to record the image 

of the drop and a software that provides different fitting models to calculate the contact 

angle.131, 132 The main solvent used for contact angle measurements is water, but more 

apolar solvents can also be used. In general, according to the values of the static water 

���������������������������������������������������������ȋɅCA < 90°Ȍ����������������ȋɅCA 

> 90°).132 A surface after functionalization with carbohydrates typically displays a low 

water contact angle due to the hydrophilicity of the unprotected carbohydrates. The 

most frequently used contact angle measurement is the static contact angle, however 

advancing and receding contact angles can also be measured. The difference between 

the advancing and receding contact angles, called contact angle hysteresis, represents 
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the “non-ideality” of a surface and is related to the adhesion of materials on the surface. 
132 

Water contact angle measurements have been used by many researchers as the 

first technique to quickly and easily follow reactions with carbohydrates on surfaces. Yu 

and Kizhakkedathu (2010), for example, compared the water contact angles of 

glycopolymers on surface generated both with protected carbohydrate derivatives and 

deprotected ones. The surfaces generated with the protected carbohydrates presented a 

contact angle of 53.8°, whereas the ones generated with the deprotected carbohydrates 

had a contact angle of 7.2°. When the deprotection step was performed on the surface 

after generation of the glycopolymer, the contact angle of the resulting surfaces was 

33.5°, showing that the deprotection on the surface was incomplete.97 Xu and co-

workers (2013) used water contact angle measurements to evaluate the effect of 

glycosyl density on the hydrophilicity of a polypropylene membrane. The authors 

observed a significant decrease of the contact angle with increase of the glycosyl 

density.64 

Although other techniques need to be used to analyse the functionalization of a 

surface with carbohydrates at the molecular/structural level, the contact angle 

measurement is an easy and quick method that provides a good indication about 

whether a functionalization step succeeded and the overall surface wettability.  

X-ray photoelectron spectroscopy (XPS) 

Another technique that has been frequently used for characterization of 

glycosurfaces is X-ray photoelectron spectroscopy (XPS), which provides quantitative 

information on the elemental and chemical composition of a surface to a depth of a few 

nanometers.133 In XPS, a X-ray source induces the emission of photoelectrons from the 

surface. The emitted photoelectrons are collected, identified, and quantified according to 

their energy. The method is quantitative because the binding energies of the core levels 

that are analyzed are element-specific, while the signal intensities are not influenced 

significantly by the precise nature of chemical bonding.134 An important advantage of 

XPS when compared to other techniques that provide elemental and chemical 

composition information is that it is essentially a non-destructive technique.135 Two 

different types of surface analysis can be performed in XPS: wide-scan analysis, which 

provides (quantitative) information on the elemental composition, and high resolution 
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analysis (yielding a narrow-scan spectrum), which provides chemical bond 

information.136 

Many authors have used XPS to characterize glycosurfaces made with mixed 

SAMs of molecules containing carbohydrates and oligoethylene glycol or hydrocarbon 

units. In this case, the elemental analysis (wide-scan spectrum) is not sufficient to 

distinguish between the carbon and oxygen atoms of the carbohydrates and those of the 

ethylene glycol or hydrocarbon units. However, in the C1s narrow scan spectrum it is 

possible to obtain quantitative information about the chemical bonds that are present 

on the glycosurface. One can conveniently identify a XPS signal that is characteristic of 

carbohydrates, corresponding to the anomeric acetal carbon (O–C–O), that is present 

around 288 eV.6, 137-139 Dhayal and Ratner (2009), for example, used this signal to 

quantify the relative coverage of carbohydrate in mixed monolayers with ethylene glycol 

units.137 

Overall XPS provides very useful information on the composition and chemical 

state of elements present on surfaces. Although it has been used for the characterization 

of glycosurfaces, its more restricted availability to laboratories specialized in surface 

chemistry has limited its widespread application. 

Infrared reflection-absorption spectroscopy (IRRAS) 

Infrared reflection-absorption spectroscopy (IRRAS) is another technique that 

has been used for characterization of glycosurfaces. IRRAS is a truly non-destructive 

technique that provides information about the chemical composition of surfaces, based 

on frequencies and intensities of molecular vibrations.140 IRRAS measurements can, in 

principle, also provide information about the molecular orientation within the layer, 

using polarized light,141, 142 but the short-range disorder of glycosurfaces will typically 

hamper providing such detailed information. 

An advantage of infrared spectroscopy is that it does not require ultrahigh 

vacuum conditions, as opposed to XPS. Most IRRAS analysis of SAMs can be performed 

in air or inert atmosphere.141 Depending on the substrate, transmission infrared 

spectroscopy can be used instead of IRRAS, e.g. for glass143 and porous aluminum 

oxide.6, 101  

The characteristic bands of carbohydrates are present at around 3300–3500 

cmΫ1, related to the stretching of intramolecular and intermolecular OH groups; and as 
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three shoulders at around 1147, 1090, and 1045 cm-1, related to the hemiacetal of 

carbohydrates (O–C–O).55, 141 Some other IR bands that can often be found on prepared 

glycosurfaces are found at around 2850 cmΫ1 and 2920 cmΫ1. They relate to the 

symmetric and antisymmetric stretching vibrations of the CH2 chain, respectively, which 

are present when the carbohydrates are attached to a hydrocarbon chain.55, 141 The 

position of these bands may give information about how ordered the monolayer is.141, 144  

 IRRAS is an useful and accessible technique for characterization of glycosurfaces. 

However, quantification of the carbohydrate density is challenging and another 

technique is probably required for more comprehensive characterization of a 

glycosurface. 

Mass spectrometry  

Mass spectrometry techniques, such as time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) and direct analysis in real time high-resolution mass 

spectrometry (DART-HRMS) have also been used to obtain information about the 

composition of glycosurfaces. ToF-SIMS is a highly sensitive technique that can be used 

for surface chemical mapping and also enables the elucidation of molecular 

orientation.145 In SIMS, a pulsed ion beam removes molecular fragments from the 

surface and the secondary ion fragments are accelerated by an electrical field. The ToF 

detector measures the velocity of the ions, which depends on the mass-to-charge 

ratio.146 

Some characteristic peaks that can be observed in ToF-SIMS analysis of 

glycosurfaces are related to oxygen rich anions, namely C3H3O2-, C2H3O2-, C2H2O2-, CHO2-, 

C2HO-,71 and C3H5O2+.47 Other signals mostly depend on the type of SAM present on the 

surface, such as CH2AuS, C2H4AuS, and C4H8AuS for alkanethiol SAMs on gold, for 

example.138 ToF-SIMS has also been used for characterization of patterned 

glycosurfaces, with detection of characteristic carbohydrate ions depending on the 

surface localization.71, 141 

Another mass spectrometry technique, which has recently been studied in detail 

in our group, for the characterization of glycosurfaces is DART-HRMS. In DART-HRMS 

excited He gas is impinged onto the surface under ambient conditions. This affects an 

interaction between such excited He and the surface, or between atmospheric species 

obtained from ionization by excited He, and the surface. Surface-bound groups are in 
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this process removed from the surface, and ionized.147 We used DART-HRMS to 

characterize lactose, mannose, and fucose-functionalized porous aluminum oxide 

surfaces. Using the tremendous structural power of HRMS, it is thus easily possible to 

discriminate between the immobilized monosaccharides, and between various 

disaccharides.100 In this way DART-HRMS provides structural information about 

glycosurfaces that is not easy to obtain otherwise. 

Mass spectrometry techniques, such as ToF-SIMS and DART-HRMS are useful to 

obtain information about chemical composition of glycosurfaces and also to prove the 

localization of carbohydrates on patterned surfaces. A drawback is that these techniques 

are destructive, so the glycosurfaces that are analyzed cannot be further used for 

biological tests. 

Ellipsometry 

Ellipsometry is a powerful optical tool to measure the thickness of thin films, 

including glycosurfaces. Ellipsometric measurements are usually performed with a light 

beam that propagates in air (or vacuum) and is reflected by (or transmitted through) the 

sample, eventually arriving at the detector. This technique can determine the thickness 

of monolayers or glycopolymers on surfaces, because the light reflected by the interface 

of an initial layer interferes with the light reflected by the interface of a second layer on 

top of it.148 

Ellipsometry has usually been used in combination with other techniques to 

characterize glycosurfaces, because it does not provide information on chemical 

composition. An interesting characteristic of ellipsometry is the possibility of measuring 

layer thickness in various conditions, including the presence of different solvents. This 

technique is useful to measure SAMs directly prepared with carbohydrate derivatives,17, 

25, 34 glycosurfaces in which the carbohydrate is immobilized via a secondary (or tertiary 

reaction),90 and also for glycopolymers on surfaces.96, 97, 110 

Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a scanning probe microscopy imaging 

technique used to investigate roughness of surfaces, size, shape, structure, dispersion, 

and aggregation of nanomaterials. The equipment consists of a micro-machined 

cantilever, usually made of silicon or silicon nitride, with a sharp tip at one end. This tip 
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detects the deflection of the cantilever caused by repulsion or attraction between the tip 

and the analysed surface. It presents different scanning modes: noncontact or static 

mode, contact mode, and intermittent sample contact mode (or dynamic and tapping 

mode).149 

AFM can also be used as a highly sensitive force machine that can measure forces 

as small as 10 to 20 pN. This property enables the use of AFM to measure nano-adhesive 

properties of samples. By using a (bio)functionalized cantilever tip it is even possible to 

measure the attraction or binding event between a (bio)molecule and a 

(bio)functionalized surface.150, 151 

For the characterization of glycosurfaces, AFM has mainly been used to 

investigate surface roughness, especially for glycopolymers on surfaces.28, 32, 97, 124 AFM 

is an interesting technique to investigate how the carbohydrates are distributed on a 

surface, however, it provides limited information on the nature of the carbohydrate 

molecule. One way to increase the information provided by AFM is the use of specific 

lectins at its cantilever tip. In addition, AFM can be combined with other 

characterization techniques, such as XPS, ToF-SIMS, and IR, for confirmation of the 

biofunctionalization of the surface with carbohydrates. 

Various techniques have been used for characterization of glycosurfaces and each 

of them provides different types of information. It is usually necessary to apply a 

combination of two or three techniques to properly characterize a glycosurface. The best 

selection of characterization methods often depends on the material of the modified 

substrate, the type of modification (SAMs, glycopolymers or non-covalent 

immobilization), and the intended final application of the glycosurface.  

 

Application of Glycosurfaces in Microbiology 

As mentioned in the introduction, carbohydrates are present on the surface of 

most multicellular and single cell organisms and their interaction with other 

biomolecules, especially receptor proteins are critical in many biological processes, but 

currently only poorly understood. Glycosylated surfaces are an emerging type of 

biomaterial that can be used in the investigation of interactions between carbohydrates 

and other biomolecules, mainly proteins, either in isolation or on microbial cells. The 

study of these interactions can contribute to the discovery of novel carbohydrate-
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protein (usually lectins) binding partners, which can for instance be useful to identify 

disease biomarkers or to better characterize certain microorganisms.152 The main 

application of prepared glycosurfaces is currently for carbohydrate microarrays.49, 153 

When compared to antibodies or DNA-based sensors, the carbohydrate-based sensors 

have the advantages of being more stable under various conditions.154 However, the 

main drawbacks are the lower selectivity and lower binding affinity of the carbohydrate-

based sensors.  

Glycosurfaces have also been used for binding, capture, and sensing of bacteria 

via the interaction with the lectins present on the surface of many bacterial species. In 

bacterial infections, a well-known carbohydrate-protein interaction is the one between 

mannosides and the type 1 fimbrial lectin (FimH), present on the cell surface of 

Enterobacteriaceae species, including the uropathogenic Escherichia coli (UPEC). This 

interaction is responsible for the adhesion of UPEC on the luminal surface of the bladder 

epithelium, causing bladder infection and inflammation. In this case, mannose-

presenting surfaces can be used to detect these pathogenic bacteria.1  

In this section, we will focus on some examples of applications that use 

glycosurfaces for binding, capture, and sensing of bacteria and bacterial toxins, as well 

as the multivalency effect that plays an important part in carbohydrate-protein 

interactions on glycosurfaces. 

Binding, capture, and sensing of bacteria 

The genetic model bacterium E. coli has been frequently used as a model for 

microbial capture using glycosurfaces due to the well-known interaction between their 

fimbrial adhesins and the glycocalix of their host cells. The interaction between Ƚ-D-

mannoside residues and the FimH adhesin present on the type 1 fimbriae of many 

strains of E. coli is the most investigated bacterial adhesion process so far.1 Wang and co-

workers (2007) used two different approaches for E. coli detection via carbohydrate-

adhesin interactions: direct detection and Con A-mediated detection (Figure 8). The 

direct detection involved detecting the interaction between a mannose-terminated SAM 

and the adhesin units present on the fimbriae of the bacteria. The Con A-mediated 

detection, on the other hand, involved the initial binding of the lipopolysaccharide 

present on the bacterial surface to Con A that in turn binds to the mannose-terminated 

SAM. The signal response was around eight times larger when the Con A-mediated 
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detection was used. This is attributed to the formation of bridges between E. coli and the 

mannose-presenting surface, leading to a relatively rigid and strong attachment.11 Most 

studies using glycosurfaces for binding, capture or sensing of E. coli, however, use the 

direct detection approach, 13, 90, 121, 155-157 as the use of the multivalent binding capacity 

of Con A as in intermediate adds additional complexity to interpreting the already 

complex carbohydrate-protein interaction of interest.87 In general, the bacterial binding 

can be detected and/or quantified by, for example, (fluorescence) microscopy (Figure 

9),90, 121 faradaic electrochemical impedance spectroscopy (EIS),13 metal mesh device 

(MMD) sensors,155 or quartz crystal microbalance with dissipation (QCM-D) 

techniques.156 

 
Figure 8. Schematic representation of direct (�� FROL detection and Con A-mediated (�� FROL 

detection. Reprinted with permission from reference 11. Copyright (2007) American Chemical 

Society.  

Different E. coli strains have been used as a model for investigating this binding, 

such as the ORN17813, 115, 155 and ��ͷȽ157 strains – which both possess the wild type 

FimH domain – or a fluorescently GFP-expressing strain (E. coli pPKL1162) that also 

overexpresses the type 1 fimbriae on its surface.90 The interaction between bacteria and 

glycosurfaces is a complex process, and proper negative controls are therefore required. 

Some E. coli strains that do not present the type 1 fimbriae have been used as a negative 

control, such as AAEC191A121 and HB101 strains (non-fimbriated E. coli), a strain 

lacking the plasmid for FimH expression (but expressing the rest of the fim gene 

cluster),121 and the ORN 208 strain (expresses abnormal type 1 pili that fail to mediate 

mannose-specific binding).13, 115, 155 The use of these strains as negative controls is 

important  to show that the binding process is mostly due to the interaction between the 
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Figure 9. Adhesion of fluorescent bacteria to the different stages of the SAM during the “dual click” 

approach. The GFP-transformed (�� FROL bacteria (pPKL1162) enable a fast, direct fluorescence 

readout to investigate bacterial adhesion on surfaces. The native gold surface (I) was used as 

reference in each of the other experiments. As can be seen in the epifluorescence micrographs, the 

(non-specific) adhesivity of the alkyne-terminated SAM II is comparable to the one of the native Au 

VXUIDFH�� ,QWURGXFWLRQ�RI� WKH�2(*�FKDLQ� UHGXFHV� WKH�DGKHVLRQ�VLJQLILFDQWO\��ZKLOH� WKH�Į-mannosyl-

terminated SAM is effectively recognized by the (��FROL leading to heavy adhesion. Reproduced from 

reference 90 with permission from The Royal Society of Chemistry. 

 

carbohydrates and the adhesins, partially excluding non-specific interactions as the 

source for any observed binding. Another option for a negative control is the addition of 

soluble carbohydrates to the suspension of bacteria before the binding to the 

glycosurface. If the soluble carbohydrate is the same as the one present on the 

glycosurface, it will saturate the carbohydrate binding sites of any present bacterial 

adhesins, and thereby strongly decreases the bacterial glycosurface binding when 

compared with the experiments in the absence of the soluble carbohydrate.6, 87  

Another bacterium known to have adhesins that are related to its binding of 

natural glycosurfaces and the formation of biofilms is Pseudomonas aeruginosa. P. 

aeruginosa synthesizes two surface adhesins, named PA-IL (or LecA), which specifically 

binds galactose, and PA-IIL (or LecB), which specifically binds fucose.158, 159 Wei and co-
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workers (2010) studied the binding of P. aeruginosa on glycosurfaces with 

��������������������������Ⱦ-D-N-�����������������������Ƚ-L-fucose. The bacteria adhered 

to both glycosurfaces, however, they displayed a lower adhesion to the surface with the 

fucose-containing trisaccharide than on the one containing N-acetylgalactosamine, 

which naturally occurs on the epithelium of the pulmonary tract. This difference might 

be due to the fact that the fucose-binding adhesin PA-IIL is regulated in an 

environmentally-dependent fashion, requiring certain compounds in the culture 

medium for proper expression.160 More recently, Liu and co-workers (2014) 

investigated the binding of P. aeruginosa by QCM-D using surfaces coated with 

glycopolymers generated with glucose and lactose-containing monomers. The bacteria 

showed an increased and calcium-dependent adhesion to the lactose-presenting surface, 

probably due to the interaction between PA-IL and the galactose unit.156  

Surfaces coated with glycopolymers containing lactose were also used to increase 

the binding of E. faecalis via interaction between an adhesin on its surface and the 

galactose unit.99 It was shown that the presence of soluble galactose decreased the 

bacterial binding, whereas a soluble glucose negative control did not influence the 

binding. The binding of E. faecalis was also significantly affected by the blocking of the 

carbohydrates with peanut agglutinin (PNA), a lectin that specifically binds galactose. 

Prior exposure of the glycosurface to BSA or Con A had considerably less influence on 

the bacterial binding when compared with PNA.99 

Glycosurfaces were also recently used by us for increased binding of L. 

plantarum, a probiotic bacterium that presents a mannose-binding adhesin on the cell 

surface.161 Mannose-terminated porous aluminum oxide (PAO) was used for binding and 

subsequent growth of L. plantarum on the same surface. PAO is a cheap nanoporous 

surface that has been used for various biotechnological applications. Bacterial growth is 

possible on PAO because nutrients can diffuse from the medium on which PAO is placed 

to the top surface via the pores present on the surface.162 We also showed in a control 

experiment that a soluble mannose derivative was able to reduce the binding of L. 

plantarum to the mannose-terminated glycosurface by blocking the mannose-binding 

adhesin.6 
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Binding and sensing of bacterial toxins 

Although the use of glycosurfaces for detection of bacterial cells is still limited, 

there are various examples of detection of bacterial toxins using glycosurfaces. This is 

probably because the interaction between carbohydrates and whole cells is more 

complex and challenging to characterize than the interaction between carbohydrates 

and toxins. The detection of bacterial toxins using glycosurfaces is possible because a 

large number of bacterial toxins target carbohydrate derivatives on host cell surfaces to 

enter into the cells. Some examples of bacterial toxins that target carbohydrates of the 

host cell surface include cholera toxin, shiga and shiga-like toxins, tetanus toxin, 

botulinum toxin, and pertussis toxin.163  

Cholera toxin, secreted by Vibrio cholerae, is the cause of the pathology observed 

in cholera, mainly watery diarrhoea and vomiting, that can lead to lethal dehydration 

and is still a common illness in many developing countries. The natural ligand of cholera 

toxin is the glycosphingolipid ganglioside GM1, which is present on the cellular 

membrane of the intestinal epithelial surface of the host. The major contributors to the 

binding are the galactose and the N-acetylneuraminic acid units of the GM1 

ganglioside.164 Glycosurfaces containing these carbohydrates may therefore be useful for 

detection of cholera toxin. GM1-terminated surfaces have been used for detection of 

cholera toxin,112, 119, 165-167 and also to study the inhibition of cholera toxin binding by 

soluble carbohydrate derivatives.127 Ligler and co-workers (2006) detected cholera 

toxin on both N-acetylneuraminic acid and N-acetylgalactosamine-terminated surfaces, 

with a limit of detection of 100 ng/mL. As expected, the binding of the toxin to the N-

acetylneuraminic acid-terminated surface was more intense than to the N-

acetylgalactosamine-terminated one.163 Even more simple carbohydrates, such as 

galactose, showed interaction with cholera toxin when immobilized on a surface used to 

generate carbohydrate microarrays.168  

Shiga toxin and shiga-like toxins have also been detected using glycosurfaces. 

These toxins are known to cause gastrointestinal diseases after invading mammalian 

cells through binding to the carbohydrate portion of glycolipids on the cell surface. A 

shiga-like toxin produced by E. coli O157:H7 presents specificity towards 

���������������������� ȋ
�͵Ȍǡ� ������ ��������� ���� �������������� Ƚ
��ȋͳ ͶȌȾ
��ȋͳ
ͶȌȾ
��Ǥ169 Consequently, Gb3 derivatives and more simple carbohydrates that are part of 
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Gb3 have been immobilized on surfaces and used for the binding of shiga-like toxins as 

detected by QCM26, 170 and SPR.29, 171-173  

Other glycosurfaces have been used to investigate the interactions between 

carbohydrates and other bacterial toxins,108, 174 such as E. coli heat-labile enterotoxin,129 

and tetanus toxin.163 

Multivalency effect 

Although single interactions between carbohydrates and proteins are in general 

very weak, multiple interactions can reinforce one another and together achieve 

avidities that result in strong binding. Almost all carbohydrate-protein interactions in 

nature are multivalent, including the interactions between carbohydrates and bacterial 

adhesins or toxins discussed in the previous sections. The avidity and even the 

selectivity of carbohydrate-protein interactions clearly depend on the density of the 

carbohydrate units on a studied surface.175 In this case, for an optimal binding of a 

protein on a glycosurface, it is important that the carbohydrate is homogeneously 

distributed on the surface and present in a suitable density. Obviously, even when 

surfaces are functionalized with monovalent ligands, they can act as a multivalent 

system based only on the immobilization of the monovalent agents on the surface.176 

Kahne and co-workers (1999) investigated the influence of carbohydrate surface 

density on protein-binding selectivity. They showed that the Bauhinia purpurea lectin 

switches its selectivity from one carbohydrate to another depending on the surface 

density of the ligands in a mixed SAM.22 Houseman and Mrksich (1999) investigated the 

influence of the surface density of carbohydrates on an enzymatic glycosylation reaction. 

In their system, the optimal density of carbohydrate for the enzymatic glycosylation was 

an intermediate density, around 70%, with significant decrease of glycosylation rates at 

higher densities of carbohydrates.18 The influence of the carbohydrate density on 

antibody binding was investigated by SPR. When the carbohydrate was present on the 

SAM at a high density, the antibody binding was minimal. The carbohydrate density 

needed to be reduced to around 25% to obtain an increase of antibody binding.20 Similar 

results were found for binding of Con A on maltose-terminated surfaces, with increase of 

the binding being observed when the carbohydrate density decreased (Figure 10). The 

binding also changed from monovalent recognition to bivalent recognition when the 

carbohydrate was diluted to 10%.177 One explanation for the low binding of proteins to 
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glycosurfaces with a high carbohydrate density is attributed to the tight packing of the 

end groups in the SAM, resulting in limited access of the carbohydrates to the protein 

binding pocket.20 

 
Figure 10. Model structure of three-dimensional carbohydrate positioning in the interface provides 

the best strategy for overcoming the weak binding detection. The maltoside–OH terminated hybrid 

monolayer represents multivalent binding for Con A when the maltoside was diluted. The affinity of 

Con A and maltoside on the surface was enhanced in 10׽ mol % surfaces. Reprinted with 

permission from reference 177. Copyright (2012) American Chemical Society. 

 

Ratner and co-workers (2009) showed that the effect of the carbohydrate density 

in the binding of proteins also depends on the type of molecule used for the dilution 

(Figure 11). When a molecule with a long chain (longer than the carbohydrate) was 

used for dilution, the increase of carbohydrate density increased the lectin binding. On 

the other hand, when a short molecule was used for the dilution, the maximum lectin 

binding was found around 40 – 60% carbohydrate density, followed by a plateau and a 

slight decrease of binding.137 

Stine and co-workers (2012) observed a difference in the optimal mannose 

density for Con A binding on flat gold and nanoporous gold. Although the dilution of the 

carbohydrate in the SAM increased the Con A binding for both surfaces, the optimal 

mannose density proved lower for nanoporous gold. Whereas the optimal mannose 

density for Con A binding was 1:9 ratio (mannoside/alkane thiol) for flat gold, the best 

Con A binding was found to be 1:19 for nanoporous gold.12 

Buriak and co-workers (2011) did not find a decrease of protein binding with an 

increase of carbohydrate density, but rather an optimal protein binding when the 

carbohydrate is present at 30% density, followed by a plateau when the carbohydrate 

density was increased.36 Szunerits and co-workers (2010) obtained similar results for 

binding of Lens culinaris lectin on mannose-terminated surfaces, with a maximum 
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response for carbohydrate density of 60%, with a plateau of response when increasing 

the mannose density.53 

 

 
Figure 11. Assembly of mixed sugar/oligoethylene glycol (OEG) SAMs on gold. Reprinted with 

permission from reference 137. Copyright (2009) American Chemical Society. 

 

Another way of studying the effect of multivalency on the binding of lectins to 

glycosurfaces is using carbohydrate derivatives with different valencies. Pieters and co-

workers (2010) investigated the binding of a series of lectins to five different 

carbohydrates presenting valencies ranging from one to eight. Using a microarray it was 

possible to investigate the lectin specificity and the multivalency effect for each 

carbohydrate in a single experiment. The authors found various profiles, depending on 

the carbohydrate and the lectin, but with maintenance of specificity.168 

Changes in the carbohydrate density of SAMs or in the way of presenting the 

carbohydrate units can also interfere in the bacterial binding to glycosurfaces. 

Carbohydrate derivatives with different valencies were immobilized on a surface and 

the binding of E. coli was investigated. The bacterial binding increased when the amount 

of carbohydrate units per molecule increased from one to three. However, when the 

carbohydrate units further increased to six and nine, there was a decrease in bacterial 

binding.121 The binding of E. coli to dynamic glycosurfaces with different densities 

showed a change in the avidity from monovalent to multivalent as the mannose density 
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increased (Figure 12).115 Recently, Lindhorst and co-workers (2013) investigated the 

influence on bacterial binding to mannose-presenting surfaces of both the carbohydrate 

density and of different ways of presenting mannose. The authors showed that at high 

densities of carbohydrate the simple monovalent mannoside provided a more adhesive 

surface for E. coli than the bivalent and trivalent ones. However, at lower densities the 

binding of E. coli was higher on the surfaces with bivalent and trivalent mannosides 

when compared to the monovalent one. The highest binding affinity was found for the 

lowest concentration tested with the trivalent mannoside.178 
 

 
Figure 12. (Upper) Formation of a glycan presenting supported lipid bilayer (SLB) surface from a 

small unilamellar vesicle (SUV) solution. (Lower) Schematic illustration of a glycan density gradient 

microarray for pathogen adhesion. Reprinted with permission from reference 115. Copyright (2009) 

American Chemical Society. 

 

It is interesting to notice that a higher carbohydrate density on a SAM does not 

necessarily result in greater binding of lectins or bacteria. It can either not provide any 

improvement in binding, resulting in waste of the excess of carbohydrate or, in the 

worst case, decrease the binding.36 For this reason, it is important to determine the 

optimal carbohydrate density in a glycosurface to maximize the biological effect and also 

to reduce the waste of carbohydrate derivative. 
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Outlook 

In the previous sections, we presented an overview of the methods frequently 

used to prepare glycosurfaces via three different general approaches: (a) direct 

formation of self-assembled monolayers (SAMs) containing carbohydrates, (b) 

secondary reactions (with unmodified and modified carbohydrates), and (c) non-

covalent immobilization. The main challenge in the modification of surfaces with 

carbohydrates is to develop an approach that yields well-defined and stable 

glycosurfaces using the minimal number of steps. These steps should ideally be 

reproducible, simple, cheap, and available to a great number of scientists. Additionally, 

the ideal glycosurface should be stable to a wide range of conditions and for certain 

applications it should be resistant to multiple cycles of regeneration, without loss of its 

original properties. For industrial applications, it would also be important to consider 

the possibilities of scaling-up the production process. The currently most used approach 

for straightforward glycosurfaces is still the method that was first developed, formation 

of thiol-based SAMs of carbohydrate derivatives on gold, mainly because of their easy 

preparation. As the study and utilization of the biological role of carbohydrates has been 

rapidly increasing over the past decades, glycosurfaces are required that enable an ever 

increasing amount of sensitivity, complexity and precise control over their composition. 

In general the trend is therefore to explore other approaches that enable stable and 

controlled site-specific immobilization of unprotected carbohydrates via an attaching 

group on their anomeric position.  

Besides the often applied copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC), an increasing range of other “click” reactions179, 180 have become available also 

for use in surface attachment of carbohydrates. The full potential of these reactions for 

the preparation of glycosurfaces has not yet been reached, but over the coming years 

will allow for more advanced glycosurfaces and perhaps the ideal one. When preparing a 

glycosurface it is of course essential to know what it looks like before using it. Various 

characterization techniques have been applied for glycosurfaces, namely contact angle 

measurements, X-ray photoelectron spectroscopy (XPS), infrared reflection-absorption 

spectroscopy (IRRAS), mass spectrometry, ellipsometry, and atomic force microscopy 

(AFM). All these methods provide different types of information and the main challenge 

is to select what is the best combination of techniques to characterize a glycosurface. 

This selection usually depends on the substrate used to prepare the glycosurface, the 
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type of modification, and the application of the glycosurface. It should give the highest 

level of information in the shortest time possible, ideally without destroying the 

glycosurface.  

Glycosurfaces have already proven to be very useful in increasing our 

understanding of the binding between carbohydrates and other biomolecules, mainly 

proteins, and have been successfully used for detection of known carbohydrate-protein 

interactions and helping the discovery of new binding partners and the development of 

novel therapies. Because of the enormous number and diversity of carbohydrate-

containing biomolecules and the fact that most are still uncharted, there is a great need 

forreliable and sensitive methods for their high throughput characterization and it is 

evident that the next-generation glycosurfaces will be instrumental in this.181 What is 

needed now is a focus on developing and optimizing immobilization techniques that 

yield well-defined and stable complex glycosurfaces and also on developing and 

optimizing automated (chemo-enzymatic) synthetic methods182-184 to prepare the 

required complex carbohydrates with suitable reactive functional groups at the 

anomeric position for surface immobilization. Well established automated synthetic 

methods may eventually make the synthesis and application of complex carbohydrate 

derivatives a routine procedure that is more accessible to non-specialists and thereby 

widen their application to slowly but surely illuminate this complex dark matter-world.  
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Abstract 

Porous aluminum oxide (PAO), a nanostructured support for, among others, 

culturing microorganisms, was chemically modified in order to attach biomolecules that 

can selectively interact with target bacteria. We present the first comprehensive study of 

monolayer-modified PAO using conditions that are relevant to microbial growth with a 

������ ��� ����������� ������ǡ� ȋ����������� ����ǡ� Ƚ-hydroxycarboxylic acid, alkyne, alkene, 

phosphonic acid, and silane). Their stability was initially assessed in phosphate-buffered 

saline (pH 7.0) at room temperature. The most stable combination (PAO with 

phosphonic acids) was further studied at a range of physiological pHs (4–8), and 

temperatures (up to 80 °C). Varying the pH had no significant effect on the stability, but 

it gradually decreased with increasing temperature. The stability of phosphonic acid-

modified PAO surfaces was shown to depend strongly on the other terminal group of the 

monolayer structure: in general, hydrophilic monolayers were less stable than 

hydrophobic monolayers. Finally, an alkyne-terminated PAO surface was reacted with 

an azide-linked mannose derivative. The resulting mannose-presenting PAO surface 

showed a clearly increased adherence of a mannose-binding bacterium, Lactobacillus 

plantarum, and also allowed for bacterial outgrowth. 

 

Introduction 

Porous aluminum oxide (PAO) is a nanostructured material that has been used 

for various applications, such as the development of biosensors,1 implantable devices for 

drug delivery,2 glycoarrays,3 immobilization of enzymes for biocatalysis,4 and as a 

support to generate other micro and nanostructures.5 PAO is obtained via an 

electrochemical oxidation of aluminum. Different structural orders, thicknesses, pore 

sizes, and pore volumes can be generated by varying parameters such as the 

temperature, type and concentration of the electrolyte, voltage, and anodization time 

during its fabrication.6, 7  

One of the most recent applications of PAO that takes full advantage of its highly 

defined porous structure is as support to culture and count microorganisms and other 

types of cells.8-14 Cellular growth can proceed smoothly because many cells respond 

favorably to the PAO substrate and because nutrients can diffuse from the media on 

which the PAO is placed to the top surface via the orthogonally aligned pores. The use of 
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PAO in this application presents many advantages, such as the possibility to cultivate 

certain bacteria that do not grow on traditional agar plates (e.g. soil and river 

bacteria),10, 13 moving microcolonies from one culture medium to another, and the low 

autofluorescence of PAO that allows easy visualization of the cell growth by fluorescence 

microscopy. A commercially available microbial growth chip based on PAO, presenting 

up to one million compartments, even makes high-throughput screening of 

microorganisms possible.9, 13 PAO has also been applied for antimicrobial resistance or 

susceptibility testing of bacteria and fungi, giving more rapid results when compared 

with the conventional tests, such as disc diffusion or Etest.15, 16 

The potential applications for PAO in microbiology and especially in culturing 

will expand if the PAO surface can be chemically modified to enable the attachment of 

biomolecules that can specifically interact with and bind to target bacteria. We have 

recently reported a modification approach that uses 1,Z-dialkynes to generate an 

alkyne-terminated monolayer on the PAO surface, which could be lactosylated via the 

copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC), “click” reaction. The 

lactosylated PAO surface showed increased adhesion of Candida albicans.17 After this 

proof of principle, we are now interested in further developing the 

bio(functionalization) of PAO for microbiological applications. Biofunctionalization of 

surfaces usually requires two or more steps. In most cases it starts by generating an 

initial monolayer that is subsequently used to attach the biomolecules needed for the 

application. It is important that this initial monolayer is connected to the PAO surface via 

a covalent bond that is well-defined and stable under the conditions of the target 

application, in this case the culture of microorganisms. 

Different functional groups have been used for the surface modification of 

aluminum oxide such as carboxylic acids,18-20 silane derivatives,21-23 alkynes,17 alkenes,17, 

24 and phosphonic acids.18, 25-31 However, the stability of the resulting surfaces 

significantly differs for all of them. Choosing the appropriate modification method for an 

application on PAO is difficult because no study has been reported that systematically 

compares the stability of all these different methods, on PAO, under various conditions. 

Our objective in this study (Figure 1) was therefore to modify PAO with most of 

the surface-reactive functional groups known from the literature, and to compare the 

stability of the modified surfaces under ambient aqueous conditions. The modification 

that proved most stable in this comparison was further studied at different physiological 
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pH values and temperatures that are important for microbial growth. Moreover, because 

previous stability studies mostly compare only simple alkyl-terminated monolayers, we 

also systematically evaluated the stability of monolayers on PAO with various chain 

lengths, compositions, and terminal reactive groups. To demonstrate that the most 

stable PAO monolayer can indeed be biofunctionalized, alkyne-functionalized PAO 

surfaces were subjected to the CuAAC click reaction with an azide-terminated mannose 

derivative to obtain a mannose-presenting PAO surface. Finally, we showed the 

usefulness of the thus-biofunctionalized PAO by the binding and growth of Lactobacillus 

plantarum, a well-characterized bacterium commonly found in fermented food products 

that is decorated with mannose-binding proteins.32, 33 

 

 
Figure 1.  Biofunctionalization of PAO surfaces for application in microbial culturing, with the 

different functional groups assessed in the current study. 

 

Materials and Methods 

Materials  

PAO substrates with dimensions of 36 × 8 mm2 and average pore size of 200 nm 

were purchased from MicroDish BV (Netherlands). All of the phosphonic acids were 

purchased from SiKÉMIA (France), except the alkylphosphonic acids. 

Dodecylphosphonic acid was obtained from PlasmaChem (Germany). 1-Hexadecyne was 

synthesized as previously described.34 1-Hexadecyne and 1-hexadecene were purified 

by column chromatography and vacuum distillation. The other chemicals were obtained 

from Sigma-Aldrich and used without further purification. Solvents used were of 

analytical grade. Dichloromethane was distilled over calcium hydride prior to use. All of 

the buffer solutions were prepared with demineralized water. Sonication steps were 
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performed in an Elmasonic P 30 H ultrasonic unit at frequency of 80 kHz. Optical 

rotation was measured at 589 nm on a PerkinElmer 241 polarimeter. Nuclear magnetic 

resonance (NMR) spectra were recorded on a Bruker 400 MHz spectrometer. NMR peak 

assignments were made on the basis of COSY and HSQC experiments. HRMS data were 

recorded on an Exactive high-resolution MS instrument (Thermo Scientific) equipped 

with a DART or ESI probe. 

Surface modification  

For all the surface modifications, the substrate preparation procedure was the 

same as previously reported by us.17 Briefly, a PAO substrate was rinsed three times and 

sonicated in acetone (5 min) and ultrapure water (5 min). It was next immersed in a 

fresh mixture of 37% hydrochloric acid and methanol (1:1, v/v) for 30 min. The 

substrate was rinsed three times and sonicated with ultrapure water (5 min) and 

absolute ethanol (5 min). It is known that the pore diameter of PAO differs on both sides 

of the surface (rough and smooth sides).17, 35 After the chemical modification, the sides 

are visually distinguishable because of the increased opacity of the rough side, although 

the XPS spectra does not show any difference in the chemical composition. In this study, 

all of the water contact angle measurements were performed on the rough side of the 

PAO surface because this is the side that is in contact with the bacteria in the 

microbiological experiments. 

The PAO surface was modified with 1-hexadecylphosphonic acid (PA), 1-

hexadecylcarboxylic acid (CA), 2-hydroxyhexadecylcarboxylic acid (2OHCA), 1-

hexadecyne (YNE), 1-hexadecene (ENE), and 1-hexadecyltrimethoxysilane (SIL). The 

surface modification with CA and 2OHCA was carried out by immersing the prepared 

PAO in a 1 mM solution of the modifying agents in absolute ethanol at 65 °C for 16 h. For 

the modification with YNE and ENE, the modifying agent was frozen with liquid nitrogen 

in the reaction flask after which the PAO substrate was transferred on top of the frozen 

alkyne or alkene. When the compound had melted, the flask was held at 80 °C for 16 h.17 

For the PAO modification with PA, the substrate was immersed in a 1 mM solution of the 

modifying agent in absolute ethanol at room temperature for the desired time (from 5 

min to 16 h for the kinetic study). Unless stated otherwise, all of the samples modified 

with phosphonic acid derivatives were modified for 16 h and submitted to an additional 

curing step (holding at 140 °C under vacuum for 6 h). The azide-terminated PAO was 
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prepared by the modification of the PAO surface with 12-bromophosphonic acid 

followed by immersion of the bromo-terminated PAO in a 1 M NaN3 solution in DMF for 

16 h at 60 °C. Afterward, the surface was extensively washed and sonicated in water for 

5 min. For the modification of PAO with SIL, the substrate was immersed in a 5% 

solution of the modifying agent in acetone for 1 h. Subsequently, the surface was washed 

in acetone and cured by heating the modified PAO at 120 °C under vacuum for 30 min.36 

After the modification, all of the samples were rinsed and sonicated in ethanol (5 min) 

and dichloromethane (5 min) and dried in air, except for the samples modified with 

phosphonic acids, which were sonicated twice for 5 min in ethanol and then in 

dichloromethane (5 min). 

Monolayer characterization  

The monolayers were characterized by static water contact angle measurements 

and infrared (IR) and X-ray photoelectron spectroscopy (XPS) as previously described.17 

The wetting properties of the modified surfaces were analyzed by automated static 

water contact angle using a Krüss DSA-100 goniometer (volume of drop of 

demineralized water = 3.0 µL). At least three small droplets of water were used per 

sample, and the contact angle of each droplet was measured 10 times.  

IR spectra were measured with a Bruker Tensor 27 FT-IR spectrometer. Spectra 

were obtained in transmission mode using a spectral resolution of 2 cm-1 and 256 scans 

in each measurement. The raw spectra were divided by the spectrum of a freshly 

cleaned and etched bare PAO reference substrate.  

XPS measurements were performed using a JPS-9200 photoelectron 

spectrometer (JEOL). The spectra were obtained under ultrahigh vacuum conditions 

��������������������������Ƚ��-ray radiation at 12 kV and 20 mA, with an analyzer pass 

energy of 10 eV. The binding energies were calibrated at 285.0 eV for the C 1s peak as a 

reference. To prevent surface charging, the samples were irradiated with electrons with 

a kinetic energy of 2.8 eV. High-resolution spectra were corrected using a linear 

background subtraction before fitting. The spectra were processed using CasaXPS 

software (version 2.3.15). 
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Stability study 

The stability of a monolayer was assessed by immersing the modified surface in 

various buffer solutions. At various time points, the samples were removed, thoroughly 

washed with ultrapure water, ethanol and distilled dichloromethane, and dried under 

vacuum for 15 min. The stability was measured using water contact angle at all the time 

points and XPS at specific time points. The stability of the PAO surfaces modified with 

the various functional groups known in literature was studied in pH 7.0 phosphate-

buffered saline (PBS) at room temperature. The most stable group was then studied at 

pH 4.0 (acetate buffer, 0.1 M), 6.0 (potassium phosphate buffer, 0.1 M), and 8.0 

(tris(hydroxymethyl)aminomethane, 0.1 M). Additionally, this PAO modification was 

also studied in PBS at different temperatures (40, 60, and 80 °C) in a water bath. 

Synthesis of 1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside (3) 

Acetyl-protected mannosyl iodide 1 was prepared according to a method 

previously described in the literature.37 Compound 1 was coupled to 11-azido-1-

undecanol, and the product was deprotected with basic methanol to yield the target 

compound (3) (Scheme 1). Complete synthetic procedures and characterization can be 

found in the Supporting Information. 
 
Scheme 1. Synthesis of azido-mannoside 3 and the CuAAC click reaction with PAO-ynePA. 
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CuAAC click reaction 

The CuAAC click reaction was performed on the PAO surface modified with 10-

undecynylphosphonic acid, analogous to a procedure previously described by us.17 A 

solution containing mannoside 3 (0.1 mM), copper sulfate (0.2 mM), and sodium 

ascorbate (0.2 mM) was prepared in ultrapure water and added to a reaction tube. The 

reaction tube was equipped with a stirring bar and a platform to protect the fragile 

surface from the stirring bar. The alkyne-terminated surface was immersed in the 

solution and heated in a microwave oven (CEM Discover) for 30 min at 70 °C under 

stirring. After the reaction, the substrate was thoroughly washed and sonicated in water, 

ethanol, and dichloromethane (5 min per solvent) and dried in air. For the 

microbiological tests, PAO was modified with a mixture of 1-octylphosphonic acid and 

10-undecynylphosphonic acid 50:50 (w/w) (PAO-ynemix), and the same CuAAC click 

reaction was performed either with mannoside 3 (PAO-mix-Man) or 11-azido-1-

undecanol (PAO-mix-OH). 

Microbiological tests 

A 100-fold dilution in ultrapure water of an overnight culture of L. plantarum 

WCFS132 in MRS broth (Difco Lactobacilli MRS broth, BD, Amsterdam, The Netherlands) 

containing approximately 107 �	�Ȁ��� ���� ��������ǡ� ���� ͵� Ɋ�� ��� ����� ���� ������ ���
three samples of both PAO-mix-Man and PAO-mix-OH. The resulting PAO samples were 

incubated for 30 min at 37 °C and subsequently the top surface of two samples was 

washed with PBS buffer pH 7.4 containing 0.05% of Tween 20 (PBST). The washing was 

��������������������ͳͷͲ�Ɋ�������������������������������������������������������������
solution using a micropipet. This washing procedure was repeated three times for each 

sample. One of each type of surface was not washed for further comparison and was 

used as a control. Both washed and nonwashed surfaces were transferred to an MRS 

agar plate and incubated for 5 h at 37 °C. The bacteria on the surface were fluorescently 

stained with 5-carboxyfluorescein diacetate (cFDA) by placing the PAO surfaces on low-

melting-������ �������� ȋ������ǡ� ��ǡ����Ȍ� ����� ����������ͷͲ�Ɋ���	��� ����͵Ͳ����Ǥ���� ��
control experiment, the same experiment was done with three samples of PAO-mix-Man 

using an initial dilution of L. plantarum that now also contained 25 mM methyl-Ƚ-D-

mannopyranoside. The surfaces with bacteria were imaged directly using an Olympus 

BX-41 fluorescence microscope. The microscope was equipped with U-MWIBA filters 
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(Olympus) for fluorescence imaging of the bacteria stained with cFDA, and images were 

taken using a Kappa CCD camera. The area occupied by bacteria was calculated using 

CellProfiler version 2 (Broad Institute). 

 

Results and Discussion  

Stability of porous aluminum oxide (PAO) modifications with different functional 

groups 

The first goal of this study was to identify which of the various possible surface 

modification reactions for PAO result in the most stable functionalization under aqueous 

ambient conditions. The compounds used for modification of the PAO surface at this 

stage were selected to have a constant alkyl chain length (C16) (Figure 1) to ensure that 

the effect on stability of the functional group bound to the PAO surface was only due to 

the surface-binding moiety. PAO was therefore modified with 1-hexadecylphosphonic 

acid (PA), 1-hexadecylcarboxylic acid (CA), 2-hydroxyhexadecylcarboxylic acid 

(2OHCA), 1-hexadecyne (YNE), 1-hexadecene (ENE), and 1-hexadecyltrimethoxysilane 

(SIL). All of the modified surfaces presented a layer thickness of ~2 nm (Table SI-1, 

Supporting Information), indicating a monolayer, except the surface modified with ENE, 

which presented a thickness approaching that of a bilayer (3.6 nm). The stability of the 

modified PAO surfaces was studied in PBS pH 7.0 and monitored over time by water 

static contact angle (Figure 2) and XPS (Table 1) measurements. 

 

�
 

Figure 2. Stability of PAO modified 

with different functional groups at 

room temperature in PBS pH 7.0 

measured by the static water contact 

angle: PA cured (Ŷ), PA noncured (ł), 

YNE (Ÿ), 2OHCA (ź), ENE (Ż), and 

SIL (Ź). 
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Table 1. Carbon (%) of PAO surface modified with different functional groups after immersion in 

PBS pH 7.0 at room temperature.a  

Functional 
groups %C, t0 %C, 24 h %C, 1 week %C, 2 weeks 

PA cur 83 ± 1 83  ±  1 82 ± 1 81 ± 2 

PA non cur 82 ± 1 79 ± 1 80 ± 1 78 ± 2 

YNE 77 ± 1 57 ± 1 50 ± 1 44 ± 2 

2OHCA 70 ± 1 53 ± 4 42 ± 2 42 ± 3 

SILb 65 ± 1 65 ± 1 67 ± 1 65 ± 1 

a %C was determined by integrating the XPS signals of C 1s and Al 2p. 
b Additional sonication step (1 min in hexane). 

 

The initially high static water contact angles (>141°) and carbon content (>70%) 

of the modified PAO surfaces indicate a successful modification because the nonmodified 

PAO surface presents a low contact angle (<15°) and carbon content (<5%). All of the 

modified PAO surfaces presented a decrease in the contact angles after prolonged 

exposure to the PBS buffer. The order of stability of the modified PAO surfaces was PA > 

SIL > YNE γ 2OHCA >> ENE > CA. PAO surfaces modified with CA and ENE initially 

presented high contact angles (153° for CA and 155° for ENE) and carbon content, but 

the monolayer rapidly degraded when placed in PBS buffer, indicating they are not 

stable. The initial carbon contents (considering the XPS signals of C 1s and Al 2p) of the 

samples modified with CA and ENE were 63% and 77%, respectively. The carbon 

content decreased to 29% (CA) and 41% (ENE) after 30 min and 8 h of immersion, 

respectively. This is in line with the known low stability of alkyl carboxylic acids 

modifications on flat aluminum oxide in water.19, 20, 38 Although its stability varies 

depending on both the conditions of monolayer generation and the alkyl chain length,54 

relatively rapid desorption has been previously observed in various media.19 

The stability of aluminum surfaces modified with unsaturated hydrocarbons has 

not been extensively investigated. Although there have been some studies that report 

the adsorption of alkenes and alkynes on aluminum surfaces,39, 40 their use for the 

modification of PAO was only recently studied in more detail by our group.17 The results 

observed here in PBS are comparable to the results obtained in water during our 
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previous study,17 with PAO modifications with YNE being significantly more stable than 

with ENE. However, both modified PAO surfaces are slightly less stable in PBS than in 

water. The differences between alkenes and alkynes indicate that they yield different 

species when they are reacted with and bound to the PAO surface. 

Considering that the probable surface species formed in the modification of PAO 

����� �������� ��� ��� ������ ������������ ����� �� ��������� ������ ��� ���� Ƚ� ��������ǡ17 we 

decided to include a sample modified with 2OHCA in the stability study. The results of 

water contact angle and XPS show that the samples modified with YNE and 2OHCA 

indeed have comparable stability. The slightly better stability of PAO modified with YNE 

may be attributed to the fact that the modification with YNE is performed at a higher 

temperature and under neat conditions, whereas the modification with 2OHCA is 

performed in an ethanol solution. The conditions used for the modification of PAO with 

YNE lead to a denser monolayer with increased stability. Another comparison that 

deserves attention is the different stabilities of the PAO surfaces modified with CA and 

2OHCA. Although the reactive group is the same, the significant difference in the stability 

of these modified PAO surfaces ind��������������������������������Ƚ-hydroxy group in the 

bidentate attachment to the PAO surface.17 

The PAO surface modified with SIL showed considerably better stability than the 

above mentioned PAO surfaces when analyzed by contact angle. However, an additional 

sonication step was needed in the washing procedure of this modified PAO after 

removing it from the PBS buffer (Table 1). Without this sonication step, the carbon 

content of the PAO modified with SIL increased after exposure to the PBS buffer (data 

not shown). The final contact angle of the PAO modified with SIL was also lower when 

the sonication step was included (102°) than without the sonication step (122°). This 

different behavior of the PAO modified with SIL might be due to the formation of 

disordered structures that attract more organic contamination than the PAO surfaces 

modified with other molecules. 

Finally, the PAO surfaces modified with PA both with and without curing proved 

to be the most stable. This is in accordance with previous stability studies that showed 

substrates modified with phosphonic acids to be more stable than substrates modified 

with carboxylic acids or silane derivatives.18, 41, 42 

The influence of the curing step in the stability of the surfaces modified with PA 

was also assessed. The curing step consists of heating the modified PAO to high 
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temperature (usually 140 °C) under vacuum to allow for better chemisorption of the 

phosphonic acid on the surface.31, 43 The curing of phosphonate monolayers on silicon 

oxide surfaces is known to increase their order and stability.44, 45 However, in our study 

no significant difference was observed in the stability of PA-modified PAO with or 

without a curing step. After 2 weeks in PBS buffer, the remaining carbon for the 

noncured PAO was 95% of the initial content, whereas for the cured PAO it was 97%. 

However, considering the reports that show increased order and stability upon curing 

for analogous monolayers on silicon oxide,46, 49 we decided to apply the curing step for 

all further modifications of the PAO surface with phosphonic acids. 

PAO modified with hexadecylphosphonic acid (PA) 

After our finding that the modification of the PAO surface with PA was the most 

stable at room temperature, we further investigated this modification and its stability. 

First, the kinetics of the modification of the PAO surface with PA in a 1 mM ethanolic 

solution was studied (Figure 3a). The percentage of carbon on the modified PAO surface 

increases until one hour after immersion in the solution of PA and remains constant 

upon prolonged immersion. This result is comparable to the kinetics of the modification 

of flat Al2O3 with other alkylphosphonic acids in ethanol solutions.46 

Next, we assessed its stability over a range of pHs (4.0–8.0) (Figure 3b and Table 

SI-3) and temperatures (25–80 °C) (Figure 3c and Table 2) that are important for 

microbial growth. The selected range of pH takes into consideration the application of 

the modified PAO surface for a wide range of bacteria, including some genera that 

decrease the pH of the medium during growth (e.g., lactobacilli)47 or require high 

temperatures to grow (e.g., thermophiles).48 Most importantly, the PAO surface modified 

with PA showed good stability for 2 weeks in PBS for all of the tested pH values, with 

contact angles between 147° and 152° and no significant difference in the carbon 

content. This is in line with the reported stability at pH 1–10 for monolayers of 

phosphonic acids on magnetron-sputtered aluminum for 1 h, although those samples 

rapidly degraded when exposed to a pH 11 solution.18 
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Figure 3. (a) Surface composition of PAO-PA at different reaction times determined by XPS: O 1s 

(Ŷ), C 1s (ł), P 2s (Ÿ), Al 2p (ź). The continuous lines serve as a guide to the eye. (b) Stability of 

PAO-PA at room temperature at different pH values measured via the static water contact angle: 

pH 4.0 (Ŷ), 6.0 (ł), 8.0 (Ÿ). (c) Stability of PAO-PA in PBS pH 7.0 at different temperatures 

measured via the static water contact angle: 25 (Ŷ), 40 (ł), 60 (Ÿ), 80 °C (ź). 

 

The PAO surface modified with PA was stable for 24 h at temperatures up to 60 

°C (Figure 3c and Table 2), and only started to show some degradation at 80 °C. Such 

temperature effects are more pronounced upon prolonged immersion: whereas the 

carbon content decreases only slightly at 25 °C and 40 °C even after two weeks, it 

significantly decreases at 60 °C and 80 °C, indicating gradual degradation (Table 2, data 

for 1 and 2 weeks).  
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Table 2. Carbon (%) of PAO-PA after immersion in PBS pH 7.0 at different temperatures.a 

Temperature %C, t0 %C, 24 h %C, 1 week %C, 2 weeks 

25 °C 83 ± 1 84 ± 1 82 ± 1 81 ± 2 

40 °C 83 ± 1 83 ± 1 81 ± 1 78 ± 3 

60 °C 82 ± 1 85 ± 1 61 ± 4 50 ± 2 

80 °C 83 ± 1 80 ± 1 37 ± 14 31 ± 3 

a %C was determined by integrating the XPS signals of C 1s and Al 2p. 

 

Finally, we also assessed the stability of the PAO surface modified with 

phosphonic acids with shorter alkyl chain lengths (1-octylphosphonic acid and 1-

dodecylphosphonic acid) in PBS pH 7.0 at room temperature. Also, these shorter-chain 

phosphonic acids were stable up to at least two weeks (data not shown). 

PAO modified with phosphonic acids presenting different terminal groups  

Biofunctionalization of surfaces usually requires a stepwise approach. In most 

cases, the initial monolayer has to react further with the biomolecule needed for the 

application. For this reason, we also modified the PAO surface with phosphonic acids 

presenting different terminal groups that are frequently used to attach biomolecules 

(mainly via click reactions):49-52 alkyne (PAO-ynePA), alkene (PAO-enePA), azide (PAO-

N3PA), hydroxyl (PAO-OHPA), and triethyleneglycol (PAO-TEGPA) (Figure 4a). 

After the modification of PAO with the selected phosphonic acids, the different 

terminal groups could be conveniently differentiated via their IR spectra (Figure 4b). All 

��� ���� ��������� ���� ��������� �������� ����������� ȋᖳaȌ� ���� ���������� ȋᖳs) C–H 

methylene stretching vibrations at around 2926 cm-1 and 2855 cm-1, respectively. All of 

the spectra also show an oscillatory pattern attributed to internal reflections or optical 

effects due to the nanopores.17 PAO-ؠ���������������������������–H stretching at 3323 

cm-1, whereas PAO-enePA displays an alkene =C–H stretching at 3082 cm-1. PAO-N3PA 

shows an azide stretching vibration at 2098 cm-1, and PAO-TEGPA presents different 

���������������������������������������������ᖳa ����ᖳs methylene stretching vibrations 

compared to those of the other modified PAO surfaces, which is attributed to the 

additional presence of the highly flexible and disordered ethylene oxide moieties. In 
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addition, a broad O–H stretching vibration from 3670 to 3160 cm-1 confirms the 

presence of the terminal hydroxyl group, similar to what is observed for PAO-OHPA. 

 
Figure 4. (a) PAO surface modified with phosphonic acids presenting different terminal groups. (b) 

IR spectra of the modified PAO surfaces listed above. 

 

Next, the stability of these modified PAO surfaces was assessed in pH 7.0 PBS at 

room temperature (Figure 5) for up to 2 weeks, and this yielded the following stability 

order: PAO-ynePA γ PAO-enePA > PAO-N3PA > PAO-OHPA and PAO-TEGPA.  The alkyne 

and alkene-modified surfaces were the most stable, with no significant decrease in the 

carbon content even after 2 weeks (data not shown). PAO-N3PA presented an initial 

small decrease of the carbon content from 68% to 53% after 6 h, but this remained 

constant after this initial change, even after 2 weeks of immersion in PBS (data not 

shown). The hydroxy-terminated PAO modifications (PAO-OHPA and PAO-TEGPA) 

proved to be the least stable, with about a 35–50% reduction in carbon content after 2 h 

of immersion in PBS, and a further decrease after 6 h of immersion in PBS. 
  

Figure 5. Stability of the PAO surfaces 

modified with phosphonic acids with 

different terminal groups in PBS pH 7.0 

at room temperature: PAO-ynePA (Ŷ), 

PAO-enePA (ł), PAO-N3PA (Ÿ), PAO-

OHPA (ź), PAO-TEGPA (Ż), and PAO-

Man (Ź). Carbon content (C 1s, %) was 

determined by integrating the XPS 

signals of C 1s and Al 2p. 
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The lower stability of these hydroxy-terminated modified PAO surfaces may be 

attributed to two factors: hydrophilic characteristic and possible upside-down 

interaction. Considering that the degradation of the PAO surfaces modified with 

phosphonic acids occurs via hydrolysis, the presence of a hydrophilic moiety will likely 

increase the degradation by actively attracting water molecules to the surface. In 

addition, during the initial PAO modification step the hydroxyl-terminated phosphonic 

acids may also attach to the PAO surface through the hydroxyl group, instead of the 

phosphonic acid group (upside-down interaction). Although substantially less favorable, 

the reversal of this process in the phase of an almost completely formed monolayer may 

be slow, given the significant stabilization by the Van der Waals forces in such 

monolayers. However, in aqueous media such modified PAO surfaces are rapidly 

degraded by the weak interaction between the hydroxyl group and the PAO surface.53 

Biofunctionalization and bacterial binding 

The next objective was to demonstrate that phosphonic acid-bound monolayers 

can be used to attach a target biomolecule so that modified PAO can function as an 

improved bacteria binding substrate. For this proof of principle biofunctionalization, we 

selected a carbohydrate, mannose, that we aimed to attach to PAO-ynePA via a CuAAC 

reaction. The CuAAC reaction has already been successfully employed by others for the 

biofunctionalization of, for example, the surface of diamonds,54 SPR chips,55 and silicon 

wafers56 with carbohydrates. Therefore, a mannoside derivative (3) equipped with an 

azido-terminated anomeric linker was prepared according to the synthesis route 

depicted in Scheme 1. Briefly, azido-mannoside 3 was synthesized by a glycosylation 

between known protected mannose iodide 137 and 11-azido-1-undecanol, followed by 

deprotection of the peracetylated intermediate. 

Next, PAO-ynePA was exposed to the CuAAC reaction conditions in the presence 

of 3 to generate the mannose-terminated PAO surface (PAO-Man). This is shown via the 

decrease in the contact angle of PAO-Man (from 137q to <20°) and the occurrence of a 

broad O–H stretching vibration in the IR spectrum (Figure 4b). In addition, the 

development of a N signal in the XPS spectrum that shows the presence of nitrogen (as 

expected for PAO-Man, Figure 6c), which was not present on PAO-ynePA (Figure 6a), 

and an increase in the carbon content after the CuAAC reaction provide conclusive 

evidence for the successful attachment. The XPS spectrum of the C 1s region of PAO-Man 
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(Figure 6d) presents three regions corresponding to the three types of carbon [C–C 

(285.0 eV), C–O/C–N (286.5 eV), and O–C–O (288.6 eV)] whereas the spectrum of PAO-

ynePA (Figure 6b) presents only one type of carbon (C–C). It is not possible to 

distinguish between C–C and C–P carbons or between C–O and C–N carbons. The ratio of 

C to N in the wide-scan spectrum was used to estimate the efficiency of the CuAAC 

reaction, which turned out to be around 70%. This efficiency of the CuAAC reaction was 

greater than what was previously observed for the CuAAC reaction of a lactosyl azide on 

the alkyne-terminated PAO modified with 1,15-hexadecyne (45%).17 

 

 
Figure 6. XPS spectra of alkyne-terminated PAO before (a, b) and after (c, d) the CuAAC reaction 

with azide-terminated mannose. (a) PAO-ynePA, wide-range scan; (b) PAO-ynePA C 1s narrow 

scans; (c) PAO-Man wide-range scan; and (d) PAO-Man C 1s narrow scans. 

Before using PAO-Man for binding and growth, we first investigated its stability 

in pH 7.0 PBS at room temperature (Figure 5). For bacterial binding, PAO-Man needs to 

be stable only for the time required for the interaction between the bacterial adhesin 

and the surface (<1 h). PAO-Man presented an initial carbon content of 72%, which 
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slightly decreased to 68% after 2 h. After that, the carbon content gradually decreased to 

64% during 10 h of immersion in PBS. The degradation of PAO-Man may be attributed to 

the hydrophilic characteristic of the modified PAO surface, which may favor hydrolysis. 

Although PAO-Man is more hydrophilic than PAO-OHPA (110°) and PAO-TEGPA (46°), it 

is more stable. The better stability of PAO-Man when compared to that of PAO-OHPA 

and PAO-TEGPA also reinforces the hypothesis that the upside-down interaction during 

the modification with the hydroxyl-terminated phosphonic acids is the cause of the low 

stability of PAO-OHPA and PAO-TEGPA. 

By confirming that PAO-Man was stable enough for use under culturing 

conditions, we tested the ability of a mannose-terminated PAO to increase the binding of 

L. plantarum. It is known that L. plantarum is decorated with multiple copies of a 

mannose-binding protein that functions as an adhesin – a cell surface component of 

bacteria that facilitates bacterial adhesion –  and is probably involved in the interaction 

with the intestinal epithelial surface of its host.32, 57 For the binding studies, a mannose-

terminated PAO was obtained by using a mixture of 10-undecynylphosphonic acid and 

1-octylphosphonic acid to generate the initial mixed alkyne-containing monolayer (PAO-

ynemix). A mixed monolayer was used to provide better accessibility for the subsequent 

CuAAC reaction58 and bacterial binding.59 PAO-ynemix was further used to perform the 

CuAAC reaction with mannoside 3 (to yield PAO-mix-Man) or with 11-azido-1-

undecanol (to yield PAO-mix-OH). PAO-mix-OH was used as a negative control in the 

binding studies because it lacks the mannose necessary for binding the bacterial 

adhesin, but presents a hydrophilic surface that is similar to that of PAO-mix-Man. 

PAO-mix-Man showed increased binding of L. plantarum compared to PAO-mix-

OH (95% of the bacteria bound to PAO-mix-Man compared to only 14% for PAO-mix-

OH), indicating that the interaction between the mannose-binding adhesin of L. 

plantarum plays an important role in the increased adsorption of this bacterium to the 

biofunctionalized surface (Figure 7). It was also observed that the binding of L. 

plantarum to PAO-mix-Man was reduced 20-fold (to only 5%) when methyl-Ƚ-D-

mannopyranoside was added to the bacterial suspension before exposing it to the PAO 

surface (Figure 7c, d). This mannose derivative is known to block the mannose-binding 

adhesin of L. plantarum32 and therefore proves that the increased adsorption of L. 

plantarum on PAO-mix-Man was indeed due to the biofunctionalization of PAO with 

mannose. Finally, we showed that the bound L. plantarum cells were capable of further 
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growth to microcolonies (Figure 8). These results showed that the modification of PAO 

with carbohydrates is feasible and can be used to achieve enhanced binding and the 

subsequent growth of certain type of bacteria. 

 

 
Figure 7. Binding of /��SODQWDUXP on modified PAO surfaces: (a) PAO surfaces used for the binding 

studies, (b) PAO-mix-Man without washing, (c) PAO-mix-Man after washing, (d) PAO-mix-Man and 

methyl-Į-D-mannopyranoside without washing, (e) PAO-mix-Man and methyl-Į-D-

mannopyranoside after washing, (f) PAO-mix-OH without washing, and (g) PAO-mix-OH after 

washing. Total magnification is 200u, and the cell length of /��SODQWDUXP LV���WR���ǋP�60   

 

PAO surfaces Without washing With washing

(PAO-mix-Man)

(PAO-mix-OH)

(PAO-mix-Man)

(a) (b) (c)
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Figure 8. /DFWREDFLOOXV�SODQWDUXP on mannose-terminated PAO after incubation at 37 °C: (a) 2.5 

h; (b) 5 h; and (c) 24 h. Total magnification 40 u. 

 

Conclusions 

We present a comprehensive stability study of porous aluminum oxide (PAO) 

modified with most attachment chemistries known from literature. Surface modification 

with phosphonic acids yielded the most stable surfaces over a wide range of pH and 

temperature, with monolayers that are fully stable up to 2 weeks in PBS buffer. We also 

successfully attached a mannose derivative to the PAO surface that resulted in the 

adherence of bacterium L. plantarum via a bacterial mannose-specific adhesin. These 

results show that biofunctionalized PAO surfaces can be used to integrate the binding 

and subsequent growth of bacteria. Future work involves the modification of PAO with 

various carbohydrates and the use of these modified surfaces to study the interaction 

with different pathogenic and probiotic bacteria. 

Supporting Information  

Layer thickness and initial contact angles of the modified surfaces, synthetic 

procedure and NMR spectra of mannoside 3, effect of the pH on the stability of PAO-PA, 

XPS spectra, bacteria counting, and bacterial growth not given in the main text. This 

material is available free of charge via the Internet at http://pubs.acs.org. 
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Supporting Information  

Layer thickness  

The layer thickness was calculated on the basis of the attenuation of the XPS O 1s signal, 

using the following equation:  

ைܫ ൌ � ைஶܫ ���ቆ െ݀
ைǡ஼ߣ ���� ߠ

ቇ 

 

with IO = the absolute oxygen peak intensity, ܫ௢ஶ = the absolute oxygen peak intensity of 

an unmodified, cleaned substrate, d = the thickness of the ��������� �����ǡ� ɉO,C = the 

������������ ������� ��� �� ͳ�� ���������� ��� ���� ������������ ������ ȋ͵Ǥͷ� ��Ȍǡ� ���� Ʌ� α� ����
electron takeoff angle (10°).17 

 

Table SI-1. Thickness of the layers on PAO used for the stability study. 

Functional groups Layer thickness (nm) 

PA cur 2.1 

PA non cur 2.2 

CA 1.8 

YNE 2.3 

2OHCA 2.0 

ENE 3.6 

SIL 2.2 
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Initial contact angles of the modified surfaces 

Table SI-2. Initial contact angles of rough and smooth sides of the modified PAO surfaces. 

Modified PAO Rough side (°) Smooth side (°) 

PA cur 152 149 

PA non cur 149 145 

CA 153 135 

YNE 144 141 

2OHCA 145 140 

ENE 155 141 

SIL 142 126 

 

Stability study 

The %C listed in Tables 1 and 2 and Figure 5 (Results & Discussion section) and 

Table SI-3 (Supporting Information) were determined by integration of the C 1s and Al 

2p XPS signals in the wide area spectra. Example: in Table 1, the sample PA cured at 

time 0 is listed as having 83% of C. This means that the remaining 17% correspond to Al. 

Only these two elements are compared because they are unique for the surface (Al) and 

for the monolayer (C), and degradation of the monolayers causes changes in the ratio of 

these two elements. 

Synthesis of 1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside (3)  

Acetyl-protected mannosyl iodide 1 was prepared according to a method 

previously described in the literature.37 A solution of donor 1 (0.86 g, 1.9 mmol), the 11-

azido-1-undecanol acceptor (0.80 g, 3.75 mmol), and activated molecular sieves (1.15 g, 

4 Å) in acetonitrile (12 mL) was cooled to 0 °C under argon atmosphere. Iodine (0.95 g, 

3.75 mmol) was added and the mixture was stirred for 4 h, slowly warming up to room 

temperature. The dark brown suspension was diluted with ethyl acetate (90 mL) and 

filtered to remove the molecular sieves. The filtrate was washed successively with 1 M 

Na2S2O3 (2 × 70 mL) and saturated NaCl solution (30 mL), dried over Na2SO4, filtered, 

and concentrated under reduced pressure. The crude product was purified by column 
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chromatography (eluent petroleum ether/ethyl acetate, 80:20) to yield 2,3,4,6-tetra-O-

acetyl-1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside (2) as a yellowish syrup in 29% 

yield (0.30 g, 0.55 mmol). Intermediate 2 (0.30 g, 0.55 mmol) was then dissolved in dry 

methanol (3 mL) and a solution of sodium methoxide in methanol (0.5 M, 60 µL) was 

added. The mixture was stirred for 16 h and after complete conversion (monitored by 

TLC, eluent ethyl acetate), additional methanol (6 mL) was added to completely dissolve 

the product. Afterwards, Dowex 50 (H+ form) was added to the solution until the pH was 

7, and the suspension was filtered over a Celite layer. The solution was concentrated 

under reduced pressure to yield 1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside (3) as an 

off-white solid in 72% yield (0.15 g, 0.4 mmol). ሾȽሿୈଶ଴ +40.7 (c 1.0, MeOH). 1H NMR (400 

MHz, MeOD): G  5.54 (1H, s, OH), 4.78 (1H, d, H-1, J = 1.8 Hz), 3.86 (1H, dd, H-6a, J = 2.1 

Hz, 11.8 Hz), 3.80 (1H, m, �OCHa�), 3.76 – 3.70 (3H, m, H-2, H-3, H-6b), 3.66 (1H, t, H-4, J 

= 9.4 Hz), 3.57 (1H, m, H-5), 3.45 (1H, m, �OCHb�), 3.32 (2H, t, �CH2�N3, J = 6.8 Hz), 1.68 

– 1.59 (4H, m, �CH2CH2N3, �OCH2CH2�), 1.49 – 1.32 (14H, m, �(CH2)7�). 13C NMR (100 

MHz, MeOD): G 101.6 (CH, C-1), 74.6 (CH, C-5), 72.7, 72.3 (2 × CH, C-2, C-3), 68.7 (CH, C-

4), 68.6 (CH2, �CH2O�), 62.9 (CH2, C-6), 52.5 (CH2, �CH2N3), 30.7, 30.6, 30.6, 30.6, 30.5, 

30.2, 29.9, 27.8, 27.3 (9 × CH2, �(CH2)9�, overlap of three peaks). HRMS: m/z 374.2291; 

calcd for C17H32N3O6 ([M – H]–), 374.2286. 
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1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside (3) 

1H NMR spectrum 

 
Figure SI-1. 1H NMR spectrum of 1-(11-azidoundecanyl)-Į-D-mannopyranoside (3). 

 
13C NMR spectrum 

 
Figure SI-2. 13 C NMR spectrum of 1-(11-azidoundecanyl)-Į-D-mannopyranoside (3). 

�

�
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Effect of pH on the stability of porous aluminum oxide modified with 

hexadecylphosphonic acid (PAO-PA) 

Table SI-3. Carbon (%) of PAO-PA after immersion in buffer solutions with different pHs at room 

temperature. %C was determined by integrating the XPS signals of C1s and Al2p. 

pH %C t0 %C 24 h %C 1 week %C 2 weeks 

4.0 84 ± 1 84 ± 1 84 ± 1 84 ± 1 

6.0 84 ± 1 85 ± 1 82 ± 2 82 ± 1 

8.0 83 ± 1 83 ± 1 85 ± 1 85 ± 1 

 

XPS spectra of the modified PAO surfaces 

PA cured 

 

Figure SI-3. XPS spectra of PAO modified with 1-hexadecylphosphonic acid with curing step (PA 

cured): (a) wide area and (b) C 1s narrow scans. 

 

PA cured: smooth side 

 

 

Figure SI-4. XPS spectra (wide area) of 

the smooth side of PAO modified with 1-

hexadecylphosphonic acid with curing step 

(PA cured). 
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PA non-cured 

 
Figure SI-5. XPS spectra of PAO modified with 1-hexadecylphosphonic acid without curing step 

(PA non-cured): (a) wide area and (b) C 1s narrow scans. 

 
YNE 

 
Figure SI-6. XPS spectra of PAO modified with 1-hexadecyne (YNE): (a) wide area and (b) C 1s 

narrow scans. 

 
2OHCA 

 
Figure SI-7. XPS spectra of PAO modified with 2-hydroxyhexadecylcarboxylic acid (2OHCA): (a) 

wide area and (b) C 1s narrow scans. 

 

1000 800 600 400 200 0
0

2000

4000

6000

8000
C

PS

Binding energy (eV)

O 1s

C 1s

P 2s

Al 2s
Al 2p

292 290 288 286 284 282 280 278
0

500

1000

1500
C 1s

C
PS

Binding energy (eV)

(a) (b)

1000 800 600 400 200 0
0

1000

2000

3000

4000

5000

C
P

S

Binding energy (eV)

O 1s

C 1s

Al 2s
Al 2p

294 292 290 288 286 284 282

100

200

300

400

500
C 1s

C
P

S

Binding energy (eV)

7.6% 7.6%

84.7%

(a) (b)

1000 800 600 400 200 0
0

2000

4000

6000

C
P

S

Binding energy (eV)

O 1s

C 1s

Al 2s
Al 2p

292 290 288 286 284 282 280
0

250

500

750

1000
C 1s

C
P

S

Binding energy (eV)

4.6% 4.6%

90.9%

(a) (b)



Stability of (Bio)Functionalized Porous Aluminum Oxide 

103 

ENE 

 
Figure SI-8. XPS spectra of PAO modified with 1-hexadecene (ENE): (a) wide area and (b) C 1s 

narrow scans. 

 
SIL 

 
Figure SI-9. XPS spectra of PAO modified with 1-hexadecyltrimethoxysilane (SIL): (a) wide area 

and (b) C 1s narrow scans. 

 
CA 

 
Figure SI-10. XPS spectra of PAO modified with 1-hexadecylcarboxylic acid (CA): (a) wide area 

and (b) C 1s narrow scans. 
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PAO-ynePA 

 
Figure SI-11. XPS spectra of alkyne-terminated PAO (PAO-ynePA): (a) wide area and (b) C 1s 

narrow scans. 

 
PAO-enePA 

 
Figure SI-12. XPS spectra of alkene-terminated PAO (PAO-enePA): (a) wide area and (b) C 1s 

narrow scans. 

 
 
PAO-N3PA 

 
Figure SI-13. XPS spectra of azide-terminated PAO (PAO-N3PA): (a) wide area; (b) C 1s; and (c) 

N 1s narrow scans. 
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PAO-OHPA 

 
Figure SI-14. XPS spectra of hydroxy-terminated PAO (PAO-OHPA): (a) wide area and (b) C 1s 

narrow scans. 

 
PAO-TEGPA 

 
Figure SI-15. XPS spectra of triethyleneglycol-terminated PAO (PAO-TEGPA): (a) wide area and 

(b) C 1s narrow scans.  

 

PAO-ynemix 

 
Figure SI-16. XPS spectra of PAO modified with a mixture of 1-octylphosphonic acid and 10-

undecynylphosphonic acid 50:50 (w/w) (PAO-ynemix): (a) wide area and (b) C 1s narrow scans.  
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PAO-mix-Man 

 
Figure SI-17. XPS spectra of mannose-terminated PAO obtained from PAO-ynemix (PAO-mix-

Man): (a) wide area and (b) C 1s narrow scans.  

 
PAO-mix-OH 

 
Figure SI-18. XPS spectra of hydroxy-terminated PAO obtained from PAO-ynemix (PAO-mix-OH): 

(a) wide area and (b) C 1s narrow scans.  

 
PAO-Man stability 2 h 

 
 
Figure SI-19. XPS C 1s narrow scans of 

mannose-terminated PAO (PAO-Man) 

after 2 h of immersion in PBS at room 

temperature. 
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Bacteria counting using CellProfiler 

PAO-mix-Man without washing 
 

 

 

 

Figure SI-20. Bacteria 

counting on PAO-mix-

Man without washing.  

 

 

 

 

 

PAO-mix-Man after washing 

 

 

 

Figure SI-21. Bacteria 

counting on PAO-mix-

Man after washing.  
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PAO-mix-Man with methyl-Ƚ-D-mannopyranoside without washing 

 

 

 

 

Figure SI-22. Bacteria 

counting on PAO-mix-

Man with methyl-Į-D-

mannopyranoside 

without washing.  

 

 

 

 

PAO-mix-Man with methyl-Ƚ-D-mannopyranoside after washing 

 

 

 

 
Figure SI-23. Bacteria 

counting on PAO-mix-

Man with methyl-Į-D-

mannopyranoside after 

washing. 
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PAO-mix-OH without washing 

 
 

 

 

 

 

Figure SI-24. Bacteria 

counting on PAO-mix-

OH without washing. 

 

 

 

 

 

PAO-mix-OH after washing 

 

 

 

 
Figure SI-25. Bacteria 

counting on PAO-mix-

OH after washing. 
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Abstract 

Porous aluminum oxide (PAO) is a nanoporous material used for various 

(bio)technological applications, and tailoring its surface properties via covalent 

modification is a way to expand and refine its application. Specific and complex chemical 

modification of the PAO surface requires a stepwise approach in which a secondary 

reaction on a stable initial modification is necessary to achieve the desired terminal 

molecular architecture and reactivity. We here show that the straightforward initial 

modification of the bare PAO surface with bromo-terminated phosphonic acid allows for 

the subsequent preparation of PAO with a wide scope of terminal reactive groups, 

making it suitable for (bio)functionalization. Starting from the initial bromo-terminated 

PAO, we prepared PAO surfaces presenting various terminal functional groups, such as 

azide, alkyne, alkene, thiol, isothiocyanate, and N-hydroxysuccinimide (NHS). We also 

show that this wide scope of easily accessible tailored reactive PAO surfaces can be used 

for subsequent modification with (bio)molecules, including carbohydrate derivatives 

and fluorescently labeled proteins. 

 

Introduction 

Porous aluminum oxide (PAO) is a nanoporous support used for various 

advanced (bio)technological applications. These applications can be considerably 

extended and refined when the surface properties of PAO are tailored by chemical 

modification.1 PAO has previously been chemically modified in various ways, including 

with hydrophobic molecules to prepare corrosion-resistant surfaces,2 with antibodies to 

detect pathogenic bacteria3, 4 or biomarkers linked to cancer progression,5 with single-

stranded DNA probes for DNA sensing,6 and with carbohydrates to study the binding of 

lectins.7 We are interested in the covalent biofunctionalization of PAO for the selective 

capture and growth of microorganisms and have previously reported on this using 

carbohydrates on PAO.8, 9 

In order to attach a biomolecule of interest, such as a carbohydrate, to the PAO 

surface, a secondary chemical modification of an initial self-assembled PAO monolayer is 

often required. In view of this, we were interested in identifying a specific stable PAO 

monolayer that could be used as a starting platform to subsequently generate surfaces 

with a wide range of terminal reactive groups and thereby allow for a tailored choice in 
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the final biofunctionalization step. The first prerequisite in this is that the initial 

chemical modification of PAO is stable under the conditions of its intended application, 

the field of microbiology in our case. We have recently reported the first comprehensive 

stability study of PAO modified with a wide range of functional groups known to 

chemically bind to aluminum oxide. This study showed that PAO modified with 

phosphonic acids possesses remarkable stability over a range of pH values and 

temperatures encountered during biotechnological applications. In that work, a stable 

azide-terminated PAO surface was prepared from a Br-terminated PAO via a 

substitution reaction.9 This prompted us to further investigate the scope of such Br-

terminated monolayers. The potential of halide-terminated monolayers to obtain other 

terminal groups is significant and has been reviewed by Haensch et al.10 For example, on 

silicon oxide surfaces, azide,11-16 thiocyanate,11, 12 sulfide,12 amine,13, 17 sulfonate,14, 18 

thioacetate,14 nitrile,14 and alkyne16-terminated monolayers have been prepared from 

bromo-terminated monolayers,11-16 whereas analogous reactions have been performed 

using chlorine17 or iodine17, 18-terminated silane monolayers. Considering this wide 

array of chemical modification options for bromo-terminated monolayers combined 

with the excellent stability of phosphonic acid PAO modification, we decided to 

investigate a bromo-terminated phosphonic acid PAO modification as the starting point 

to further explore its versatility to enable the (bio)functionalization of PAO.  

Our objective in this study was therefore to explore the scope of reactions that 

would allow a subsequent mild and facile (bio)functionalization of the PAO surface 

starting from a stable and well-defined initial Br-terminated PAO surface (PAO-Br), 

itself easily prepared using a bromo-terminated phosphonic acid. To this aim, we 

evaluated seven terminal functional groups, the selection of which is explained below, 

namely, alkyne, azide, alkene and thiol to enable click reactions; amine, N-

hydroxysuccinimide and isothiocyanate for protein immobilization (Figure 1). The most 

popular click reaction used to immobilize (bio)molecules on surfaces is the copper-

catalyzed azide-alkyne cycloaddition (CuAAC) reaction,19-23 which can be performed 

under various reaction conditions and tolerates most functionalities. The CuAAC 

reaction on the PAO surface can be performed using two approaches: surface-bound 

azide moieties to react with alkynes in solution, and surface-bound alkyne moieties to 

react with azides in solution. The main drawback of the CuAAC reaction is the necessity 

of a copper catalyst, which cannot always be removed and might be toxic to cells. One 
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way to circumvent the use of a metal catalyst is the strain-promoted azide-alkyne 

cycloaddition (SPAAC) reaction, which would require the conjugation of cyclooctynes 

onto the surface or to the (bio)molecule of interest.24, 25 Another click reaction that does 

not require any metal catalysis and which we investigated in this study is the reaction 

between thiols and alkenes, called the thiol-ene reaction, on the PAO surface. Apart from 

the absence of metal catalysts, thiol-ene reactions by virtue of their light-initiated 

nature, also allow for photopatterning of the surface, including the site-specific 

immobilization of proteins through the thiol groups of their cysteine residues.26 In a 

similar manner as in the CuAAC reaction, the thiol-ene reaction can also be performed 

using two different approaches: with the alkene on the surface and the thiol in solution, 

or with the thiol on the surface and the alkene in solution. The thiol-terminated surface 

used for the thiol-ene reaction can also be used to attach maleimide-containing 

(bio)molecules. The maleimide-thiol coupling is a well-established and popular 

bioconjugation method and various maleimide-containing (bio)molecules, including 

many proteins, are commercially available. Two other popular methods for protein 

bioconjugation are the use of N-hydroxysuccinimide (NHS) or isothiocyanate activated 

(bio)molecules.27 The amide coupling between the amine groups of a protein and a NHS-

terminated surface is one of the most frequently used methods to immobilize proteins 

on a surface.28 Isothiocyanate-terminated surfaces, on the other hand, have not been 

extensively investigated for immobilization of biomolecules on surfaces,29 although they 

are more stable than NHS-terminated surfaces but are also correspondingly less 

reactive.  

The current article presents a study of the efficacy of these surface modifications 

starting from PAO-Br by a series of optimized preparation protocols and a detailed 

analysis of the resulting surfaces using a range of surface-sensitive techniques, including 

X-ray photoelectron spectroscopy (XPS), transmission infrared spectroscopy (IR), and 

fluorescence microscopy. The resulting set of surfaces displays the potential of this two-

step modification of PAO to obtain a very wide range of biologically relevant surface 

modifications of this surface. 
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Figure 1. Scope of reactions to functionalize PAO starting from the PAO-Br surface and (in red) 

their potential for further (bio)functionalization reactions. 

 

Materials and Methods 

Materials  

Porous aluminum oxide (PAO) substrates with dimensions of 36 × 8 mm2 and 

average pore size of 200 nm were purchased from MicroDish BV (Netherlands). 12-

Bromododecylphosphonic acid was purchased from SiKÉMIA (France). 16-

Fluorohexadec-1-yne,30 1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside,9 and 3-(2,2,2-

trifluoroethoxy)prop-1-ene31 were synthesized as previously described. Streptavidin-

fluorescein isothiocyanate conjugate (strep-FITC) was purchased from Thermo Fisher 

Scientific (USA). Dichloromethane and THF were purified using a Pure Solv 400 solvent 

purification system (Innovative Technology, USA). Dry DMF was purchased in SureSeal™ 

bottles and stored under argon. Ultrapure water was produced using a Milli-Q Integral 3 

system (Millipore, France). Other solvents used were of analytical grade. The other 

chemicals were obtained from Sigma-Aldrich and used without further purification. 

Molecular sieves (10 Å) were oven-dried (120 °C, overnight) directly prior to use. For 
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the thiol-ene reactions, a 6 W 365 nm UV lamp was used. Sonication steps were 

performed in an Elmasonic P 30 H ultrasonic unit at a frequency of 80 kHz (at a lower 

frequency setting, the PAO breaks). 

Characterization of modified PAO surfaces 

The modified PAO substrates were characterized by infrared (IR) and X-ray 

photoelectron spectroscopy (XPS). IR spectra were measured with a Bruker Tensor 27 

FT-IR spectrometer. Spectra were obtained in transmission mode using a spectral 

resolution of 2  cm-1 and 256 scans in each measurement. The raw spectra were divided 

by the spectrum of a freshly cleaned and etched bare PAO reference substrate. XPS 

measurements were performed using a JPS-9200 photoelectron spectrometer (JEOL). 

����������������������������������������������������Ƚ��-ray radiation at 12 kV and 20 

mA under ultrahigh vacuum conditions. The binding energies were calibrated at 285.0 

eV for the C 1s peak as a reference. Because of electrostatic surface charging, charge 

neutralization was used with electrons with a kinetic energy of 2.8 eV and a filament 

current of 4.8 A. High-resolution spectra were corrected using a linear background 

subtraction before fitting. The spectra were processed using CasaXPS software (version 

2.3.15). In the case of attachment of proteins, for fluorescence microscopy, an Olympus 

BX-41 fluorescence microscope equipped with U-MWIBA filters (Olympus) and a Kappa 

CCD camera was used. 

Modification of PAO with 12-bromododecylphosphonic acid 

The substrate preparation procedure was the same as previously reported by us.9 

Briefly, a PAO substrate was rinsed and sonicated in acetone (5 min) and ultrapure 

water (5 min). Next, the substrate was immersed in a freshly prepared mixture of 37% 

hydrochloric acid and methanol (1:1 v/v) for 30 min. It was then rinsed and sonicated in 

ultrapure water (5 min) and absolute ethanol (5 min). The PAO substrate was immersed 

in a 1 mM solution of 12-bromododecylphosphonic acid in absolute ethanol for 16 h at 

room temperature. Afterward, it was rinsed with absolute ethanol and heated at 140 °C 

under vacuum for 6 h. The substrate was rinsed and sonicated in absolute ethanol (twice 

for 5 min) and dichloromethane (5 min) and dried in air to obtain the bromo-terminated 

PAO (PAO-Br).  
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Substitution reactions on PAO-Br 

To obtain the azide-terminated PAO (PAO-N3), the PAO-Br substrate was 

immersed in a 0.1 M NaN3 solution in dry DMF for 16 h at 60 °C under argon. To obtain 

the alkene- and alkyne-terminated PAO (PAO-ene and PAO-yne, respectively), the PAO-

Br substrate was immersed in a 2.0 M solution of allylamine (for PAO-ene) or 

propargylamine (for PAO-yne) in DMF for 16 h at 45 °C. To obtain the thiocyanate-

terminated PAO (PAO-SCN), the PAO-Br substrate was immersed in a 0.5 M solution of 

KSCN in DMF for 16 h at 45 °C. PAO-SCN was then used to prepare the thiol-terminated 

PAO (PAO-SH) by reducing the thiocyanate group. For the reduction step, the PAO-SCN 

substrate was immersed in a 0.5 M solution of NaBH4 in ethanol for 3 h at room 

temperature. After the reaction, the substrate was rinsed, sonicated in ethanol (5 min) 

and dichloromethane (5 min), and dried in air. To obtain the amine-terminated PAO 

(PAO-NH2), the PAO-Br substrate was immersed in a 1.0 M solution of tris(2-

aminoethyl)amine in DMF for 16 h at room temperature. After all substitution reactions 

on PAO-Br, the substrates were rinsed, sonicated in DMF (5 min), ethanol (5 min), and 

dichloromethane (5 min) and dried in air. 

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction on azide-terminated 

PAO (PAO-N3) 

A solution containing 2.5 mM 16-fluorohexadec-1-yne, 5 mM CuSO4 and 5 mM 

sodium ascorbate was prepared in DMF. A reaction tube was equipped with a stirring 

bar and a custom-made Teflon platform to prevent the stirring bar from breaking the 

fragile PAO substrate. The PAO-N3 substrate was placed on top of the platform in the 

reaction tube, and the solution was added and heated in a microwave oven (CEM 

Discover) at 50 °C for 30 min under stirring. After the reaction, the substrate was 

thoroughly rinsed, sonicated in DMF (5 min), ethanol (5 min), and dichloromethane (5 

min), and dried in air. 

Strain-promoted azide-alkyne cycloaddition (SPAAC) on PAO-N3 

A diluted version of the PAO-N3 surface (azide-, octylphosphonic acid-terminated 

50:50) was immersed in a solution containing 5.0 mM 2,5-dioxopyrrolidin-1-yl 1-

(bicyclo[6.1.0]non-4-yn-9-yl)-3,14-dioxo-2,7,10-trioxa-4,13-diazaoctadecan-18-oate 
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BCN-NHS) in dichloromethane for 4 h at room temperature. After the reaction, the 

substrate was rinsed, sonicated in dichloromethane (5 min), and dried in air. 

CuAAC reaction on alkyne-terminated PAO (PAO-yne) 

The CuAAC reaction was performed on the PAO-yne substrate as previously 

reported by us,9 using the same reaction tube, stirring bar, and platform as described for 

the CuAAC reaction on PAO-N3. The PAO-yne substrate was immersed in a solution 

containing 0.1 mM 1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside, 0.2 mM CuSO4, and 

0.2 mM sodium ascorbate in ultrapure water and heated in a microwave oven at 70 °C 

for 30 min under stirring. After the reaction, the substrate was thoroughly rinsed, 

sonicated in ultrapure water (5 min), ethanol (5 min), and dichloromethane (5 min), and 

dried in air. 

Thiol-ene reaction on alkene-terminated PAO (PAO-ene)  

A PAO-ene substrate was immersed in a solution containing 0.4 M 1-thio-Ⱦ-D-

glucose tetraacetate and 0.1 M 2,2-dimethoxy-2-phenylacetophenone (DMPA) in 

dichloromethane and irradiated with a 365 nm UV light for 2 h. After the reaction, the 

substrate was rinsed, sonicated in dichloromethane (twice for 5 min), and dried in air. 

After immobilization on the PAO surface, the surface-bound tetraacetate glucoside was 

deacetylated by immersion of the surface in a 2.0 mM solution of sodium methoxide in 

methanol for 4 h at room temperature, followed by addition of Dowex 50 (H+ form) to 

this solution and stirring until the pH was 7. Subsequently, the substrate was taken out 

of the solution, rinsed, sonicated in methanol (5 min), ethanol (5 min), and 

dichloromethane (5 min), and dried in air. 

Thiol-ene reaction on thiol-terminated PAO (PAO-SH)  

A PAO-SH substrate was immersed in a solution containing 0.5 M 3-(2,2,2-

trifluoroethoxy)prop-1-ene and 0.01 M DMPA in dichloromethane and irradiated with a 

365 nm UV lamp for 1 h. After the reaction, the substrate was rinsed and sonicated in 

dichloromethane (twice for 5 min). 

Maleimide-thiol coupling reaction on thiol-terminated PAO  

A PAO-SH substrate was immersed in a 5 mM solution of alkyne-PEG4-maleimide 

in phosphate-buffered saline (PBS), pH 7.0, for 16 h at room temperature. After the 
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reaction, the substrate was rinsed, sonicated in water (5 min), ethanol (5 min), and 

dichloromethane (5 min), and dried in air. 

Transformation of PAO-N3 into isothiocyanate-terminated PAO (PAO-NCS) and 

reaction with fluorinated amine  

A PAO-N3 substrate was immersed in a 0.5 M solution of triphenylphosphine in 

dry THF (2 mL) with approximately 0.4 g of oven-dried 10 Å molecular sieves. 

Immediately, 3 mL of carbon disulfide was added, and the substrate was allowed to stay 

in this mixture for 1.5 h at room temperature. Afterward, the mixture with the substrate 

was kept at 50 °C for 2.5 h. Subsequently, the substrate was rinsed, sonicated in THF (5 

min) and dichloromethane (5 min), and dried in air. For the subsequent reaction with a 

fluorinated amine, a PAO-NCS substrate was immersed in a solution containing 1 M 

trifluoroethylamine and 1 M DIPEA in dichloromethane for 16 h at room temperature. 

The substrate was then rinsed and sonicated in dichloromethane (5 min). 

Immobilization of protein on N-hydroxysuccinimide-terminated PAO (PAO-NHS)  

The first step was to generate the PAO-NHS substrate. For this reaction, the PAO-

NH2 substrate was immersed in a solution containing 0.1 M �ǡ�ಅ-disuccinimidyl 

carbonate (DSC) and 0.1 M N,N-diisopropylethylamine (DIPEA) in DMF at 40 °C for 16 h. 

After the reaction, the substrate was rinsed, sonicated in DMF (5 min) and 

dichloromethane (5 min), and dried in air to obtain the PAO-NHS substrate. For the 

immobilization of the protein on the PAO-NHS substrate, a solution of fluorescently 

labeled bovine serum albumin (with fluorescein isothiocyanate: BSA-FITC; 0.1 mg/mL) 

was prepared in PBS, pH 7.0, containing 0.05% Tween 20. The substrate was immersed 

in the BSA-FITC solution for 30 min at room temperature, thoroughly washed with PBS, 

and immersed in a 1.0 M solution of ethanolamine in PBS for 30 min at room 

temperature. The substrate was thoroughly washed with PBS, dried under vacuum for 

15 min, and imaged by fluorescence microscopy. A PAO-NHS substrate previously 

blocked with a 1.0 M solution of ethanolamine in PBS for 30 min at room temperature 

was used as the negative control for this experiment. The negative control was treated in 

the same way as the PAO-NHS substrate for the immobilization of the protein. The same 

procedure was also performed with BSA (nonfluorescently labeled) to obtain the PAO-

BSA surfaces and the resulting samples were used for the bacterial growth experiment. 
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Immobilization of biotin on PAO and binding of streptavidin  

To obtain the biotin-terminated PAO (PAO-biotin), the PAO-NH2 substrate was 

immersed in a solution containing 10 mM biotinamidohexanoic acid N-

hydroxysuccinimide ester and 20 mM DIPEA in DMF at 40 °C for 16 h. After the reaction, 

the substrate was rinsed, sonicated in DMF (5 min), ethanol (5 min), and 

dichloromethane (5 min), and dried in air to obtain the PAO-biotin substrate. The PAO-

biotin substrate was then immersed in a solution containing 0.1 M �ǡ�ಅ-disuccinimidyl 

carbonate (DSC) and 0.1 M DIPEA in DMF at 40 °C for 16 h, and then in a 1.0 M solution 

of ethanolamine in PBS for 30 min at room temperature to block the remaining amino 

groups. Finally, the substrate was rinsed, sonicated in water (5 min), ethanol (5 min), 

and dichloromethane (5 min), and dried in air. For the binding of strep-FITC, the PAO-

biotin substrate was immersed in a solution containing 0.05 mg/mL of strep-FITC in 

PBS, pH 7.0, containing 0.05% Tween 20 for 30 min at room temperature. The substrate 

was thoroughly washed with PBS, dried under vacuum for 15 min, and imaged using 

fluorescence microscopy. The negative control used for this experiment was the same as 

that described in section above, and it was treated in the same way as the PAO-biotin 

substrate for the binding of strep-FITC. 

Bacterial growth on PAO-BSA  

An overnight culture of Lactobacillus plantarum WCFS132 in MRS broth (Difco 

Lactobacilli MRS broth, BD, Amsterdam, The Netherlands) was diluted with ultrapure 

water to obtain an optical density at 600 nm (OD600) of 0.5. The PAO-BSA surfaces were 

cut in pieces of approximately 9 × 8 mm2 and placed on MRS agar plates. The bacterial 

suspension at OD600 = 0.5 was placed on the PAO-BSA surfaces (3 µL per sample) and 

incubated at 37 °C. The samples were imaged after 0, 5, and 7 h using transmission light. 

One sample was also stained with 5-carboxyfluorescein diacetate (cFDA) at each time 

point by placing the PAO-BSA surfaces on low-melting point agarose (BioRad, USA) that 

contained 50 µM cFDA for 30 min. The cFDA-stained samples were also imaged using 

fluorescence microscopy. The contrast and the color of the fluorescence images were 

adjusted using ImageJ. 
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Results and Discussion  

Modification of porous aluminum oxide (PAO) with 12-bromododecylphosphonic 

acid  

The first step involves modification of acid-activated PAO with 12-

bromododecylphosphonic acid (1 mM in EtOH, 16 h, rt, followed by vacuum drying at 

140 °C for 6 h) to produce the bromo-terminated PAO (PAO-Br), the starting point for 

all subsequent reactions (Figure 2). The X-ray photoelectron spectroscopy (XPS) survey 

scan of PAO-Br (Figure 3a) clearly shows the presence of a Br 3s peak at 257 eV, in 

addition to the peaks corresponding to the other components of the phosphonic acid 

and the PAO substrate (O at 531 eV, C at 285 eV, P at 134 eV, and Al at 119 eV), 

confirming the modification of PAO. The XPS C 1s narrow scan (Figure 3b) presents two 

types of carbon: C–C (285.0 eV) and carbon bound to an electronegative element, in this 

case C–Br (286.5 eV), and the ratio between them is as expected for an intact Br-

terminated monolayer (11 C–C or C–P,9 1 C–Br). This initial monolayer showed good 

stability upon immersion of the surface in PBS, pH 7.0, with less than 10 and 20% 

degradation after 2 and 24 h, respectively. The stable PAO-Br surface was then used as 

the starting point for all the subsequent reactions explored in this work (Figure 2). 
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Figure 2. Reactions and conditions used to (bio)functionalize the PAO surface: (a) CuAAC on PAO-

N3, (b) SPAAC on PAO-N3, (c) CuAAC on PAO-yne, (d) thiol-ene reaction on PAO-ene, (e) thiol-

ene reaction on PAO-SH, (f) thiol-maleimide coupling, and (g) isothiocyanate transformation on 

PAO-N3. 

 

(g)

(d)

(e) (f)

(a)

(c)

(b)
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Figure 3. XPS spectra of PAO-Br: (a) survey scan and (b) C 1s narrow scan. 

 

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) on azide-terminated PAO 

(PAO-N3)  

For the first approach, the initial step was a substitution reaction with NaN3 on 

the PAO-Br substrate. In this work, the concentration of the NaN3 solution was 

decreased from 1.0 M in our previous study to 0.1 M without any change in the resulting 

PAO-N3 surface,9 according to the XPS spectra. The XPS spectra show the absence of 

bromine remaining on the surface, indicating the full conversion to PAO-N3, and two 

separated peaks in the N 1s narrow spectrum at 400.5 and 404.4 eV with a 2:1 ratio, 

respectively, characteristic of the azide group33 (Figure SI-1 for XPS data). 

The PAO-N3 substrate was then used to react with a fluorinated alkyne (1-

fluorohexadec-1-yne) as a model system, using the high sensitivity of fluorine in XPS. 

The yield of this reaction was near-quantitative based on the C 1s spectrum of the 

reacted surface, which shows the presence of three types of carbon: C–C (285.0 eV), C–N 

(286.5 eV), and C–F (288.0 eV), with an experimental ratio of 84 / 12 / 4%, which 

matches the theoretical ratio (85 / 11 / 4%). The N 1s spectrum shows the 

characteristic peaks of the triazole ring at 400.5 and 401.8 eV,33 which appear as a broad 

peak instead of the two separated peaks from the PAO-N3 surface (Figure 4). In 

combination with the nearly complete loss of the 404.5 eV peak, this indicates that most 

of the azide present on the surface reacted with the alkyne (Figure SI-1 for 

corresponding wide scan XPS).  
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Figure 4. XPS spectra of modified PAO after the CuAAC reaction between PAO-N3 and 1-

fluorohexadec-1-yne: (a) C 1s and (b) N 1s narrow scans. 

 

The infrared (IR) spectra of PAO-Br, PAO-N3, and PAO-N3 after CuAAC reaction 

with the fluorinated alkyne can also be used to monitor this sequence of reactions. The 

IR spectrum of the PAO-N3 surface shows the presence of the azide, with a strong band 

at around 2100 cm-1.34 From the decrease of this signal after the CuAAC reaction (Figure 

SI-1), a reaction efficiency of ~80% can be calculated for the CuAAC reaction, i.e., within 

experimental error, in line with the XPS data. 

The CuAAC reaction of an alkyne molecule in solution with the PAO-N3 surface 

can be easily monitored by the characteristic peaks of the azide in the XPS spectrum of 

nitrogen and also by the strong azide band in IR spectra. The main advantage of this 

approach when compared to the reaction between an alkyne-terminated surface and an 

azide-containing (bio)molecule is the easy characterization of the modified surface via 

the distinct N3 signals. 

Strain-promoted azide-alkyne cycloaddition (SPAAC) on PAO-N3  

The PAO-N3 surface can also be used to immobilize (bio)molecules containing a 

strained cyclooctyne group via the SPAAC reaction, which does not require any catalyst. 

This reaction presented near quantitative conversion, based on the absence of the azide 

band in the IR spectrum (at around 2100 cm-1) and the loss of the peak at 404.5 eV in the 

N 1s XPS spectrum (Figure SI-1). 

CuAAC on alkyne-terminated PAO (PAO-yne)  

The other approach for the CuAAC is the reaction between a surface-bound 

alkyne with azide-containing (bio)molecules in solution.19 The required alkyne-
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terminated PAO (PAO-yne) can also be obtained starting from the PAO-Br surface, via a 

substitution reaction with propargylamine. The XPS spectrum of the PAO-yne surface 

indicates full conversion to the alkyne-terminated surface because of the absence of any 

bromine peak. The successful subsequent CuAAC reaction with an azido mannoside can 

be visualized by the changes in the C 1s narrow spectrum, with the additional peak at 

288.6 eV, corresponding to the O–C–O carbon of the carbohydrate, and the increase of 

the peak at 286.5 eV, corresponding to the C–O and C–N carbons (Figures SI-2 and SI-3). 

The presence of the alkyne on the PAO-yne surface can also be observed in the IR 

spectrum as a ؠ�–H stretching at 3323 cm-1 (Figure SI-4).  

Thiol-ene reaction on alkene-terminated PAO (PAO-ene)  

In a similar manner as with the CuAAC click, the thiol-ene reaction can also be 

performed on PAO using either of two different approaches: with the alkene on the PAO 

surface and the thiol in solution or with the thiol on the surface and the alkene in 

solution. Both approaches are again possible starting from the initial PAO-Br surface. In 

the first approach, by reacting an alkene-containing amine with the bromo-terminated 

surface, we near quantitatively obtain alkene-terminated PAO surfaces (PAO-ene, 

Figure SI-5; no Br signal present after the reaction), which can further react with 

(bio)molecules containing a thiol group in solution in the presence of UV light (365 nm) 

and 2,2-dimethoxy-2-phenylacetophenone (DMPA) as photoinitiator. 

As proof of principle, 1-thio-Ⱦ-D-glucose tetraacetate was immobilized on PAO-

ene, yielding the acetyl-protected glucose-terminated PAO surface (PAO-ene-gluAcO) 

with approximately 60% conversion, according to both wide scan XPS data (Figure SI-

6) and the narrow scan C 1s spectrum. The XPS spectrum of the C 1s region of the PAO-

ene-gluAcO surface presents four different types of carbon: C–C (285.0 eV), C–O/C–

N/C–S (286.4 eV), O–C–S (287.6 eV), and C=O (289.7 eV) (Figure 5a). The attachment of 

the intact protected sugar can be observed from the C–C to C–O/C–N/C–S to O–C–S to 

C=O ratio of 66 / 20 / 5 / 9% (theory: 54 / 28 / 4 / 14% for 100% conversion). After the 

immobilization reaction, the glucose present on the PAO surface was deprotected by 

immersing the PAO-ene-gluAcO in a solution of sodium methoxide in methanol to 

obtain the deprotected carbohydrate, which is then suitable for use in biological 

experiments. The C 1s XPS spectrum of the surface after deprotection (Figure 5b) 

shows full deprotection of glucose by the absence of the C=O peak at 289.7 eV and a C–
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O/C–N/C–S to O–C–S ratio in line with expectations (both experiment and theory: 24 / 

3%). The IR spectra of the same PAO surfaces confirm the full deprotection of the 

glucose present on the surface by the absence of the carbonyl band at 1760 cm-1 after 

the deprotection step (Figure SI-7). Interestingly, the monolayer does not show any 

signs of degradation under this basic deprotection conditions. For example, the ratio of 

Al compared to other elements is not increased, as shown in the XPS wide spectra of 

PAO-ene-gluAcO before and after deprotection (Figures SI-6 and SI-8).  

 

 
Figure 5. XPS C 1s narrow scan of PAO after reaction between PAO-ene and 1-thio-ǃ-D-glucose 

tetraacetate (PAO-ene-gluAcO): (a) before and (b) after deprotection of the carbohydrate. 

 

Thiol-ene reaction on thiol-terminated PAO (PAO-SH)  

The second approach for the thiol-ene reaction involves a thiol-terminated 

surface, which can react with a solution containing (bio)molecules with a terminal 

alkene functionality. The thiol-terminated PAO surface (PAO-SH) was prepared from the 

PAO-Br surface via a two-step sequence: reaction with KSCN on the PAO-Br surface, 

yielding the thiocyanate-terminated PAO (PAO-SCN), followed by reduction with NaBH4 

to yield the surface-bound thiol groups (PAO-SH). The XPS survey scan of PAO-SCN 

shows complete conversion from PAO-Br, with a carbon / nitrogen / sulfur ratio that is 

close to the theory (experiment: 13 / 1 / 1; theory: 11 / 1 / 1), and the absence of Br 

peaks. The C 1s XPS spectrum of PAO-SCN (Figure 6b) shows three different peaks: C–C 

(285.0 eV), C–S (286.3 eV), and S–Cؠ��ȋʹͺ͹ǤͲ���Ȍǡ������������������������������������������
expected (experiment and theory both: 84 / 8 / 8%). Although we and others observe a 

chemical shift for C–S of 1.3 eV,35-38 we are aware that other authors have reported a 

chemical shift between 0.3 – 0.4 eV for a carbon atom adjacent to sulfur.39 For the 
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reduction of the thiocyanate group, we initially tried to use LiAlH4 as a reducing agent as 

previously reported.40 Although different conditions were tried, the initial phosphonate 

modification of the surface degraded even when immersing the PAO-SCN surface in a 

0.25 M LiAlH4 solution in THF for only 5 min at 0 °C. We then decided to try NaBH4 as a 

milder reducing agent and successfully obtained the PAO-SH surface. The complete 

reduction of the thiocyanate group without monolayer degradation could in that case be 

observed by the absence of the nitrogen peak in the wide range XPS spectrum (Figure 

6c), and this was in line with the deconvoluted C 1s XPS spectrum shown in Figure 6d.  

 

 
Figure 6. XPS spectra of PAO-SCN and PAO-SH surfaces: (a) PAO-SCN survey scan, (b) PAO-

SCN C 1s narrow scan, (c) PAO-SH survey scan, and (d) PAO-SH C 1s narrow scan. 

 

After the reduction, the thiol-ene reaction was performed with a fluorinated 

alkene (CH2=CHOCH2CF3) for easy quantification of the reaction efficiency by XPS. The 

conversion of this reaction was approximately 20%, based on the amount of fluorine and 

carbon on the XPS survey scan (Figure SI-9). We considered that the formation of 

disulfide bridges between thiol groups present on the surface could be the reason for the 

low conversion. To circumvent this potential issue, we immersed the PAO-SH surface in a 
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0.1 M tris(2-carboxyethyl)phosphine (TCEP) solution in methanol for 30 min before the 

thiol-ene reaction. TCEP is known for reducing disulfide bonds and has been especially 

used with proteins.41 However, to our surprise, this step did not improve the conversion 

of the thiol-ene reaction. This considerably lower conversion for the thiol-ene reaction 

when the thiol is on the surface and the alkene is in solution might be related to the 

mechanism of the reaction. The initiation of the reaction involves the generation of a thiyl 

radical (RSȈ) by the treatment of the thiol with a photoinitiator. The propagation step 

involves first the direct addition of the RSȈ radical in the C=C bond, followed by the chain 

transfer of the radical to a second thiol moiety.42 This transfer of the radical to another 

thiol might be hampered when the thiols are on the surface, resulting in a limited 

conversion. In this case, considering that all of the other reactions under current study 

provide considerably better conversions, this approach of the thiol-ene reaction should 

be considered only for PAO if the other reactions are not possible.43  

Maleimide-thiol coupling on PAO-SH  

As a proof of principle for the maleimide-thiol reaction, we reacted alkyne-PEG4-

maleimide with the PAO-SH surface using conditions that are compatible with the 

attachment of biomolecules (Figure 2f). The conversion of this reaction was 

approximately 50%, based on the C–C to C–S/C–O/C–N to C=O ratio (experimental: 74 / 

22 / 4%; theory: 47 / 44 / 9%) (see Figure SI-10 for the XPS spectra).  

Isothiocyanate-terminated PAO (PAO-NCS)  

Another reactive surface that can be obtained from PAO-Br is the isothiocyanate-

terminated PAO (PAO-NCS). The first step to prepare PAO-NCS is the substitution with 

NaN3, as previously discussed. The transformation of the azide group into an 

isothiocyanate was based on a procedure described for this conversion in solution. 

When PAO-N3 is treated with triphenylphosphine, nitrogen is released due to the 

Staudinger reaction, and subsequent addition of carbon disulfide to the 

iminophosphorane-terminated intermediate surface yields PAO-NCS.44 The conversion 

of PAO-N3 into PAO-NCS was observed by the appearance of the sulfur peak in the XPS 

survey scan and the presence of three carbon peaks in the XPS C 1s spectrum: C–C 

(285.0 eV), C–N (286.5 eV), and N=C=S (287.7 eV) (Figure 7). In a previous work, Lex 

and co-workers prepared isothiocyanate-terminated surfaces upon UV irradiation of 
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thiocyanate-terminated surfaces. However, only a limited amount of isothiocyanate (25 

to 30%) was observed by them, even when almost all of the thiocyanate was 

consumed.29 In our approach, the N 1s spectrum indicates complete conversion of the 

reactants because of the presence of only one peak in the N 1s spectrum, instead of the 

two peaks observed for the PAO-N3 surface. However, the slightly higher amount of 

nitrogen than sulfur in the XPS survey scan of PAO-NCS (Figure 7a) might indicate that a 

small part of the azide groups were converted to byproducts (most probably to amines 

via a Staudinger reduction due to adventitious water). The IR spectrum of the PAO-NCS 

surface shows the presence of the characteristic isothiocyanate stretching band at 2094 

cm-1 (Figure SI-12).29, 45 To our knowledge, this is the first time that an isothiocyanate-

terminated surface was prepared via transformation of an azide group. As proof of 

principle for the use of PAO-NCS, we reacted a fluorinated amine with the PAO-NCS 

surface and obtained a moderate conversion of 18% (Figure SI-13). Although this 

conversion is not optimal yet, such an isothiocyanate-terminated surface is a possible 

alternative to the N-hydroxysuccinimide (NHS)-terminated surface. The limited 

conversion may be due to the formation of byproducts (mainly amine) in the azide-

isothiocyanate reaction, yielding a mixed surface that is only partially reactive toward 

amines.  

With further optimization, isothiocyanate-terminated surfaces can be used to 

immobilize amine-containing (bio)molecules, especially proteins. The isothiocyanate 

group is more stable than the NHS group, which renders it a good alternative when 

protein-reactive surfaces are not intended to be immediately used. 
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Figure 7. XPS spectra of PAO-NCS: (a) survey scan, (b) C 1s narrow scan, and (c) N 1s narrow 

scan. 

 

Protein immobilization on NHS-terminated PAO (PAO-NHS)  

Starting with a reaction of PAO-Br with tris(2-aminoethyl)amine, the resulting 

amine-terminated surface (PAO-NH2) was treated with N,NԢ-disuccinimidyl carbonate 

(DSC) to provide the NHS-terminated PAO surface (PAO-NHS) (Figure 8). The complete 

substitution reaction with the amine on the PAO-Br surface was observed by XPS via the 

complete disappearance of the bromine peak in the survey scan (Figure SI-14). The 

reaction of the DSC reagent with the amine-terminated PAO surface was confirmed by 

the C 1s XPS spectrum (Figure SI-15), which presents an additional carbon peak at 

288.6 eV, corresponding to the carbonyls’ C atoms of PAO-NHS. As an additional 

confirmation, the IR spectrum of PAO-NHS presents a band at 1745 cm-1, corresponding 

to the C=O stretching vibrations in the carbamate (Figure SI-16).46 
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Figure 8. Immobilization of proteins on PAO: (a) BSA-FITC on PAO-NHS and (b) biotin-

terminated PAO for binding of streptavidin. 

 

For the immobilization of a protein on the PAO-NHS, we selected bovine serum 

albumin fluorescently labeled with fluorescein isothiocyanate (BSA-FITC) as proof of 

principle because the PAO surfaces with BSA-FITC can be easily visualized by 

fluorescence microscopy. PAO-NHS blocked with ethanolamine was used as a negative 

control to show that the BSA-FITC present on the surface was covalently attached to the 

surface and not just adsorbed. After immersion of both PAO surfaces in a BSA-FITC 

solution in PBS, pH 7.0, containing 0.05% Tween 20 and extensive washing of the 

surfaces, the BSA-FITC was present almost exclusively on the PAO-NHS surface (Figure 

9). The same experiments were performed without Tween 20, and it was observed that 

the presence of Tween 20 in the BSA-FITC solution is necessary to prevent nonspecific 

adsorption of the protein on both surfaces (data not shown). We also tried to immobilize 

BSA-FITC directly on the PAO-Br surface, but this was not possible, probably due to the 

harsher reaction conditions necessary for the substitution of amines on PAO-Br. 

 

(a)

(b)
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Figure 9. Immobilization of fluorescently-labeled bovine serum albumin (BSA-FITC) on PAO-NHS 

blocked with ethanolamine (left) and PAO-NHS (right) in PBS, pH 7.0, with 0.05% Tween 20: (a) 

fluorescence image and (b) transmission image; (c) growth of /��SODQWDUXP on PAO-BSA surfaces.  

 

Immobilization of biotin on PAO and binding of streptavidin  

The amine-terminated PAO surface can also be used to directly attach 

(bio)molecules containing a NHS group. In this case, we immobilized NHS-linked biotin 

onto PAO as a small recognition element for streptavidin (Figure 8). The attachment of 

the NHS-containing biotin in an >75 % yield was confirmed by the presence of a sulfur 

peak in the wide XPS spectrum and also the presence of three types of carbon in the XPS 

spectrum of the C 1s region: C–C (285.0 eV), C–N/C–S (286.1 eV), and C=O (288.0 eV) in 

a 68 / 21 / 11% ratio (theory: 62 / 26 / 12%) (Figure 10a, b).  
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Figure 10. XPS spectra of amine-terminated PAO after reaction with biotin-NHS: (a) survey scan 

and (b) C 1s narrow scan. Binding of strep-FITC on biotin-terminated PAO (left) and PAO-NHS 

blocked with ethanolamine (right) in PBS, pH 7.0, with 0.05% Tween 20: (c) fluorescence image 

and (d) transmission image. 

 

For the binding of streptavidin on the biotin-terminated PAO (PAO-biotin), any 

remaining amine groups present on the surface were blocked by sequential treatment 

with bifunctional NHS molecule and ethanolamine. The negative control for this 

experiment was the PAO-NHS surface blocked with ethanolamine, the same type of 

sample used as a negative control for BSA-FITC attachment. Both samples were 

immersed in a solution of streptavidin-fluorescein isothiocyanate conjugate (strep-FITC) 

in PBS, pH 7.0, containing 0.05% Tween 20 and extensively washed with PBS. The 

binding of strep-FITC on the biotin-terminated PAO surface was considerably higher 

when compared to that of the PAO-NHS surface blocked with ethanolamine (Figure 

10c), indicating that the biotin present on the surface is available for binding with 

streptavidin. 
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Bacterial growth on PAO-BSA samples  

In order to verify whether the immobilization of BSA on PAO does not block the 

pores and thereby affect its use as a culturing chip, we performed bacterial growth 

experiments on the PAO-BSA samples. Bacterial growth is possible only when the 

nutrients can diffuse via pores from the agar to the top PAO surface where the bacteria 

are located. In these experiments, we observed that the L. plantarum cells could still 

grow to microcolonies on the PAO-BSA surface (Figure 9c and Figure SI-17), showing 

that the pores are still available for the diffusion of nutrients. Additionally, the diffusion 

of cFDA, a small molecule fluorogenic vitality stain,47 from the low-melting point agarose 

to the bacteria also shows the availability of the pores on the PAO-BSA surface and the 

viability of the bacteria present on the surface. 

Conclusions and Prospects  

In this study we show that porous aluminum oxide (PAO) that is modified with 

bromo-terminated phosphonic acid can function as a highly versatile platform for the 

(bio)functionalization of PAO for various applications. Using only mild reaction 

conditions, a range of terminal functional groups could be obtained (alkyne, azide, thiol, 

alkene, amine, N-hydroxysuccinimide (NHS), isothiocyanate, maleimide). These could be 

effectively and with high conversions used for a range of click reactions and as a 

bioconjugation handle, for example, to attach carbohydrates and proteins. Remarkably, 

the thiol-ene click reaction worked well with the alkene on the surface and the thiol in 

solution, but it worked poorly with the inverse reaction, i.e., with the thiol on the 

surface. In future work, we will use this PAO-Br platform to immobilize antibodies, 

lectins, and complex carbohydrates onto the PAO surface for our ongoing studies toward 

the selective capture and subsequent growth of bacteria on modified PAO. 

Associated Content  

XPS and IR spectra of the remaining modified PAO surfaces not given in the main text. 

The Supporting Information is available free of charge on the ACS Publications website 

at DOI: 10.1021/acs.langmuir.5b00853. 

 

 



Versatile (Bio)Functionalization of Bromo-Terminated Phosphonate-Modified PAO 

137 

Acknowledgements  

This work is supported by NanoNextNL, a micro and nanotechnology consortium of the 

Government of The Netherlands and 130 partners, ERC grant 250712 (MicrobesInside), 

and the Netherlands Organization for Scientific Research (NWO VENI grant 722.011.006 

to T.W.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

138 

Supporting Information  

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) and strain-promoted azide-
alkyne cycloaddition (SPAAC) on azide-terminated porous aluminum oxide (PAO-
N3) 

 
Figure SI-1. XPS spectra of PAO-N3 (a) survey scan and (b) N 1s narrow scan; (c) survey scan of 

PAO-N3 after CuAAC reaction with 1-fluorohexadec-1-yne (PAO-N3-CuAAC); (d) survey scan, (e) 

C 1s narrow scan, and (f) N 1s narrow scan of PAO-N3 after SPAAC reaction with BCN-NHS (PAO-

N3-SPAAC); and (g) infrared (IR) spectra of bromo-terminated PAO (PAO-Br), PAO-N3, PAO-N3-

CuAAC, and PAO-N3-SPAAC.  
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CuAAC on alkyne-terminated PAO (PAO-yne) 

 
Figure SI-2. XPS spectra of PAO-yne: (a) survey scan and (b) C 1s narrow scan. 

 

 
Figure SI-3. XPS spectra of PAO-yne after CuAAC reaction with azido mannoside: (a) survey 

scan and (b) C 1s narrow scan. 

 

 
 

 

Figure SI-4. IR spectra of PAO-Br, PAO-

yne, and PAO-yne after CuAAC reaction 

with azido mannoside (PAO-yne-CuAAC). 
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 Thiol-ene on alkene-terminated PAO (PAO-ene) 

 
Figure SI-5. XPS spectra of PAO-ene: (a) survey scan and (b) C 1s narrow scan. 

 

 

 

 
 

 

Figure SI-6. XPS survey scan of PAO-ene after 

reaction with 1-thio-ǃ-D-glucose tetraacetate (PAO-

ene-gluAcO). 

 

 

 

 

 

 

 
 

 

Figure SI-7. IR spectra of PAO-Br, PAO-

ene, PAO-ene-gluAcO, PAO-ene-gluAcO 

after deprotection of the acetyl groups 

(PAO-ene-gluOH). 
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Figure SI-8. XPS survey scan of PAO-ene-

gluAcO after deprotection of the acetyl groups. 

 

 

 

 

 

Thiol-ene on thiol-terminated PAO (PAO-SH) 

 
Figure SI-9. XPS spectra of PAO-SH after thiol-ene click reaction with fluorinated alkene: (a) 

survey scan and (b) C 1s narrow scan. 

Maleimide-thiol coupling on PAO-SH 

 
Figure SI-10. XPS spectra of PAO-SH after reaction with maleimide-PEG4-alkyne: (a) survey 

scan and (b) C 1s narrow scan. 
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Figure SI-11. IR spectra of PAO-Br, 

thiocyanate-terminated PAO (PAO-SCN), 

PAO-SH, PAO-SH after thiol-ene click 

reaction with fluorinated alkene (PAO-SH-

F), and PAO-SH after reaction with 

maleimide-PEG4-alkyne (PAO-SH-mal).  

 

 

 

 

Isothiocyanate-terminated PAO (PAO-NCS) 

 
 

 

 

Figure SI-12. IR spectra of PAO-NCS 

compared to PAO-N3. 

 

 

 

 

 

 

 
 

Figure SI-13. XPS survey scan of PAO-

NCS after reaction with fluorinated amine. 
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Immobilization of protein on NHS-terminated PAO (PAO-NHS) 

 
Figure SI-14. XPS spectra of amine-terminated PAO: (a) survey scan and (b) C 1s narrow scan. 

 

 

 
Figure SI-15. XPS spectra of PAO-NHS: (a) survey scan and (b) C 1s narrow scan. 

 

 

 

 

 
Figure SI-16. IR spectra of PAO-Br, 

amine-terminated PAO (PAO-NH2), and 

PAO-NHS. 
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Bacterial growth on PAO-BSA 

 
Figure SI-17. /DFWREDFLOOXV�SODQWDUXP�on PAO-BSA after incubation at 37 °C: (a) and (d) 0 h; (b) 

and (e) 5 h; and (c) and (f) 7 h. Transmission images: (a), (b), and (c); fluorescence images: (d), 

(e), and (f). Total magnification 100 u. Transmission and fluorescence images were taken from 

different individual samples. 
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Abstract 

Carbohydrate–protein interactions play an important role in various 

physiological and pathological processes. One possible tool to study these complex 

interactions is via carbohydrate-presenting surfaces, as reviewed in Chapter 2. With the 

results described in Chapter 3 we showed that porous aluminum oxide (PAO) surfaces 

can be biofunctionalized with mannose derivatives and used for the binding of 

Lactobacillus plantarum, a potential probiotic bacterium that presents a mannose-

specific binding adhesin. In this chapter the results are reported of a more in-depth 

investigation of the various parameters involved in the preparation of these surfaces 

and their binding with lectins, such as the nature of the spacer connected to the 

mannoside derivative and the presence of soluble carbohydrates and bovine serum 

albumin (BSA) in the medium. The mannose derivative with a long hydrophobic 

hydrocarbon chain (C11) as the spacer presented the best binding of L. plantarum. The 

presence of an D-glucoside in the suspension of bacteria did not prevent the binding of 

the bacteria to the mannose-presenting PAO, and similar results were observed when 

BSA was present in the bacterial suspension. Finally, the lack of binding of a mutant 

strain of L. plantarum that does not present the mannose-specific adhesin, proved that 

this carbohydrate–protein interaction is the main mechanism of binding in this system. 

Future work should involve the capture of L. plantarum from a mixture of various 

bacterial species using the mannose-presenting PAO surfaces. 

 

Introduction 

Carbohydrates are present on the surface of cells as part of a dense layer known 

as glycocalyx, either for the protection of the cells from harmful physical forces or for 

the regulation of interactions between cells and their environment.1 Carbohydrate–

protein interactions involve glycoproteins, glycolipids or polysaccharides present on the 

cell surface and carbohydrate-binding proteins. These interactions play a role in various 

biological processes, such as cell-to-cell interaction, ligand-receptor recognition, 

transport of biological macromolecules, immune response,2 cancer metastasis,2-4 viral 

and bacterial infections.5, 6 The involvement of carbohydrate–protein interactions in 

various physiological and pathological processes makes them potential therapeutic 

targets for various diseases.7 However, the study of these interactions is still a challenge, 
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mainly due to the structural complexity and heterogeneity of carbohydrates in biological 

systems. To overcome this challenge, well-defined carbohydrate-presenting surfaces are 

an interesting type of material that can be used in the investigation of the interaction 

between carbohydrates and other biomolecules, mainly proteins.1, 8  

Carbohydrate-presenting surfaces can also be used to bind and sense bacteria via 

their carbohydrate-binding proteins called adhesins. In Chapter 2, a detailed overview 

was presented on how these carbohydrates-presenting surfaces can be prepared, 

characterized, and applied for the binding, capture, and sensing of bacteria and bacterial 

toxins. In Chapter 3, we have shown a proof-of-principle that mannose-presenting 

porous aluminum oxide (PAO) surfaces increase the binding of Lactobacillus plantarum, 

a potential probiotic bacterium, via its mannose-specific binding adhesin.9, 10 

After this initial proof-of-principle, our objective in the current study is to 

optimize the preparation of the carbohydrate-presenting PAO surfaces and further 

investigate the factors that influence the binding of L. plantarum. Various parameters 

that may influence this binding event were analyzed, such as the spacer that connects 

the carbohydrate to the PAO surface and the presence of soluble carbohydrates and 

bovine serum albumin (BSA). Finally, a mutant strain of L. plantarum9 devoid of the 

mannose-specific adhesin was used to prove that the binding of L. plantarum to the 

mannose-presenting PAO was mainly due to this carbohydrate–protein interaction. 

 

Materials and Methods 

Materials  

Porous aluminum surfaces (PAO) surfaces were purchased from Microdish BV 

(Netherlands) with dimensions of 36 u 8 mm2 and an average pore size of 200 nm. 10-

undecynylphosphonic acid was purchased from SiKÉMIA (France). 2,2,2-Trifluoro-N-

phenylacetimidoyl chloride was purchased from TCI Europe NV. Methyl-Ⱦ-D-

galactopyranoside was purchased from Fisher Scientific BV. 2-[2-[2-(2-

Azidoethoxy)ethoxy]ethoxy]ethanol (N3-PEG4-OH) was obtained from Carbosynth 

(Berkshire, United Kingdom). The other chemicals were obtained from Sigma-Aldrich 

and used without further purification. Solvents were of analytical grade. 

Dichloromethane was purified using a Pure Solv 400 solvent purification system 
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(Innovative Technology, USA). An Elmasonic P 30 H ultrasonic unit was used for the 

sonication steps at a frequency of 80 kHz. Nuclear magnetic resonance (NMR) spectra 

were obtained with a Bruker 400 MHz spectrometer, and peaks were assigned with 

COSY and HSQC experiments. Optical rotation was measured at 589 nm using a 

PerkinElmer 241 polarimeter. HRMS data were recorded on an Exactive high-resolution 

MS instrument (Thermo Scientific) equipped with a DART or ESI probe. For all 

microbiological experiments, surfaces with lectins and bacteria were imaged with an 

Olympus BX-41 fluorescence microscope equipped with U-MNIBA2 (for bacteria stained 

with 5-carboxyfluorescein diacetate, cFDA) and U-MWG2 (for rhodamine-labeled 

concanavalin A, conA-rho) filters (Olympus). Images were taken using a Kappa CCD 

camera. CellProfiler version 2 (Broad Institute) was used to calculate the area occupied 

by bacteria.  

Modification of PAO With Phosphonic Acids 

Substrates were prepared in the same way as previously reported by us.11 Briefly, 

the PAO substrate was rinsed and sonicated in acetone (5 min) and ultrapure water (5 

min). Then, it was immersed in a fresh mixture of methanol and 37% hydrochloric acid 

(1:1, v/v) for 30 min. The substrate was rinsed and sonicated in ultrapure water (5 min) 

and absolute ethanol (5 min). The substrate was rinsed with absolute ethanol and dried 

under vacuum for ~10 min. The PAO substrate was immersed in a 1 mM mixed solution 

of 1-octylphosphonic acid and 10-undecynylphosphonic acid (1:1) in absolute ethanol 

for 16 h at room temperature. Then, it was rinsed with absolute ethanol and heated at 

140 °C under vacuum for 6 h. The substrate was rinsed and sonicated in absolute 

ethanol (2 × 5 min) and dichloromethane (5 min) and dried in air before storage. 

Synthesis of Azido-Glycosides 

1-(11-Azidoundecanyl)-Ƚ-D-mannopyranoside11 and 1-(3-azidopropyl)-Ƚ-D-

mannopyranoside12 were synthesized as previously described. Glycosyl 

trifluoroacetimidate donors were prepared according to a method previously described 

in the literature.13 The glycosyl donors were coupled to N3-PEG4-OH (Scheme 1). The 

peracetylated mannoside was directly reacted with 3-bromopropanol, followed by 

reaction with sodium azide to obtain the azido-glycoside.12 The products were 

deprotected with sodium methoxide to yield the azido-glycosides.  
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Scheme 1. Synthesis of azido-glycosides 3, 6, and 9. 

 

1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-Ƚ-D-mannopyranoside (3) 

 

2,3,4,6-Tetra-O-acetyl-D-mannopyranosyl 1-(N-phenyl)-2,2,2-

trifluoroacetimidate 1 was prepared according to a procedure previously described in 

the literature.13 A solution of donor 1 (0.401 g, 0.77 mmol), the 2-[2-[2-(2-

azidoethoxy)ethoxy]ethoxy]ethanol acceptor (0.338 g, 1.54 mmol), and activated 

molecular sieves (0.5 g, 4 Å) in anhydrous dichloromethane (8 mL) was cooled to 0 °C 

and stirred for 30 min under argon atmosphere. TMSOTf (0.171 g, 0.771 mmol) was 

added and the mixture was stirred for 3 h, slowly warming up to room temperature in 

the ice bath. The reaction was monitored by thin layer chromatography (heptane, ethyl 

acetate, 1:3). Triethylamine (0.78 mL) was added and the reaction mixture was filtered 

over a Celite layer. Dichloromethane was added (80 mL) and the filtrate was washed 

with saturated NaHCO3 solution (40 mL), dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The crude product was purified by column chromatography 

(heptane/ethyl acetate 50:50 to 30:70) to yield 2,3,4,6-tetra-O-acetyl-1-[2-[2-[2-(2-

azidoethoxy)ethoxy]ethoxy]ethyl)]-Ƚ-D-mannopyranoside (2) as a yellowish syrup in 
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77% yield (0.328 g, 0.60 mmol). Intermediate 2 (0.328 g, 0.60 mmol) was then dissolved 

in dry methanol (5 mL) and a solution of sodium methoxide in methanol (25%, 64 µL) 

was added. The mixture was stirred for 1.5 h and after complete conversion (monitored 

by TLC, eluent ethyl acetate), Dowex 50 (H+ form) was added until the pH was 7. The 

suspension was filtered over a Celite layer and the solution was concentrated under 

reduced pressure to yield 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-Ƚ-D-

mannopyranoside (3) as a yellowish oil in 91% yield (0.207 g, 0.54 mmol). ሾȽሿୈଶ଴ +27.7 (c 

1.0, MeOH). 1H NMR (400 MHz, MeOD): G 4.80 (1H, s, H-1), 3.85 (3H, m), 3.69 (15H, m), 

3.60 (2H, m), 3.38 (2H, t, �CH2�N3, J = 4.0 Hz). 13C NMR (100 MHz, MeOD): G 101.7 (CH, 

C-1), 74.6 (CH), 72.6 (CH), 72.1 (CH), 71.7 (2 × CH2), 71.6 (CH2), 71.5 (CH2), 71.4 (CH2), 

71.1 (CH2), 68.6 (CH), 67.8 (CH2), 62.9 (CH2), 50.4 (CH2, �CH2N3). HRMS: m/z 404.1615; 

calcd for C14H27N3O9Na ([M + Na]+), 404.1640. 

1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-glucopyranoside (6) 

 

2,3,4,6-Tetra-O-acetyl-D-glucopyranosyl 1-(N-phenyl)-2,2,2-trifluoroacetimidate 

4 was prepared according to a procedure previously described in the literature.13 A 

solution of donor 4 (0.300 g, 0.58 mmol), the 2-[2-[2-(2-

azidoethoxy)ethoxy]ethoxy]ethanol acceptor (0.250 g, 1.16 mmol), and activated 

molecular sieves (0.3 g, 4 Å) in anhydrous dichloromethane (10 mL) was cooled to 0 °C 

and stirred for 30 min under argon atmosphere. TMSOTf (0.129 g, 0.58 mmol) was 

added and the mixture was stirred for 3 h, slowly warming up to room temperature. The 

reaction was monitored by thin layer chromatography (heptane, ethyl acetate, 1:3). 

Triethylamine (0.58 mL) was added and the reaction mixture was filtered over a Celite 

layer. Dichloromethane was added (40 mL) and the filtrate was washed with saturated 

NaHCO3 solution (40 mL), dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified by column chromatography (heptane/ethyl 

acetate 35:65) to yield 2,3,4,6-tetra-O-acetyl-1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy] 

ethyl)]-E-D-glucopyranoside (5) as a yellowish syrup in 44% yield (0.140 g, 0.25 mmol). 

Intermediate 5 (0.140 g, 0.25 mmol) was then dissolved in dry methanol (5 mL) and a 

solution of sodium methoxide in methanol (25%, 35 µL) was added. The mixture was 
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stirred for 1.5 h and after complete conversion (monitored by TLC, eluent ethyl acetate), 

Dowex 50 (H+ form) was added until the pH was 7. The suspension was filtered over a 

Celite layer and the solution was concentrated under reduced pressure to yield 1-[2-[2-

[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-glucopyranoside (6) as a yellowish oil in 

58% yield (0.053 g, 0.14 mmol).�ሾȽሿୈଶ଴ �13.1 (c 1.0, MeOH). 1H NMR (400 MHz, MeOD): G 

4.30 (1H, d, H-1, J = 7.6 Hz), 4.02 (1H, s), 3.87 (1H, d, H-6a, J = 12.0 Hz), 3.75 – 3.66 (16H, 

m, H-6b, glycol moiety), 3.78 (1H, t, H-3, J = 4.4 Hz), 3.31 (2H, m, H-4, H-5), 3.22 (1H, t, H-

2, J = 8.0 Hz). 13C NMR (100 MHz, MeOD): G 102.9 (CH, C-1), 76.5 (CH), 74.0 (CH), 73.6 

(CH), 70.2 (CH), 68.3 (CH2), 61.4 (CH2, C-6), 51.5 (CH2, �CH2N3), 50.0 (2 × CH2), 49.7 

(CH2), 49.5 (2 × CH2), 49.3 (CH2). 

1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-galactopyranoside (9) 

 

2,3,4,6-Tetra-O-acetyl-D-galactopyranosyl 1-(N-phenyl)-2,2,2-

trifluoroacetimidate 7 was prepared according to a procedure previously described in 

the literature.13 A solution of donor 7 (0.400 g, 0.77 mmol), the 2-[2-[2-(2-

azidoethoxy)ethoxy]ethoxy]ethanol acceptor (0.340 g, 1.54 mmol), and activated 

molecular sieves (0.4 g, 4 Å) in anhydrous dichloromethane (10 mL) was cooled to 0 °C 

and stirred for 30 min under argon atmosphere. TMSOTf (0.171 g, 0.77 mmol) was 

added and the mixture was stirred for 3 h, slowly warming up to room temperature. The 

reaction was monitored by thin layer chromatography (heptane, ethyl acetate, 1:3). 

Triethylamine (0.77 mL) was added and the reaction mixture was filtered over a Celite 

layer. Dichloromethane was added (40 mL) and the filtrate was washed with saturated 

NaHCO3 solution (40 mL), dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified by column chromatography (heptane/ethyl 

acetate 30:70) to yield 2,3,4,6-tetra-O-acetyl-1-[2-[2-[2-(2-

azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-galactopyranoside (8) as a yellowish syrup in 

40% yield (0.165 g, 0.30 mmol). Intermediate 8 (0.165 g, 0.30 mmol) was then dissolved 

in dry methanol (5 mL) and a solution of sodium methoxide in methanol (25%, 32 µL) 

was added. The mixture was stirred for 1.5 h and after complete conversion (monitored 

by TLC, eluent ethyl acetate), Dowex 50 (H+ form) was added until the pH was 7. The 
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suspension was filtered over a Celite layer and the solution was concentrated under 

reduced pressure to yield 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-

galactopyranoside (9) as a yellowish oil in 70% yield (0.080 g, 0.21 mmol).�ሾȽሿୈଶ଴ �6.7 (c 

1.0, MeOH). 1H NMR (400 MHz, MeOD): G 4.25 (1H, d, H-1, J = 7.2 Hz), 4.01 (1H, s), 3.82 

(1H, d, J = 2.4 Hz), 3.76 – 3.66 (16H, m, H-6a, glycol moiety), 3.56 – 3.45 (2H, m, H-6b), 

3.38 (2H, t, �CH2N3). 13C NMR (100 MHz, MeOD): G 105.5 (CH, C-1), 76.7 (CH), 75.2 (CH), 

72.5 (CH), 70.2 (CH), 68.1 (CH2), 61.2 (CH2, C-6), 50.4 (CH2, �CH2N3), 49.8 (5 × CH2), 48.4 

(CH2). 

Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) Click Reaction 

For all CuAAC click reactions, the reaction tubes were equipped with a stirring 

bar and a platform to prevent the stirring bar to break the fragile PAO substrate.11 The 

optimization of the conditions for the CuAAC click reaction of the azido-mannosides was 

performed using N3-PEG4-OH. A solution containing N3-PEG4-OH (1.0 mM), sodium 

ascorbate (2.0 mM), and copper sulfate (2.0 mM) was prepared in different solvents 

(acetonitrile, ethanol/water 1:1, and methanol/DMF 1:1). The alkyne-terminated PAO 

surface was immersed in one of the solutions and heated at 50 or 60 °C for the desired 

time (from 30 min to 16 h) in a microwave oven, except for the reactions performed for 

16 h (performed in oil bath). After the reaction, the substrates were rinsed and 

sonicated in an 0.1 M EDTA solution in water (5 min), ultrapure water (5 min), ethanol 

(5 min), and dichloromethane (5 min). 

All the remaining CuAAC reactions (Figure 1) were performed as follows. A 

solution of azido-glycoside (mannose, glucose, and/or galactose) (1.0 mM), sodium 

ascorbate (2.0 mM), and copper sulfate (2.0 mM) was prepared in a mixture of 

methanol and DMF (1:1). The alkyne-terminated PAO was immersed in this solution 

and heated at 60 °C for 1 h in a microwave oven. After the reaction, the substrates were 

rinsed and sonicated in a 0.1 M EDTA solution in water (5 min), ultrapure water (5 

min), ethanol (5 min), and dichloromethane (5 min). 
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Figure 1. Carbohydrate-presenting PAO surfaces used in this study and PEG4-terminated PAO 

(PAO-PEG4N3). 

X-ray photoelectron spectroscopy (XPS) 

XPS spectra were obtained with a JPS 9200 photoelectron spectrometer (JEOL) 

under ultrahigh vacuum conditions using monochromatic Al X-ray radiation at 12 kV 

and 20 mA with an analyser pass energy of 10 eV. The binding energy was calibrated for 

the C 1s peak at 285 eV as a reference. Irradiation with electrons with a kinetic energy of 

2.8 eV and a filament current of 4.8 A was used to prevent surface charging. The spectra 

were processed using CasaXPS software (version 2.3.15). 

Bacterial Strains 

L. plantarum NZ7511 (MSA mutant) was derived from the wild-type strain 

WCFS1 and contains an insertionally inactivated msa gene for the mannose-specific 

adhesin, as previously described.9 Both strains were kindly provided by Prof. Michiel 

Kleerebezem (NIZO Food Research). 

Binding of Rhodamine-Labeled Concanavalin A (conA-rho) on Carbohydrate-

Terminated PAO 

The carbohydrate-presenting PAO surfaces (PAO-ManPEG4N3, PAO-GluPEG4N3, 

and PAO-GalPEG4N3) or a PEG4-terminated surface (PAO-PEG4N3) were immersed in 

a 0.05 mg/mL solution of conA-rho in phosphate-buffered saline (PBS) containing 

0.05% Tween 20 (PBST) and 1 mM of CaCl2 for 30 min at room temperature. The 

surfaces were thoroughly washed with PBS, dried under vacuum, and imaged using 

fluorescence microscopy. 
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Binding of L. plantarum on Mannose-Presenting PAO With Different Spacers 

An overnight culture of L. plantarum WCFS1 in MRS broth was diluted with water 

to obtain an optical density at 600 nm (OD600) of 0.5. The mannose-presenting surfaces 

used for the experiment with different spacers were prepared with a PAO surface 

modified with a mixture of 1-octylphosphonic acid and 10-undecynylphosphonic acid 

50:50 (w/w), followed by a CuAAC click reaction with either 1-(3-azidopropyl)-Ƚ-D-

mannopyranoside (PAO-ManC3N3), 1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside 

(PAO-ManC11N3) or 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-Ƚ-D-

mannopyranoside (PAO-ManPEG4N3) (Figure 1). The mannose-presenting surfaces 

were cut in four equal pieces and the samples were placed on a Petri dish covered with 

parafilm. The suspension of bacteria with OD600 α�ͲǤͷ���������������������������ȋ͵�Ɋ��
per one quarter of PAO) and the Petri dishes were incubated at 37 °C for 30 min with a 

wet cotton inside the Petri dishes. The top surface of the samples was washed various 

times (0, 5 or 15 times). Each washing ��������������������������������������ʹͷͲ�Ɋ�����
PBST three times, using a micropipette and a round support to contain the PBST. The 

bacteria were stained with 5-carboxyfluorescein diacetate (cFDA) by placing the PAO 

surfaces on low-melting point agarose (BioRad, USA) that contained 50 µM cFDA for 30 

min. The bacteria were imaged using fluorescence microscopy, and the area covered by 

bacteria was calculated using CellProfiler. For more details on the calculation of the area 

covered by bacteria, see the microbiology experiments in Chapter 3. 

Binding of L. plantarum on Mannose-Presenting PAO in the Presence of Soluble 

Carbohydrates 

An overnight culture of L. plantarum WCFS1 in MRS broth was diluted with an 

aqueous solution of methyl-Ƚ-D-mannopyranoside ȋȽ-mannoside, 35 mM), methyl-Ƚ-D-

���������������� ȋȽ-glucoside, 35 mM) or with water to obtain OD600 = 0.5. The 

mannose-presenting surfaces (PAO-ManC11N3) were cut in four equal pieces and the 

samples were placed on a Petri dish covered with parafilm. The suspension of bacteria 

�����������������������������������������������������������������ȋ͵�Ɋ���������������������
PAO) and the Petri dishes were incubated at 37 °C for 30 min with a wet cotton inside 

the Petri dishes. The top surface of the samples was washed various times (0, 5 or 15 

�����ȌǤ����������������������������������������������������ʹͷͲ�Ɋ���������������������ǡ�
using a micropipette and a round support to contain the PBST. The bacteria on the 
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surface were fluorescently stained with cFDA by placing the PAO on low-melting-point 

�������� ����������� ͷͲ� Ɋ�� �	��� ���� ͵Ͳ� ���Ǥ� ���� ��������� ����� ������� ���� ���� �����
covered by bacteria was calculated. 

Binding of Lactobacillus plantarum WCFS1 and MSA mutant on Mannose-Presenting 

PAO 

Overnight cultures of L. plantarum strains WCFS1 and MSA mutant were 

prepared in MRS broth (Difco Lactobacilli MRS broth, BD, Amsterdam, The Netherlands), 

�����ͳͲ�Ɋ�Ȁ��������������������������������������������Ǥ������������������������������
water to obtain OD600 = 0.5. The mannose-presenting surfaces (PAO-ManC11N3) were 

cut in four equal pieces and the samples were placed on a Petri dish covered with 

parafilm. The suspension of bacteria (either L. plantarum WCFS1 or MSA mutant) with 

OD600 α� ͲǤͷ� ���� ������� ��� ���� �������� ȋ͵� Ɋ�� ���� ���� �������� ��� ���Ȍ� ���� ���� ������
dishes were incubated at 37 °C for 30 min with a wet cotton inside the Petri dishes. The 

top surface of the samples was washed various times (0, 3, 5, 10 or 15 times). Each 

washin�� ����� ���������� ��� ������� ���� ��������� ʹͷͲ� Ɋ�� ��� ����� ������ �����ǡ� ������ ��
micropipette and a round support to contain the PBST. The bacteria on the surface were 

fluorescently stained with cFDA by placing the PAO on low-melting-point agarose 

containing 50 Ɋ���	�������͵Ͳ����Ǥ��������������������������������������������������
bacteria was calculated. The same experiment was also performed in the presence of 

0.5% bovine serum albumin (BSA) in the suspension of bacteria with OD600 = 0.5. 

 

Results and Discussion 

Optimizing the CuAAC Click Reaction for Glycosides 

The first step in the preparation of the carbohydrate-presenting PAO surfaces 

was the synthesis of the azido-glycosides, which were prepared with as spacers either 4 

ethylene oxide moieties (labelled as: PEG4), or a propyl (C3) or undecenyl (C11) alkyl 

chain. Glycosyl trifluoroacetimidates14, 15 were selected as glycosyl donors because of 

their overall efficiency in chemical glycosylations and storability. Glycosylation reactions 

with D-glucose, D-galactose, D-mannose derived peracetylated trifluoroacetimidate 

donors and N3-PEG4-OH as an acceptor, yielded the glycosides in a 40 - 77% yield, with 

exclusive formation of the D-anomer for mannoside 3 and E-anomer for the glucoside 6 
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and galactoside 9). For the analogous synthesis of the azido-mannoside with the C3 

spacer, the glycosylation using the trifluoroacetimidate donor gave a yield of only 30%. 

A more simple glycosylation method using directly the peracetylated mannose as 

previously described by Ladmiral and co-workers,12 gave 1-(3-azidopropyl)-Ƚ-D-

mannopyranoside in 61% yield. 

PAO surfaces were modified with a 1:1 mixture of 1-octylphosphonic acid and 10-

undecynylphosphonic acid to obtain the alkyne-terminated PAO (Chapter 3),11 which 

can react with the azido-glycosides (Figure 1). However, the conditions that were 

successfully used for the CuAAC reaction of 1-(11-azidoundecanyl)-Ƚ-D-

mannopyranoside with the alkyne-terminated PAO11 in Chapter 3 proved to be 

inefficient for the other azido-mannosides. This lower reactivity might be due to the 

coordination of the copper ion to the ethylene glycol spacer. Increasing the 

concentration of CuSO4 and sodium ascorbate led to degradation of the initial 

monolayer. Therefore, various solvents (acetonitrile, a mixture of water/ethanol 1:1,16 

and a mixture of DMF/Methanol 1:117), reaction times, and two temperatures were 

assessed for the optimization of the CuAAC reaction (Table 1), using fixed amounts of 

CuSO4, sodium ascorbate and N3-PEG4-OH.  

The best results were found when using a mixture of DMF/Methanol (1:1) as the 

reaction solvent. When compared to the other solvents, the higher amount of nitrogen 

(from N3-PEG4-OH), as judged by XPS, indicates a higher conversion for the CuAAC 

reaction and the higher amount of carbon indicates that there is only limited 

degradation of the initial alkyne-terminated monolayer. Thus, all the subsequent CuAAC 

reactions (including with 1-(11-azidoundecanyl)-Ƚ-D-mannopyranoside) were 

performed in DMF/Methanol (1:1) at 60 °C for 1 h. When using these optimized 

conditions, traces of copper were noticed on the PAO surface after the click reaction, 

because of the increased concentration of copper used in the reaction. By adding a 

sonication step in an aqueous EDTA solution to the work-up procedure, all the 

remaining traces of copper could, however, be removed from the PAO surfaces. 
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Table 1. Optimization of the CuAAC click reaction of N3-PEG4-OH on alkyne-terminated PAO 

surfaces. 

Solvent 
Time 

(h) 
Temperature 

(°C) 
%C compared 

to Al a 
%N compared 

to Al b 

Acetonitrile 2 60 69 5 

 4 60 73 13 

 16 c 50 73 2 

Water/Ethanol 
(1:1) 

2 60 66 19 

 4 60 68 17 

 16 c 50 71 19 

DMF/Methanol 
(1:1) 0.5 60 71 24 

 1 60 76 28 

 2 60 75 27 

 4 60 79 25 

 16 c 50 75 24 

a %C was determined by integrating the XPS signals of C 1s and Al 2p. 
b %N was determined by integrating the XPS signals of N 1s and Al 2p. 
c Reactions performed in oil bath.  

 

Binding of Rhodamine-Labeled Concanavalin A (conA-rho) on Carbohydrate-

Terminated PAO 

The next step was to evaluate the PEG-carbohydrate-presenting PAO surfaces for 

the binding of a fluorescently labeled lectin, as a simple proof-of-principle system to 

evaluate that the carbohydrates present on the surfaces are available to interact with 

carbohydrate-binding proteins. Rhodamine-labeled concanavalin A (conA-rho) was 

selected due to its well-documented selective interaction with mannosides and 

glucosides.18 Upon exposure of PAO-ManPEG4N3, PAO-GluPEG4N3, and PAO-

GalPEG4N3 surfaces to a solution of conA-rho, it was clearly visible via fluorescence 
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microscopy that, as expected, the lectin is present mainly on the mannose- and glucose-

presenting surfaces (PAO-ManPEG4N3 and PAO-GluPEG4N3), with negligible 

adsorption on the galactose-terminated and PEGylated control surfaces (PAO-

GalPEG4N3 and PAO-PEG4N3) (Figure 2). With these proof-of-principle results, the 

carbohydrate-presenting PAO surfaces were then used to study the binding of bacteria 

via their adhesins. 

 
Figure 2. Binding of conA-rho on carbohydrate-presenting PAO: (a) PAO-ManPEG4N3 compared 

with PAO-GalPEG4N3 and (b) PAO-GluPEG4N3 and PAO-ManPEG4N3 compared with PAO-

PEG4N3 as a negative control. 

CuAAC Click Reaction for Mannosides With Different Spacers 

After the successful proof-of-principle experiment with a soluble lectin and the 

PEG-carbohydrate-presenting PAO surfaces, a more complex system was chosen to 

study the binding, namely the mannose-specific adhesin present on the cell surface of L. 

plantarum to the PAO surfaces. Initial bacterial binding experiments on PAO-ManPEG4 

showed lower binding of L. plantarum WCFS1 to these surfaces than to the mannose-

presenting surfaces studied in Chapter 3. This difference of binding motivated us to 

compare the bacterial binding on mannose-presenting PAO surfaces with different 

spacers connecting the mannoside to the surface. For this step, PAO surfaces presenting 

other two azido-mannosides with different spacers were prepared: PAO-ManC11N3 

(C11 spacer, studied in Chapter 3, as a hydrophobic long spacer) and PAO-ManC3N3 

(C3 spacer as a short spacer) (Figure 1).  

The XPS survey scan spectra of the mannose-presenting PAO surfaces (Figure 3a, 

c, and d) clearly show the presence of a N 1s peak at 400 eV, in addition to the peaks 

corresponding to the other components of the substrate, the initial monolayer, and the 

carbohydrate (Al at 119 eV, P at 191 eV, C at 285 eV, and O at 531 eV). The C 1s narrow 
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Figure 3. XPS spectra of mannose-presenting PAO surfaces: (a) survey scan and (b) C 1s narrow 

scan of PAO-ManPEG4N3, (c) survey scan and (d) C 1s narrow scan of PAO-ManC11N3, and (e) 

survey scan and (f) C 1s narrow scan of PAO-ManC3N3. 
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Binding of L. plantarum on Mannose-Presenting PAO With Different Spacers 

In Chapter 3, we have shown that the potential probiotic bacterium L. plantarum 

WCFS1 can bind to mannose-presenting PAO via its specific mannose-binding adhesin.9 

To further explore this binding process and the parameters that may be involved in this 

interaction, we first assessed the binding of L. plantarum WCFS1 on PAO presenting 

mannose derivatives with different spacers: a long hydrophobic one (PAO-ManC11N3, 

used in Chapter 3), a short one (PAO-ManC3N3), and a long hydrophilic one (PAO-

ManPEG4N3). The highest bacterial binding was found on the surfaces containing the 

mannose derivative with the hydrophobic C11 spacer (PAO-ManC11N3), with only a 

slightly lower binding on the surfaces with the hydrophilic PEG4 spacer (PAO-

ManPEG4N3) and a considerably lower binding on the surfaces with the short C3 spacer 

(PAO-ManC3N3) (Figure 4a). Although ethylene glycol spacers have been used to 

decrease non-specific adsorption,19, 20 a high binding of L. plantarum WCFS1 was 

observed on mannose-free PAO-PEG4N3 control surfaces (data not shown), indicating 

that part of the binding on PAO-ManPEG4N3 may be due to non-specific adsorption. 

Previous studies also showed that the modification of stainless steel with PEG molecules 

was effective to prevent the adsorption of proteins, but did not prevent bacterial 

binding.21 The low binding on PAO-ManC3N3 might be due to the rigidity caused by the 

short spacer, making the carbohydrates on the surface less available to interact with the 

adhesin units of the bacteria. Because of the high binding of L. plantarum WCFS1 on the 

mannose-presenting surfaces with the C11 spacer, we decided to use the PAO-

ManC11N3 surfaces for all subsequent experiments. 
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Figure 4. Binding of L. plantarum WCFS1 on mannose-presenting PAO surfaces: (a) Mannose-

presenting PAO with different spacers, (b) on PAO-ManC11N3 in the presence of soluble sugars, 

(c) binding of L. plantarum WCFS1 and MSA mutant strain on PAO-ManC11N3, and (d) in the 

presence of BSA in solution. 
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carbohydrate with a single but critical difference, the equatorial orientation of the 

hydroxyl group of C2, cannot block the mannose-binding adhesin of L. plantarum.9 

Binding of L. plantarum WCFS1 and NZ7511 on Mannose-Presenting PAO 

Finally, the binding of L. plantarum NZ7511, an isogenic mutant of strain WCFS1, 

which does not present the mannose-specific adhesin (MSA mutant)9 was also tested 

and compared with the binding of the strain WCFS1. Most of the L. plantarum MSA 

mutant was removed from the mannose-presenting PAO-ManC11N3 surface upon 

washing, whereas almost all the L. plantarum WCFS1 cells remained on the surface even 

when the surface was extensively washed (Figure 4c). These results showed that the 

mannose-specific adhesin of L. plantarum WCFS1 is essential for the binding on the 

mannose-presenting PAO surfaces and proved that this interaction is the main 

mechanism of the binding. 

Considering that complex biological samples would be used for a future 

application of the carbohydrate-presenting PAO surfaces, this experiment was also 

performed in the presence of BSA to increase the complexity of the system. In this case, 

the same trend was observed (Figure 4d), but more washing steps were necessary to 

remove the MSA mutant from the surface. However, when the binding of L. plantarum 

WCFS1 was performed in the presence of methyl-D-D-mannopyranoside and BSA, the 

presence of the soluble mannose derivative did not prevent the binding of the bacteria 

to the surface. This may be due to interactions between methyl-D-D-mannopyranoside 

and BSA, which impede the blocking of the mannose-binding adhesin on the bacteria by 

the soluble mannose derivative. These results showed that although the adhesin–

mannose plays the main role in the binding, there are more interactions with other 

proteins that may be relevant in complex mixtures. 

 

Conclusions 

We immobilized with high efficiency azide-containing mannose derivatives with 

different spacers on alkyne-terminated PAO surfaces via the CuAAC click reaction. The 

mannose-presenting PAO surface containing the long hydrophobic C11 spacer presented 

the highest binding of L. plantarum WCFS1 and a low non-specific binding of the MSA 

mutant deficient for the production of the mannose-specific adhesin. The presence of a 
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soluble glucoside did not prevent the binding of L. plantarum to the mannose-presenting 

PAO whereas a soluble mannose did, showing the high specificity of the adhesin on the 

cell envelope of L. plantarum. Finally, the mannose-specific adhesin of L. plantarum 

showed to be essential for the binding on the mannose-presenting surface, 

demonstrating that this interaction is the main mechanism of binding. 
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Supporting Information 

1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-Ƚ-D-mannopyranoside (3) 
1H NMR spectrum 

 
Figure SI-1. 1H NMR spectrum of 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-Į-D-
mannopyranoside (3). 
 
13C NMR spectrum 

 
Figure SI-2. 13C NMR spectrum of 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-Į-D-
mannopyranoside (3). 
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1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-glucopyranoside (6) 
1H NMR spectrum 

 
Figure SI-3. 1H NMR spectrum of 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-

glucopyranoside (6). 

 
13C NMR spectrum 

 
Figure SI-4. 13C NMR spectrum of 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-

glucopyranoside (6). 
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1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-galactopyranoside (9) 

1H NMR spectrum 

 
Figure SI-5. 1H NMR spectrum of 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-

galactopyranoside (9). 

 
13C NMR spectrum 

 
Figure SI-6.13C NMR spectrum of 1-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl)]-E-D-

galactopyranoside (9). 
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Abstract 

Porous aluminum oxide (PAO), a nanostructured material capable of culturing 

microorganisms, was biofunctionalized with antibodies against Escherichia coli and the 

binding of this bacterium on the biofunctionalized surfaces was studied. Initially, the 

surface modification chemistry and the experimental conditions used in the binding 

experiments were investigated and optimized. The optimization experiments showed 

that the incubation conditions were more important to decrease the non-specific 

adsorption of bacteria than the approach used for the chemical modification. The PAO 

biofunctionalized with the anti-E. coli antibodies showed increased binding of this 

bacterium, which can still grow on the antibodies-presenting PAO surfaces. Optimization 

for usage of this technique with Lactobacillus rhamnosus GG is currently ongoing. 

 

Introduction 

Porous aluminum oxide (PAO), also known as anodic aluminum oxide and 

nanoporous alumina, is a nanoporous material used for various biotechnological 

applications, including as a support to grow and count microorganisms and other types 

of cells.1-8 In the previous chapters, we showed that it is possible to generate stable 

reactive phosphonate-based monolayers on PAO that can then be further 

biofunctionalized with carbohydrates and proteins to achieve the binding of a target 

bacteria.9, 10 Additionally, the captured bacteria can still grow on the biofunctionalized 

PAO, even when the surface is covalently modified with a protein.10 

The immobilization of carbohydrates on the PAO surfaces enables the selective 

binding of bacteria, but in general the binding strength is weak and it does not provide a 

very specific binding of one single bacterial species or strain.11 To achieve species- or 

strain-selective binding, a different biorecognition element needs to be used, such as 

antibodies, which are the most commonly used bioreceptor for the detection of bacterial 

cells.12 The immobilization of antibodies on PAO has already been applied to detect 

biomarkers related to cancer progression13 and pathogenic bacteria.14, 15 

  Our overall aim is to selectively capture and grow specific bacteria on PAO, as to 

optimally exploit the possibilities to functionalize this surface and use it to support 

growth of microorganisms.1,6,9 We selected Lactobacillus rhamnosus GG as model system 

as this strain is widely applied in probiotic and other functional foods16-19 because of its 

contribution to promoting the development of a healthy immune response20 and 
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reducing inflammation.21 Moreover, it is known that the composition of the gut 

microbiota plays a major role in maintaining the homeostasis of the human 

metabolism.22 Therefore, it would be helpful to have a simple and quick way to identify, 

isolate, and quantify L. rhamnosus from faecal samples of healthy subjects or patients.  

It has been shown that L. rhamnosus GG is capable of producing proteinaceous 

adhesive appendages, termed pili, on its surface that are composed of three pilin 

subunits: SpaA, SpaB, and SpaC (Figure 1). SpaA is the major fiber component building 

up the pilus shaft, while SpaB is considered to be the stop transfer protein that docks the 

pili to the peptidoglycan.23-25 The SpaC subunit plays a key role in the adhesion of L. 

rhamnosus GG to human intestinal mucus24 and is located at the pilus tip and also along 

the length of the pilus shaft.23 Recently, antibodies have been developed directed against 

the SpaC protein and its various domains as well as against whole L. rhamnosus GG cells. 

These are good candidates to be tested as surface-bound biomolecules to selectively 

capture cells of L. rhamnosus GG on the PAO surface while the specificity of the anti-SpaC 

antibodies can be validated by using the isogenic but non-pili producing derivative 

PB12.26 

In this study our aim is to immobilize antibodies generated against L. rhamnosus 

GG on PAO surfaces and to use the biofunctionalized surfaces for the selective binding 

and growth of the captured bacteria. Initially, the surface modification and especially the 

experimental conditions used for the bacterial binding experiments were extensively 

studied and optimized. A commercially available antibody against Escherichia coli was 

then immobilized on PAO and the binding of this bacterium was tested as a proof-of-

principle. It is interesting to study both Escherichia coli and a gut-relevant bacterium, as 

this technique holds promise for the capture and growth of other bacteria and for 

screening of complex samples. 

 

Materials and Methods 

Materials 

Porous aluminum oxide (PAO) substrates with dimensions of 36 × 8 mm2 and 

average pore size of 200 nm were purchased from MicroDish BV (Netherlands). 12-

Bromododecylphosphonic acid was purchased from SiKÉMIA (France). 2,5-

dioxopyrrolidin-1-yl 1-(bicyclo[6.1.0]non-4-yn-9-yl)-3,14-dioxo-2,7,10-trioxa-4,13-
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diazaoctadecan-18-oate (BCN-NHS) was obtained from SynAffix (The Netherlands). 

Alpha-amino-omega-hydroxy poly(ethylene glycol) (PEG-MW = 3.000 Dalton, PEG3000-

amine) was purchased from Iris Biotech GmbH (Germany). Dichloromethane was 

purified using a Pure Solv 400 solvent purification system (Innovative Technology, USA). 

Dry DMF was purchased in SureSeal™ bottles and stored under argon. Ultrapure water 

was produced using a Milli-Q Integral 3 system (Millipore, France). Other solvents used 

were of analytical grade. Anti-E. coli antibodies were purchased from Abcam Antibodies 

(ab48416, generated against 6 strains of E. coli: TOP 10F, HB101, JM109, BL21, DH5 

alpha and K12). Protein printing buffer (2u) was purchased from Arrayit Corporation. 

SYTO9 and hexidium iodide were purchased from Thermo Fisher Scientific (USA). The 

other chemicals were obtained from Sigma-Aldrich and used without further 

purification. Sonication steps were performed in an Elmasonic P 30 H ultrasonic unit at a 

frequency of 80 kHz. For the microbiological experiments, surfaces with bacteria were 

imaged with an Olympus BX-41 fluorescence microscope equipped with U-MNIBA2 (for 

bacteria stained with SYTO9) and U-MWG2 (for bacteria stained with hexidium iodide) 

filters (Olympus). Images were taken using a Kappa CCD camera. ImageJ was used to 

adjust the contrast and the color of the images.  

Modification of PAO with 12-Bromododecylphosphonic Acid 

The substrate preparation procedure was the same as previously reported by 

us.9, 10 In short, A PAO substrate was rinsed and sonicated in acetone (5 min) and 

ultrapure water (5 min). The substrate was immersed in a freshly prepared mixture of 

37% hydrochloric acid and methanol (1:1 v/v) for 30 min. It was then rinsed and 

sonicated in ultrapure water (5 min) and absolute ethanol (5 min). The PAO substrate 

was immersed in a 1 mM solution of 12-bromododecylphosphonic acid in absolute 

ethanol for 16 h at room temperature. Afterward, it was rinsed with absolute ethanol 

and heated at 140 °C under vacuum for 6 h. Finally, the substrate was rinsed and 

sonicated in absolute ethanol (twice for 5 min) and dichloromethane (5 min) and dried 

under ambient conditions to obtain the bromo-terminated PAO (PAO-Br). The bromo-

terminated PAO substrate that was used to obtain the azide-terminated PAO (PAO-N3) 

itself was prepared using a 1 mM mixture of 12-bromododecylphosphonic acid and 1-

octylphosphonic acid 50:50 (w/w) to obtain the PAO-mix-Br substrate. 
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N-Hydroxysuccinimide (NHS)-Terminated PAO From the Amine-Terminated PAO 

(PAO-NH2-NHS) 

The PAO-Br substrate was immersed in a 1.0 M solution of tris(2-aminoethyl)

amine in dry DMF for 16 h at room temperature. It was then rinsed, sonicated in DMF (5 

min), ethanol (5 min), and dichloromethane (5 min) and dried under ambient conditions 

to obtain the amine-terminated PAO (PAO-NH2). The PAO-NH2 substrate was immersed 

in a solution containing 0.1 M �ǡ�ಅ-disuccinimidyl carbonate (DSC) and 0.1 M N,N-

diisopropylethylamine (DIPEA) in DMF at 40 °C for 16 h. After the reaction, the 

substrate was rinsed, sonicated in DMF (5 min) and dichloromethane (5 min), and dried 

in air to obtain the PAO-NH2-NHS substrate. 

NHS-Terminated PAO From the Azide-Terminated PAO (PAO-N3-NHS) 

The PAO-mix-Br substrate was immersed in a 0.1 M NaN3 solution in dry DMF 

for 16 h at 60 °C under argon. The substrate was rinsed, sonicated in DMF (5 min), 

ethanol (5 min), and dichloromethane (5 min), and dried under ambient conditions to 

obtain the azide-terminated PAO (PAO-N3). The PAO-N3 substrate was immersed in a 5 

mM solution of BCN-NHS in dichloromethane for 4 h at room temperature. The substrate 

was then rinsed, sonicated in dichloromethane (5 min), and dried in air. 

Polyglycerol-Terminated PAO (PAO-PG) 

A PAO substrate was rinsed and sonicated in acetone (5 min) and ultrapure water 

(5 min). The substrate was immersed in a freshly prepared mixture of 37% hydrochloric 

acid and methanol (1:1 v/v) for 30 min. It was then rinsed and sonicated in ultrapure 

water (5 min), absolute ethanol (5 min), and N-methyl-2-pyrrolidone (NMP, 5 min). The 

substrate was then immersed in a 10% (w/w) glycidol solution in NMP at 140 °C for 24 h. 

Afterward, the substrate was rinsed, sonicated in water (twice for 5 min), ethanol (5 

min), dichloromethane (5 min), and dried under ambient conditions.27 

Blocking of PAO-NHS With Amines 

The blocking of PAO-NHS was performed with ethanolamine, tetraethylene 

glycol amine (PEG4-amine) or PEG3000-amine. For ethanolamine and PEG4-amine, a 0.1 

or 0.25 M solution of the amine was prepared in PBS and the pH of the solution was 

adjusted to 7 – 8 with 37% hydrochloric acid. The PAO-NH2-NHS and PAO-N3-NHS 
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surfaces were immersed in this solution for 1, 4 or 24 h at room temperature. The 

surfaces were then extensively rinsed with PBS pH 7. When used for infrared 

spectroscopy and for the optimization of the negative control in the microbiological 

experiments, the surfaces were additionally rinsed, sonicated in water (5 min), ethanol 

(5 min), and dichloromethane (5 min), and dried under ambient conditions. When used 

for the microbiological experiments, the following conditions were used: 0.1 M solution 

of the amine (pH 7 – 8) and 4 h of immersion of the surfaces, without the sonication 

steps, except when indicated. For PEG3000-amine, the PAO-NH2-NHS and PAO-N3-NHS 

surfaces were immersed in a 20 mg/mL solution of the amine in PBS pH 7 for 4 h at 

room temperature. Afterward, the surface was extensively rinsed with PBS pH 7. 

X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed using a JPS-9200 photoelectron 

������������� ȋ
���ȌǤ� ���� �������� ����� ��������� ������ ���������������� ��� �Ƚ� �-ray 

radiation at 12 kV and 20 mA under ultrahigh vacuum conditions. The binding energies 

were calibrated at 531 eV for the O 1s peak as a reference for the PAO-PG surfaces and at 

285.0 eV for the C 1s peak for the other modified PAO substrates. To counteract 

electrostatic surface charging, charge neutralization was used with electrons with a 

kinetic energy of 2.8 eV and a filament current of 4.8 A. High-resolution spectra were 

corrected using a linear background subtraction before fitting. The spectra were 

processed using CasaXPS software (version 2.3.15). 

Immobilization of Anti-E. coli Antibody on PAO 

The PAO-NH2-NHS surfaces were covered with a 0.5 mg/mL of anti-E. coli 

antibodies in protein printing buffer (1u) (100 PL of solution for each piece (36 × 8 

mm2) of PAO), kept for 10 min at room temperature and then for 16 h at 4 qC. The 

surfaces were washed with PBS pH 7 (5u 2 mL) and the blocking step was performed. 

The blocking step consisted of covering these surfaces with a 20 mg/mL solution of 

PEG3000-amine in PBS pH 7 at room temperature for 4 h and, subsequently, washing 

the surfaces with PBS pH 7 (5u 2 mL). The blocking step was also performed directly on 

the PAO-NH2-NHS surfaces under the same conditions and these surfaces were used as 

the negative control for the bacterial binding experiments. 
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Optimization of the Negative Control for the Bacterial Binding Experiments 

Initially, the PAO-NH2-NHS and PAO-N3-NHS surfaces blocked with 

ethanolamine, tetraethylene glycol amine (PEG4-amine), and PEG3000-amine were 

tested as negative controls. An overnight culture of Lactobacillus plantarum WCFS1 

strain expressing a far-red fluorescent protein (L. plantarum FRFP) (François Douillard, 

unpublished results) in MRS broth containing 5 Pg/mL chloramphenicol was diluted 

with fresh MRS with 5 Pg/mL chloramphenicol (1:5, overnight culture/fresh medium) 

and incubated at 37 qC for 4 h. The bacteria were then diluted with water to obtain an 

optical density at 600 nm (OD600) of 0.5. The PAO-NH2-NHS or PAO-N3-NHS surfaces 

blocked with the three different blocking agents (with or without the sonication step) 

(Table 1) were cut in four equal pieces (9 × 8 mm2). The bottom of a Petri dish was 

covered with a piece of parafilm and the surfaces were placed on top of it (Figure 1). 

The suspension of bacteria with OD600 α�ͲǤͷ��������������� ������������� ȋ͵�Ɋ����������
quarter of PAO) and the Petri dishes were incubated at 37 °C for 30 min. The top surface 

of the samples was washed various times (0, 1 or 15 times). Each washing step consisted 

��� ������� ���� ��������� ʹͷͲ� Ɋ�� ��� ���� ����������� ͲǤͲͷΨ� ��� ������ ʹͲ� ȋ����Ȍ� ������
times, using a micropipette and a round support to contain the PBST. The bacteria were 

then imaged using fluorescence microscopy and the area covered by bacteria was 

calculated using CellProfiler.9 

 

 
Figure 1. Schematic representation of experimental setup. 

 

The second part of the optimization of the negative control was performed with 

the PAO-PG surfaces and L. plantarum FRFP and E. coli K12. An overnight culture of L. 

plantarum FRFP in MRS broth containing 5 Pg/mL chloramphenicol was diluted in fresh 

MRS with 5 Pg/mL chloramphenicol (1:5, overnight culture/fresh medium) and 

incubated at 37 qC for 4 h. The E. coli K12 was directly used from the overnight culture. 

Petri dish 

Parafilm 

PAO surfaces 
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The bacteria were diluted to obtain OD600 = 0.5. The PAO-PG surfaces were cut in four 

equal pieces (9 × 8 mm2) and the samples were placed on a Petri dish covered with 

parafilm. The suspension of bacteria with OD600 α�ͲǤͷ�������������� �������������ȋ͵�Ɋ��
per one quarter of PAO) and the Petri dishes were incubated at 37 °C for 30 min or 

directly washed (incubation time = 10 s). Two different washing methods were 

evaluated. In the pipette method, each washing step consisted of adding and removing 

ʹͷͲ�Ɋ���������� ������ �����ǡ� ������ ��������������� ���� �� ������ support to contain the 

PBST. This procedure was repeated 15 times with each surface. In the rotating method, 

each surface with bacteria was placed in a 1.5 mL tube containing 1 mL of PBST and 

agitated in a shaker at 100 rpm for 5 min. The PBST was removed and 1 mL of fresh 

PBST was added. This washing procedure was repeated three times for each surface. 

The bacteria were then further stained with hexidium iodide by placing the PAO on low-

melting-������ �������� �����������ʹͲ�Ɋ����������� ������� ���� �����������ly 30 min in 

the dark. Imaging was performed using fluorescence microscopy, and the area covered 

by bacteria was calculated using CellProfiler. 

The third part of the optimization was performed with the PAO-PG surfaces and 

E. coli K12. An overnight culture of E. coli K12 in LB broth was diluted to obtain OD600 = 

0.1 or 0.5. The PAO-PG surfaces were cut in four equal pieces (9 × 8 mm2) and the 

samples were placed on a Petri dish covered with parafilm. The suspension of bacteria 

with OD600 α�ͲǤͳ����ͲǤͷ��������������� ������������ ȋͳͲͲ����ʹͷͲ�Ɋ���������������������
PAO) and the Petri dishes were incubated at 37 °C for 5, 15 or 30 min. Each surface with 

bacteria was placed in a 1.5 mL tube containing 1 mL of PBST and agitated in a shaker at 

100 rpm for 5 min. The PBST was removed and 1 mL of fresh PBST was added. This 

washing procedure was repeated three times for each surface. The bacteria were then 

stained with hexidium iodide by placing the PAO on low-melting-point agarose 

containing 20 Ɋ������������������������������������͵Ͳ����������������ǡ� �������������
fluorescence microscopy, and the area covered by bacteria was calculated using 

CellProfiler. 

Binding of E. coli to PAO Surfaces Containing Antibodies 

An overnight culture of E. coli K12 in LB broth was stained with SYTO9. For the 

staining procedure, 2 PL of a 5 mM solution of SYTO9 was added to a 1 mL of the culture 

with OD600 = 1.7 and incubated in the dark at room temperature for 5 min. To remove 
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the excess of SYTO9, the stained bacteria were centrifuged for 3 min (12000 rpm) at 4 

qC. The supernatant was removed and 1 mL of PBST was added and the cells were 

resuspended. This washing procedure was repeated three times, and in the third time 

the cells were resuspended in 1 mL of PBS pH 7 instead of PBST.  

For the binding experiments, the bacteria stained with SYTO9 were diluted in PBS 

pH 7 to obtain OD600 = 0.5. The PAO surfaces with the immobilized anti-E. coli antibodies 

were cut in four equal pieces (9 × 8 mm2) and the samples were placed on a Petri dish 

covered with parafilm. The suspension of bacteria with OD600 = 0.5 was placed on the 

��������ȋͳͲͲ�Ɋ������������������������Ȍ����������������������������������������͵͹� °C 

for 5 min. The top surface of the samples was washed various times (0, 1, 3 or 5 times). 

���������������������������������������������������ʹͷͲ�Ɋ���������������������ǡ���������
micropipette and a round support to contain the PBST. The bacteria were then imaged 

using fluorescence microscopy. The same procedure was performed with the PAO-NH2-

NHS surfaces directly blocked with PEG3000-amine as a negative control.  

Growth of E. coli on PAO Surfaces Containing Antibodies 

An overnight culture of E. coli K12 in LB broth was diluted with PBS pH 7 to 

obtain OD600 = 0.1. The PAO surfaces with the immobilized anti-E. coli antibodies were 

cut in four equal pieces (9 × 8 mm2) and placed on LB agar plates. The suspension of 

bacteria with OD600 = 0.1 was placed o��������������ȋ͵�Ɋ������������������������Ȍ�����
the agar plates were incubated at 37 °C. The samples were imaged after 0, 1.5, and 3 h 

using transmission light. 

Binding of L. rhamnosus GG and mutant strain PB12 to PEG-presenting PAO surfaces 

Overnight cultures of L. rhamnosus strains GG and pili-less mutant PB1226 were 

grown for 16h in MRS broth (Difco Lactobacilli MRS broth, BD, Amsterdam, The 

Netherlands) (OD600 of around 4.5, late exponential phase). The bacteria were diluted in 

PBS pH 7 to obtain OD600 = 0.5. The PAO-NH2-NHS surfaces directly blocked with 

PEG3000-amine were cut in four equal pieces (9 × 8 mm2) and the surfaces were placed 

on a Petri dish covered with parafilm. The suspension of bacteria with OD600 = 0.5 was 

������� ��� ���� �������� ȋͳͲͲ� Ɋ�� ���� ���� �������� ��� ���Ȍ� ���� ���� ������ ������� �����
incubated at 37 °C for 5 min. The surface of the samples was washed 25 times with 250 

PL PBST. At least two surfaces with each strain were not washed for further comparison. 
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The bacteria on the surface were fluorescently stained with hexidium iodide by placing 

the PAO on low-melting-������ �������� ����������� ʹͲ� Ɋ�� ��������� ������� ����
approximately 30 min. The bacteria were imaged using fluorescence microscopy. 

 

Results and Discussion 

N-Hydroxysuccinimide (NHS)-Terminated PAO and Blocking with Different Amines 

First the surfaces that should act as a negative control in the binding experiments 

were prepared by blocking NHS-terminated PAO surfaces, their preparation is described 

in Chapter 4 (Figure 2a),10 with three different amines. The NHS-terminated surfaces 

were prepared starting from bromo-terminated PAO surfaces (PAO-Br and PAO-mix-

Br). The first NHS-terminated PAO was prepared by reacting tris(2-aminoethyl)amine to 

the PAO-Br surface, followed by a reaction with �ǡ�ಅ-disuccinimidyl carbonate (DSC), a 

bifunctional NHS molecule, to yield the PAO-NH2-NHS surface. The other NHS-

�����������������������������ǲ�������ǳ������������PAO-Br as the starting point, which 

was prepared using a 1:1 mixture of 12-bromododecylphosphonic acid and 

octylphosphonic acid, yielding the PAO-mix-Br surface. A substitution reaction of this 

surface with NaN3 generated the PAO-N3 surface, which reacted with BCN-NHS via 

strain-promoted azide-alkyne cycloaddition (SPAAC) reaction to form PAO-N3-NHS.10 

Both types of NHS-terminated surface were separately blocked with three types of 

amines (Figure 2b): ethanolamine, PEG4-amine, and PEG3000-amine. Ethanolamine 

was chosen to create a short hydroxy-terminated control and the short and long PEG-

amines were selected because PEG-presenting surfaces are well established in their 

ability to suppress non-specific binding.28 
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Figure 2. (a) NHS-terminated PAO surfaces and (b) amines used to block the NHS-terminated PAO 

surfaces. 

Preliminary bacterial binding experiments pointed towards an influence of the 

work-up after the blocking step on the ability of the surfaces to prevent non-specific 

adhesion. Therefore, after the blocking step, the completed control surfaces were 

treated in two different ways to assess the extent in which the sample treatment affects 

the bacterial binding. One set of blocked surfaces was successively sonicated in water, 

ethanol, dichloromethane and finally dried, Another set was only washed with PBS after 

the blocking step and subsequently used directly for the microbiological experiments.  

Polyglycerol-Terminated PAO (PAO-PG) 

Another possible approach to generate surfaces that could prevent non-specific 

adsorption was with polyglycerol layers, which are a hyperbranched version of 

oligoethyleneglycol molecules.27, 29 These layers were generated on PAO as an attempt to 

circumvent the non-specific bacterial adsorption observed in the first step of the 



Chapter 6 

 

182 

optimization of the negative control on the NHS-blocked PAO surfaces. Polyglycerol-

terminated PAO surfaces (PAO-PG) were prepared via ring-opening polymerization of 

glycidol, using the hydroxyl groups of the PAO surface as the nucleophile (Figure 3).27 

 

 
Figure 3. Formation of hyperbranched polyglycerol: (a) The reaction is initiated by the reaction of 

a nucleophile (Nuc-) with glycidol through ring-opening polymerization and (b) scheme of PAO-

PG.27  

 

The X-ray photoelectron spectroscopy (XPS) spectrum of PAO-PG (Figure 4) 

shows the almost complete disappearance of the aluminium peak at 119 eV, indicating a 

layer thickness of at least 20 nm.30 The same reaction conditions generated a layer 

thickness of 17.6 nm on aluminum and silicon surfaces. According to previous studies on 

these surfaces,27 a polyglycerol layer thickness of 5 nm was already sufficient to 

significantly decrease non-specific bacterial adsorption.  
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Figure 4. XPS survey scan of PAO-PG. 

 

 

 

 

Optimization of the Negative Control for the Bacterial Binding Experiments 

The next step was to select the most suitable modification of PAO to be used for 

the immobilization of the antibodies and, subsequently, for the bacterial binding 

experiments. Two different NHS-terminated PAO surfaces were tested in combination 

with three amines as the blocking agent: ethanolamine, PEG4-amine, and PEG3000-

amine. The aim was to identify which combination of initial surface modification and 

blocking agent would present the lowest non-specific bacterial adsorption. Additionally, 

two surface treatments were tested in order to verify whether the washing, sonication, 

and drying step would influence the bacterial binding (Table 1).   

For the bacterial binding experiment in this step of the optimization, an adapted 

strain of Lactobacillus plantarum WCFS1 was used that expresses far-red fluorescent 

protein (L. plantarum FRFP; F. Douillard et al., unpublished observations). This strain 

was selected because of the convenience of being fluorescent itself, enabling direct 

visualization by fluorescence microscopy, without the need of a subsequent staining 

step. The surfaces blocked with the amines were exposed to a small volume (3 PL) of 

bacterial suspension for 30 min and then washed to remove the non-adherent bacteria. 

For the surfaces blocked with ethanolamine and PEG4-amine, the surfaces were washed 

once or 15 times. However, already for the first batch of surfaces we noticed that a single 

washing step did not significantly remove bacteria. Therefore, the surfaces blocked with 

PEG3000-amine were directly washed 15 times. Surprisingly, almost all the bacteria 

added to the surfaces were still present even after 15 washing steps for all the surfaces 

and conditions tested (Figure 5). Although PEG-presenting surfaces are known to 

prevent non-specific binding,28 the short and long PEG molecules were not able to 
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prevent non-specific binding of L. plantarum under the tested conditions. The only 

exception being the PAO-N3-NHS surface blocked with ethanolamine, treated with 

sonication and dried. However, this was an isolated case and no trend was observed 

regarding initial surface modification, blocking agent or surface treatment. Non-specific 

adsorption of bacteria was also found for other PEG-presenting surfaces, which showed 

a low non-specific adsorption of protein, but high adsorption of bacteria.31 

 
Table 1. Surfaces and sample treatments tested in the first step of the optimization of the 

negative control for the bacterial binding experiments. 

NHS-terminated PAO Blocking agent Surface treatment 

PAO-N3-NHS Ethanolamine Direct 

PAO-N3-NHS Ethanolamine Sonication 

PAO-NH2-NHS Ethanolamine Direct 

PAO-NH2-NHS Ethanolamine Sonication 

PAO-N3-NHS PEG4-amine Direct 

PAO-N3-NHS PEG4-amine Sonication 

PAO-NH2-NHS PEG4-amine Direct 

PAO-NH2-NHS PEG4-amine Sonication 

PAO-N3-NHS PEG3000-amine Direct 

PAO-N3-NHS PEG3000-amine Sonication 

PAO-NH2-NHS PEG3000-amine Direct 

PAO-NH2-NHS PEG3000-amine Sonication 
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Figure 5. Binding of /�� SODQWDUXP FRFP on NHS-terminated PAO surfaces blocked with different 

amines: (a) Ethanolamine, (b) PEG4-amine, and (c) PEG3000-amine. 

 

In view of these unexpected results for the PEG surfaces, we considered that the 

surfaces might not present enough antifouling capacity. Therefore, we decided to try 

another type of surface modification, viz. by generating polyglycerol layers, which are 

known to be antifouling and have been used in several studies that successfully 

prevented bacterial binding.27, 29  

Another parameter tested in this optimization step together with the PAO-PG 

surfaces was the incubation time (10 s and 30 min). The incubation time was one of the 

parameters tested because we hypothesized that possibly the bacteria were starting 
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some defence mechanism due to lack of nutrients and water caused by the 30 min 

incubation time.32  

Additionally, a different washing method that kept the surface in contact with the 

washing solution (PBST) for a longer time was also evaluated to verify whether a more 

extensive washing method could assist in removing aspecifically adsorbed bacteria from 

the PAO surface.  

Finally, two strains were tested (L. plantarum FRFP and E. coli K12, as models for 

Gram-positive and Gram-negative bacteria, respectively) to verify whether there was a 

strain-dependent trend in the non-specific adsorption. Both strains were tested for 

different incubation times (10 s and 30 min and washing methods (shaker and pipette). 

The results for variation in the incubation time and the washing method showed 

a clear trend in the binding related to the incubation time (Figure 6a). When the 

bacteria were kept on the surfaces for a short time (10 s), most of the cells could be 

removed from the surfaces by washing. The opposite was observed when the incubation 

time was 30 min, after which nearly all the cells remained on the surfaces after extensive 

washing. Little difference was observed on the bacterial binding upon variation of the 

bacterial strains or the washing methods. 

Although the short incubation time was suitable to prevent non-specific 

adsorption, in the actual experiment with the PAO surfaces with the antibody we aimed 

for a longer incubation time to allow the antibodies to bind to the antigens (on the 

bacterial cell). Considering this, in the next step of the optimization we decided to test 

various incubation times (5, 15, and 30 min) to verify what was the longest incubation 

time that could be used without resulting in significant non-specific adsorption. 

Additionally, two higher volumes of bacterial culture were tested (100 and 250 PL) to 

prevent the surfaces with bacteria from dehydration, which could increase non-specific 

adsorption. Finally, because the volume of bacterial culture was increased, a lower 

concentration of bacteria was also tested. This time, only the binding E. coli K12 was 

tested and the washing method using a shaker was selected due to the possibility of 

testing more conditions at once (Figure 6b). 

The binding results for this step show that 5 min of incubation is optimal for 

balance between low non-specific adsorption and specific binding (Figure 6b). 

However, when increasing the incubation time to 15 or 30 min there is no visible trend, 

with some surfaces presenting low non-specific adsorption and others presenting high 
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amount of bacteria left on the surface. The volume and concentration of bacterial culture 

did not have a reproducible effect on the binding of the bacteria to the surface. 

 

Figure 6. Binding of bacteria on PAO-PG surfaces under various conditions: (a) Binding of /��

SODQWDUXP FRFP (L.p.) and (��FROL K12 (E. c.) under different incubation times and washing methods 

and (b) binding of (�� FROL K12 under various incubation times, volume and concentration of 

bacteria. 

After these optimization experiments, the conditions selected to perform the 

binding experiments on the PAO surfaces containing antibodies were the following: 100 

PL of bacterial culture with OD600 = 0.5, with 5 min of incubation at 37 °C, followed by 

washing the surfaces using the pipette method. These conditions were also tested with 

E. coli on PAO-NH2-NHS surfaces blocked with PEG3000-amine and the same low non-

specific bacterial adsorption was observed (Figure 7). Considering that the PAO-NH2-

NHS surfaces are better defined and the method to obtain these surfaces is more 

reproducible compared to the method to obtain the PAO-PG surfaces, the 

immobilization of the antibodies and the subsequent binding experiments were 

performed on PAO-NH2-NHS. 
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Figure 7. Binding of (��FROL K12 on 

PAO-NH2-NHS surfaces blocked 

with PEG3000-amine. The number 

of washings is indicated by the 

different colors. 

 

 

Binding of E. coli to PAO Surfaces Containing Antibodies  

After the optimization of the incubation and washing conditions, the bacterial 

binding was tested on the PAO surfaces containing the antibodies (Figure 8). Initially, a 

commercially available anti-E. coli antibody was selected as a proof-of-principle. The 

staining procedure with 5-carboxyfluorescein diacetate (cFDA) that was earlier 

successfully applied to L. plantarum in Chapters 3,9 4,10 and 5 was also evaluated for E. 

coli. However, only very weak fluorescence was observed. It was possible to increase the 

fluorescence of E. coli by adding glutaraldehyde to the staining solution in low-melting 

point agarose (data not shown). This increase of fluorescence in the staining of E. coli 

and other Gram-negative bacteria when using glutaraldehyde is due to two effects: the 

increase in the permeability of cFDA into the cell and the prevention of leakage of 

carboxyfluorescein (a hydrolysed product of cFDA) out of the cell.33 However, when this 

staining procedure with cFDA and glutaraldehyde was performed on bacteria bound to 

modified PAO (PAO-NH2-NHS), the background was too high to visualize the cells, 

probably due to crosslinking reactions with amine groups present on the surface. The 

staining with various fluorescent dyes (SYTO9, hexidium iodide, and DAPI) after the 

binding experiments by placing the surface with bacteria on low melting point agarose 

containing the dye was not suitable for E. coli on the PAO-NH2-NHS surfaces. The most 

suitable staining procedure was to stain the bacteria with SYTO9 prior the binding 

experiments due to the high fluorescent background generated by the staining of the 

modified surfaces. 
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Figure 8. Preparation of the antibody-presenting PAO surfaces. 

 

The binding of E. coli K12 was tested on a PAO-NH2-NHS with immobilized 

antibodies, followed by blocking of the remaining NHS groups with PEG3000-amine. 

PAO-NH2-NHS surfaces directly blocked with PEG3000-amine were used as the negative 

control. The same amount of bacteria was present when no washing step was performed 

(Figure 9a and d). However, there is a more pronounced decrease of cells after one and 

three washing steps on the control surface, directly blocked with PEG3000-amine, when 

compared to the antibody-presenting surfaces (Figure 9b, c, e, and f). The results 

indicate that the surface directly blocked with PEG3000-amine is antifouling enough for 

this bacterial strain, because the amount of cells drastically decreases even after one 

washing step, with further decrease after three washing steps. Although more cells stay 

on the surfaces containing the antibodies, there is also a significant decrease of the 
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number of cells when the surfaces are successively washed, especially after three 

washing steps. When the surfaces were further washed, the bacterial cells were also 

progressively removed even from the surfaces containing the antibodies (data not 

shown). 

 

 
Figure 9. Binding of (��FROL K12 on PAO surfaces containing antibodies and PAO-NH2-NHS blocked 

with PEG3000-amine (negative control): (a) PAO with antibodies not washed, (b) PAO with 

antibodies washed once, (c) PAO with antibodies washed three times, (d) PAO-NH2-NHS blocked 

with PEG3000-amine not washed, (e) PAO-NH2-NHS blocked with PEG3000-amine washed once, 

and (f) PAO-NH2-NHS blocked with PEG3000-amine washed three times. Total magnification is 

200u.  
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Growth of E. coli on PAO Surfaces Containing Antibodies 

After the binding experiments, the next step was to verify whether the E. coli cells 

were still able to grow on the antibody-functionalized PAO surfaces for them to work as 

a culturing chip. This experiment showed that the E. coli cells could still grow to 

microcolonies on the PAO surfaces containing antibodies (Figure 10), proving that the 

presence of the antibodies does not block the pores and the nutrients can still diffuse 

from the culture medium to the top PAO surface. 

 

 
Figure 10. Growth of (��FROL K12 on PAO-NH2-NHS surfaces containing antibodies after incubation 

at 37 °C: (a) 0 h, (b) 1.5 h, and (c) 3 h.  

 

Towards Antibody-based Capture & Growth of L. rhamnosus GG on PAO 

After these promising proof-of-principle results with the optimized conditions for 

E. coli, the next step was to achieve capture and growth of L. rhamnosus GG and its pili-

less derivative strain PB12, on antibody-biofunctionalized PAO. First, however, suitable 

control PAO surfaces had to be evaluated that contained a similar chemical modification 

as our target antibody-functionalized PAO, but that would not bind L. rhamnosus. This is 

not as straightforward as L. rhamnosus is well known for its ability to aspecifically 

adhere to surfaces.  

As a negative control surface, PAO-NH2-NHS was directly blocked with PEG3000-

amine. In a first binding experiment with L. rhamnosus GG on this surface, the same 

washing conditions of the binding experiments with E. coli were used (0, 1, 3, and 5 

washing steps), however, these were unable to sufficiently remove the cells (data not 

shown). Consequently, the experiment was repeated with 25 washing steps, which 

proved sufficient to almost completely remove both L. rhamnosus GG and PB12 strains 

from the control surfaces (Figure 11). The higher non-specific adhesion of L. rhamnosus 

GG compared to E. coli K12 is probably due to the presence of the pili on the cell surface 

(a) (b) (c) 
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of L. rhamnosus GG. L. rhamnosus GG needed more washing steps than PB12 to be 

removed from the surfaces. This can be explained by the presence of the highly adhesive 

pili, in which the SpaC subunit of the pili likely plays a central role in the adhesion 

process.24, 34 

 

 
Figure 11. Binding of /�� UKDPQRVXV on PAO-NH2-NHS blocked with PEG3000-amine: (a) /��

UKDPQRVXV�GG not washed, (b) /��UKDPQRVXV�GG washed 25 times, (c) PB12 not washed, and (d) 

PB12 washed 25 times. 

 

Our overall aim in this study is to immobilize two different antibodies (kindly 

provided by Reetta Satokari, UHelsinki) against L. rhamnosus GG on NHS-terminated 

PAO: one against the whole cell of L. rhamnosus GG (anti-LGG) and the other one against 

the pilin subunit SpaC (anti-SpaC). The binding of L. rhamnosus GG and the mutant strain 

PB12, which does not have the pili, will then be tested on the biofunctionalized PAO. L. 

rhamnosus GG cells are expected to bind to the surfaces functionalized with both 

antibodies. On the other hand, PB12 is expected to bind only to the PAO surfaces 

functionalized with the antibody against the whole cell of L. rhamnosus GG due to the 

absence of the pili and, consequently, the SpaC subunit. This next step is currently being 
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investigated. Preliminary data on the binding of L. rhamnosus GG to biofunctionalized 

PAO surfaces are presented in Chapter 7. 

 

Conclusions 

In this study, we optimized the bacterial binding experiments on PAO surfaces 

functionalized with antibodies. In the first optimization steps, various surfaces were 

prepared and analyzed in order to select the one that presented the lowest non-specific 

adsorption of bacteria. However, all these surfaces performed similarly poor, with a high 

non-specific adsorption that was not suitable for the binding experiments with 

antibodies. The non-specific adsorption only decreased when the incubation conditions 

of the bacteria on the surfaces were changed to higher volume of bacterial culture and 

shorter incubation time, showing that in this case the incubation conditions were more 

important than the chemical modification developed on the surfaces. The binding and 

growth of E. coli on PAO surfaces with antibodies was then studied as a proof-of-

principle system, showing considerably higher binding of E. coli on the surfaces with 

antibodies. An effective negative control modified PAO-surface was developed for L. 

rhamnosus. Future work involves the immobilization of antibodies against L. rhamnosus 

GG using the same conditions to achieve increased binding and subsequent growth of 

this bacterium on biofunctionalized PAO surfaces. 
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This thesis describes the research that was carried out towards the ultimate goal 

of selectively capturing and growing various relevant bacteria that occur in the human 

gut microbiome on nanoporous aluminum oxide (PAO) culturing chips. To achieve this 

goal, various (bio)functionalization approaches for PAO surfaces were developed, to 

achieve stable monolayer formation as well as to allow secondary and tertiary reactions 

for the immobilization of biomolecules on the surface. In this chapter, the most 

important achievements are discussed, together with additional ideas and 

recommendations for further research. Finally, in connection to the NanoNextNL 

consortium, which funded this study, and to outline realistic perspectives on the 

potential for application of this research, some reflections are provided in the context of 

risk analysis and technology assessment. 

Biofunctionalization of surfaces usually requires a stepwise approach, in which a 

monolayer is first generated, followed by a secondary reaction to install the biomolecule 

of interest. In this case, the initial monolayer needs to be stable under the conditions of 

the intended application. In the beginning of this project, it was already known that 

various functional groups are able to react with (porous) aluminum oxide, however, 

there was no comprehensive stability study of modified PAO under the conditions that 

are important for microbial growth. An overview of the relevant literature is provided in 

Chapter 2. 

In Chapter 3, the stability of PAO modified with various functional groups 

ȋ���������������ǡ�Ƚ-hydroxycarboxylic acid, alkyne, alkene, phosphonic acid, and silane) 

is reported. The modification with phosphonic acids proved to be the most stable one, 

and was therefore assessed under various pH and temperature conditions that are 

relevant for microbial growth. In general, it was observed that the PAO surfaces 

modified with a hydrophobic phosphonic acid monolayer were stable for at least two 

weeks in buffer solutions with pH values between 4 and 8, and at temperatures up to 40 

°C. However, the stability of the same monolayer on PAO significantly decreased at 60 °C 

and 80 °C under hydrolytic conditions. Interestingly, a similar hydrophobic phosphonate 

monolayer on PAO was stable at temperatures even higher than 500 °C when heated 

under vacuum, probably due to the formation of multidentated structures generated by 

optimal curing and the absence of hydrolysis reactions.1 This exceptionally high stability 

of phosphonate monolayers on PAO under vacuum may enable their use in other fields, 

such as in organic electronic devices that require stability at high temperatures.2 
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After the formation of a stable monolayer, the next step for the 

biofunctionalization of PAO is to perform a secondary and, in some cases, even a tertiary 

reaction to immobilize the biomolecule of interest. Various approaches to achieve 

(bio)functionalization of PAO were explored in Chapter 4, starting from a 

straightforward initial modification with a bromo-terminated phosphonic acid. PAO 

surfaces presenting different terminal reactive groups were prepared, such as azide, 

alkyne, alkene, thiol, isothiocyanate, and N-hydroxysuccinimide (NHS), and used to 

immobilize (bio)molecules, including carbohydrates and proteins. On the surface with 

immobilized bovine serum albumin (BSA), the growth of bacteria was still possible, 

showing that the nutrients can diffuse from the culture medium to the top of PAO even 

when the PAO surface is biofunctionalized with an organic monolayer and big 

biomolecules, such as a protein. Most of the reactive surfaces prepared in Chapter 4 

presented a high conversion in the subsequent reaction, showing that a versatile “tool-

box” was developed for the use in the later chapters. It was not the scope of that study to 

compare the conversion yields of all the reactions since to achieve this it would be 

necessary to use more comparable molecules, with the same chain length and similar 

electronic properties, for example, with the one single difference being the functional 

group involved in the reaction. Additionally, not all the molecules used to functionalize 

the PAO surfaces were biologically relevant (notably the fluorinated molecules are 

toxic), and similarly not all the reactions were performed under biologically compatible 

conditions. The fluorinated molecules were used for an improved quantification of the 

conversion yield by X-ray photoelectron spectroscopy (XPS). However, it would be also 

interesting if the same reactions were performed with biologically relevant molecules, 

such as complex carbohydrates, proteins, and nucleic acid derivatives. 

With our reaction “tool-box” in hand, the next step was to immobilize 

biomolecules using the stable reactive PAO surfaces developed in Chapters 3 and 4 so 

as to construct the biofunctionalized PAO for the binding and growth of bacteria in 

Chapters 5 and 6. In Chapter 3, an azido-mannoside was immobilized on alkyne-

terminated PAO via the copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) click 

reaction, and the mannose-presenting surfaces showed increased binding of the 

probiotic bacterium Lactobacillus plantarum, which has a mannose-specific adhesin on 

its surface. The bacteria were also still able to growth on the mannose-presenting PAO. 

After this proof-of-principle study, the parameters involved in the preparation of these 
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surfaces and their binding with L. plantarum were further investigated in Chapter 5, 

such as the nature of the spacer connected to the mannoside derivative and the presence 

of soluble carbohydrates and bovine serum albumin (BSA) in the medium. The binding 

of a mutant strain of L. plantarum that does not present the mannose-specific adhesion 

was also studied on the mannose-presenting PAO and the lack of binding of this strain 

proved that this carbohydrate–protein interaction is the main mechanism of binding in 

this system.  

Considering the complex multivalent interactions between carbohydrate-binding 

proteins on bacteria and glycosurfaces,3 it is important to further investigate the 

influence of various parameters involved in the binding and thereby develop a better 

understanding of these events. A way by which the specificity of the interaction can be 

tested is by performing more extensive bacterial binding studies on a range of PAO 

surfaces that present mono- (glucose, galactose, fructose, N-acetylglucosamine or 

arabinose for example) or disaccharides (lactose, maltose). As a trial to go one step 

further in mimicking the complex natural glycosurfaces, surfaces presenting a mixture of 

two or more carbohydrates could also be tested (Figure 1a). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Parameters to investigate in bacteria-carbohydrate binding studies: (a) Mixture of 

carbohydrates, (b) carbohydrate density, and (c) carbohydrate presentation. 
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Another important parameter that influences the binding of soluble and bacterial 

lectins to carbohydrate-functionalized surfaces is the carbohydrate density (Figure 

1b),4-7 as more extensively discussed in Chapter 2. Although preliminary binding 

experiments were performed on mannose-presenting PAO surfaces with different 

carbohydrate densities, no trend was observed so far under the conditions studied. 

However, the suboptimal binding conditions used for that experiment might have 

caused this. New binding studies using the incubation conditions optimized in Chapter 

6 (higher volume of bacterial culture and shorter incubation time) may provide more 

enlightening results. Not only is the amount of carbohydrate on a surface important, but 

also the manner in which it is present on the surface, considering that many of these 

carbohydrate-protein interactions are multivalent.4 Carbohydrate-presenting 

dendrimers or dendrons (Figure 1c)8 can be immobilized on PAO and the influence of 

the carbohydrate presentation on the bacterial binding can be tuned to achieve the best 

binding with the least non-specific adsorption possible. 

Other combinations of carbohydrates and bacteria can also be studied. A well-

known example of carbohydrate-mediated bacterial adhesion process is the binding of 

Pseudomonas aeruginosa via two lectins, LecA (or PA-IL) and LecB (or PA-IIL). LecA 

binds D-galactose and N-acetyl-D-galactosamine and LecB binds L-fucose. Both lectins 

bind to oligosaccharides on human glycoproteins, strongly suggesting that these lectins 

are directly involved in the adhesion on P. aeruginosa to human tissues and, 

consequently, to its pathogenesis.9 It would be interesting to study the binding of P. 

aeruginosa on PAO surfaces presenting different mixtures of these carbohydrates. 

Another combination of carbohydrate and bacteria that can be studied on PAO is 

between Enterococcus faecalis and galactose, which was previously analyzed on a 

glycopolymer-presenting surface.10 

At a later stage, carbohydrate-functionalized PAO surfaces can be used to identify 

the type of bacteria present in a complex mixture by their carbohydrate-binding 

“fingerprint”.11 An advantage of PAO when compared to carbohydrate microarrays on 

other surfaces is that the bacterial growth can directly be performed on the same 

surface because of the nanoporous structure. The influence of small molecules 

(antibiotics or nutrients, for example) on the growth of bacteria can also directly be 

studied on the same surface used for the binding experiments.12, 13 By using the micro-

Petri dish mentioned in Chapter 1,14 it is feasible that the isolation of certain types of 
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bacteria can be achieved based on a combination of the carbohydrate-binding 

“fingerprint” and the bacterial susceptibility or resistance to antibiotics. 

Carbohydrate-presenting PAO surfaces can be used to enhance the binding of 

certain types of bacteria, but to achieve a species- or strain-selective binding or capture 

it is necessary to modify PAO with more specific biomolecules, such as antibodies or 

DNA aptamers.15 In Chapter 6, PAO was biofunctionalized with antibodies to achieve 

selective binding of bacteria. After an extensive optimization of the incubation and 

washing conditions, the proof-of-principle using a commercial anti-Escherichia coli 

antibody showed more binding of E. coli on the antibody-functionalized surfaces. As 

described in Chapter 6, our aim was to immobilize two different antibodies against L. 

rhamnosus GG on NHS-terminated PAO: one against the whole cell of L. rhamnosus GG 

(anti-LGG) and the other one against the pilin subunit SpaC, present on the cell surface 

of L. rhamnosus GG (anti-SpaC). After successfully developing negative control surfaces 

for the sticky L. rhamnosus GG, as described in Chapter 6, preliminary binding 

experiments between PAO surfaces presenting anti-LGG antibodies and L. rhamnosus GG 

were performed (Figure 2). Although these preliminary results are promising, this 

system still needs further optimization and currently still has some reproducibility 

issues. Additionally, the PAO surfaces also need to be biofunctionalized with the anti-

SpaC antibodies and to be tested against a mixture of bacteria to determine whether the 

biofunctionalized PAO is capable to selectively capture L. rhamnosus GG. 

The reproducibility issues observed in these preliminary experiments may be 

related to several factors. The rabbit antiserum used here, instead of isolated antibodies 

as in the E. coli proof-of-concept experiments, contains many other (protein) 

components that will probably also be immobilized on the PAO surface and might have 

an influence. Additionally, the (non-oriented) immobilization step used will result in 

blocking of the binding region (Fab portion) of an unknown fraction of the antibodies. A 

possible way to overcome the blocking of the binding region of the antibodies is to use 

one of the known oriented (or site-specific) immobilization approaches, such as protein 

A/G,16 biotin-streptavidin,17 using a nitriloacetic acid-terminated surface and 

polyhistidine-conjugated antibodies,18 boronic acid-19 and hydrazide-terminated 

surfaces20 (see Chapter 1 for more extensive discussion).21, 22 Alternatively, bio-

orthogonal reactions can also be used for the oriented immobilization of the antibodies, 

such as the Diels-Alder cycloaddition,23 Staudinger ligation,24 copper(I)-catalyzed azide-
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alkyne cycloaddition (CuAAC), strain-promoted azide-alkyne cycloaddition (SPAAC), 

click sulfonamide reaction (CSR),25 or thiol-ene reaction.26, 27 Most of these approaches, 

however, require modification of the antibody to insert the reactive functional groups 

prior the immobilization step. The exceptions are protein A/G and boronic acids that do 

not require prior modification, and hydrazide-terminated surfaces, which requires a 

simple oxidation step of the antibody N-glycans.20 

 

 
Figure 2. Binding of /��UKDPQRVXV GG on PAO with immobilized anti-LGG antibodies: (a) surface 

not washed, (b) surface washed 25 times, (c) digital magnification of a fragment of (a), and (d) 

digital magnification of fragment of (b). We are grateful to Dr. Reetta Satokari for a kind gift of the 

anti-LGG antibodies. 

 

After further optimization of both the carbohydrate- and antibody-presenting 

PAO surfaces, bacterial binding experiments with mixed bacterial cultures containing 

one or more strains will need to be successfully performed to achieve our overall aim of 

specific bacterial capture and growth from a complex biological sample. These 

experiments will require bacterial strains expressing different protein fluorophores or 

selective fluorescent or fluorogenic staining reagents to distinguish the bacterial strains 
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using fluorescence microscopy and quantify their capture efficiency. Fluorescent strains 

were used in Chapter 6 for the optimization of the incubation and washing conditions. 

These strains, however, presented low and/or irreproducible fluorescence that turned 

out to be unsuitable for our planned experiments with mixed cultures, at least not with 

the available fluorescence microscopes. Some strains were homogeneously fluorescent, 

but the intensity was too low, whereas other strains had good fluorescence intensity, but 

only approximately half of the cells were fluorescent, possibly as a result of growth-

phase dependent expression. In order to improve the fluorescence intensity or 

homogeneity, different concentrations of antibiotics and incubation times were tested, 

without any significant improvement. Considering that the fluorescence may be growth 

phase-dependent,28 it would be necessary to measure the fluorescence intensity of these 

strains at various points of the growth phase in order to obtain the best fluorescence 

possible with the available strains. 

Fluorescent and fluorogenic stains were used to visualize the bacteria by 

fluorescence microscopy in all the experimental chapters of this thesis. Various 

combinations of chemical modification of PAO, bacterial strains, and fluorescent or 

fluorogenic stains were tested and overall it can be concluded that the efficiency of cell 

staining compared to background needs to be tested and optimized for each new 

combination. Although most of the staining reagents were able to efficiently stain the 

bacteria on non-modified PAO (except 5-carboxyfluorescein diacetate, cFDA, for E. coli), 

the same combination of bacteria and staining reagent was not suitable on modified PAO 

surfaces due to the high background generated by the adsorption of the fluorescent dye 

on the organic modification of the surface. Interestingly, even when the PAO 

modification and the fluorescent dye were the same (PAO modified with antibodies or a 

PEG molecule and hexidium iodide as the staining reagent in Chapter 6), the suitability 

of the staining reagent was strain-dependent. Whereas this system presented a very 

good staining for L. rhamnosus GG, it was completely unsuitable to stain E. coli under the 

same conditions. Future work in this area should involve testing various combinations 

of relevant bacteria and fluorescent dyes for each PAO modification in order to create a 

database with this information for the end users.  

In this thesis, PAO was biofunctionalized only with carbohydrates and antibodies, 

but the immobilization of other biomolecules can be explored, such as lectins. The 

immobilized lectins can then be used to selectively bind certain bacteria based on the 
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carbohydrates present on the bacterial cell surface. Preliminary experiments were 

performed with wheat germ agglutinin (WGA) immobilized on PAO for the selective 

binding of Gram-positive bacteria based on the interaction with mainly N-acetyl-

glucosamine present in the peptidoglycan layer on the Gram-positive bacterial cells 

(Figure 3). The cell wall of Gram-positive bacteria has a thick peptidoglycan layer, 

whereas Gram-negative bacteria have a much thinner peptidoglycan layer, which is 

located in between two cell membranes.29 The thicker and more accessible 

peptidoglycan layer of the Gram-positive bacteria could then lead to a higher binding of 

these bacteria on the WGA-functionalized PAO. The binding of the Gram-positive 

bacterium L. plantarum was tested on the WGA-functionalized PAO. Unfortunately, low 

binding was observed under these initially studied conditions. The low binding may be 

related to the presence of lipids and other proteins on the peptidoglycan layer. The 

selectivity of this binding may also encounter problems due to the presence of 

lipopolysaccharides (LPS) on the outer membrane of the Gram-negative bacteria, which 

may also bind to WGA. Although further experiments still need to be performed to 

validate this system, it would be an interesting approach to quickly identify and capture 

Gram-positive bacteria from a complex mixture. 

 

 
Figure 3. Gram-positive and Gram-negative bacterial cells. Adapted from reference.29 
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Finally, besides the aim in itself of specific capture of a target bacterium via an 

immobilized biomolecule, the other challenge is to minimize non-specific adsorption. 

Antifouling layers can be generated on PAO as an approach to decrease this. One of the 

up and coming approaches to prevent non-specific adsorption by chemical modification 

of surfaces is via the growth of zwitterionic polymers on the surface.30 The antifouling 

properties of these polymers are based on the balance of their charged groups31 and also 

on their strong binding to water, creating a hydration layer that prevents proteins from 

adhering to the surface.32 Biofunctionalization of zwitterionic polymers can be 

performed by reacting amines with the remaining terminal bromine groups of the 

polymer chains 33 or by their conversion into an azide group (Figure 4).34 

 

 

 
Figure 4. Zwitterionic polymers on PAO: (a) Polymer growth and (b) subsequent functionalization. 
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In conclusion, the research described in this thesis focused on the covalent stable 

biofunctionalization of PAO surfaces with carbohydrates and antibodies for the binding 

and subsequent growth of bacteria. The selective binding of bacteria on 

biofunctionalized PAO still has plenty of room left to explore and this is worthwhile as it 

has potential application in microbiological research laboratories for the screening of 

bacterial strains and also for diagnosis of bacterial infections, with the possibility to be 

combined with resistance or susceptibility tests for antibiotics. 

 

Risk Analysis & Technology Assessment (RATA) 

The research described in this thesis aimed to achieve the selective capture and 

growth of various relevant bacteria that occur in the human gut microbiome on PAO 

culturing chips. This research was part of the Integrated Microsystems for Biosensing 

program (3E), within the Nanomedicine theme in the NanoNextNL consortium. The 

cluster within which this research was carried out aims at the development of 

microsystems-based lab-on-a-chip systems for the improved detection of microbial 

pathogens. The researchers participating in the NanoNextNL program have the 

responsibility of addressing potential risks involved in their research for human health 

and the environment. 

The use of PAO surfaces for capture and growth of bacteria present a very low 

risk for human health, considering that it would not be in contact with the patient. 

However, the person who is manipulating the PAO surfaces needs to be aware of the 

fragility of the material to avoid its breakage in smaller pieces, which could be inhaled or 

released to the environment. Specifically, the nanometer-sized pores in this material, 

which makes it fit within the realm of nanomedicine, is only relevant with respect to the 

micron-sized bacteria, as these cannot penetrate the membrane whereas nutrients can. 

Finally, PAO has a thickness in the hundreds of microns or even thicker, and neither 

normal use nor extensive heating (used in the cleaning of chemical waste) is not 

expected to lead to free nanometer-sized aluminum oxide-based particles. 

Another potential risk of the use of PAO is related to its disposal. Despite the 

inherent risks of bacterial samples and the suitable methods for their inactivation and 

disposal, the biofunctionalized PAO surfaces are prepared for a single use. Disposal of 
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the surfaces after autoclave treatment should follow the protocols for the disposal of 

solid chemical waste. 

The development of biofunctionalized PAO as a platform for diagnosis of bacterial 

infections could lead to rapid results for identification of the pathogenic strain as well as 

for the susceptibility or resistance to certain antibiotics. The use of the proper antibiotic 

to treat the infection would lead to faster recovery for the patient and could also avoid 

antibiotic resistance. 

The evaluation of the RATA aspects in this stage of the research indicate few 

risks, which can be circumvented if suitable information and training is provided the 

end users of biofunctionalized PAO surfaces. Additional risks and long-term societal 

impact need to be evaluated during the course of the research. 
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Summary 
 

 

Porous aluminum oxide (PAO) is a nanostructured material used for various 

biotechnological applications, including the culturing microorganisms and other types of 

cells. The ability to chemically modify the PAO surface and tailor its surface properties is 

a promising way to expand and refine its applications. The immobilization of 

biomolecules on PAO that specifically interact with and bind to target bacteria would 

enable the capture and subsequent growth of bacteria on the same surface, and this was 

the ultimate goal of the research presented in this thesis (Figure 1). 

 

 
Figure 1. Outline of the thesis. 

 

After a general introduction to the overall subject of this thesis, presented in 

Chapter 1, the most commonly used and recent methods to prepare glycosurfaces are 

reviewed and compared on their merits and drawbacks in Chapter 2. Although there 

are a great number of techniques, the main challenge that still remains is to develop an 

accessible, reproducible and inexpensive approach that produces well-defined and 

stable glycosurfaces using as few steps as possible. The most used analytical techniques 

for the characterization of glycosurfaces and several applications of these surfaces in the 

binding, capture, and sensing of bacteria and bacterial toxins were also discussed in 

Chapter 2.  

Biofunctionalization of surfaces in general requires a stepwise approach, in 

which it is very important to have a stable monolayer as the first step. At the beginning 

of this research it was known that various functional groups were able to react with 

PAO 

1.Monolayer 

2.Stability (Chapter 3)  

3.Biofunctionalization (Chapters 2 ± 6) 

4.Binding (Chapters 3, 5 & 6) 

5.Growth (Chapters 3, 4 & 6) 

=  Biomolecules 
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(porous) aluminum oxide, but there was no comprehensive study comparing the 

stability of these modified surfaces under the conditions that are important for 

microbiological applications. In Chapter 3, the PAO surface was modified with various 

������������������������������������������ȋ���������������ǡ�Ƚ-hydroxycarboxylic acid, 

alkyne, alkene, phosphonic acid, and silane), and the stability of these modified surfaces 

was assessed over a range of pH and temperatures that are relevant for microbial 

growth. Silane and phosphonate-modified PAO surfaces with a hydrophobic monolayer 

proved to be the most stable ones, but the phosphonate modification was both more 

easily applied and reproducible. This modification was stable for at least two weeks in 

buffer solutions with pH values between 4 and 8, and at temperatures up to 40 °C. Only 

at elevated temperatures of 60 °C and 80 °C under hydrolytic conditions it was observed 

that the stability of the same monolayer on PAO decreased gradually. As a proof-of-

principle for the biofunctionalization and bacterial capture on this PAO phosphonate 

monolayer, an alkyne-terminated monolayer was biofunctionalized via a CuAAC click 

reaction with an azido-mannoside and the binding and growth of Lactobacillus 

plantarum was successfully demonstrated. 

In Chapter 4 various approaches to install reactive groups onto the 

phosphonate-modified PAO surface were developed, creating a (bio)functionalization 

“tool-box”. PAO surfaces presenting different terminal reactive groups were prepared, 

such as azide, alkyne, alkene, thiol, isothiocyanate, and N-hydroxysuccinimide (NHS), 

starting from a single, straightforward and stable initial modification with a bromo-

terminated phosphonic acid. These reactive surfaces were then used to immobilize 

(bio)molecules, including carbohydrates and proteins. Fluorescently labeled bovine 

serum albumin (BSA) was covalently immobilized on the PAO surface as a proof-of-

principle, and it was shown that a range of  bacteria could still grow on the BSA-

functionalized PAO surface. 

With a PAO (bio)functionalization tool-box in hand, the successful proof-of-

principle mannoside-dependent binding and growth of L. plantarum on PAO (Chapter 

3) was further investigated and expanded upon (Chapter 5). The parameters involved 

in the preparation of these surfaces and in the binding with L. plantarum were 

investigated in more detail in Chapter 5, such as the nature of the spacer connected to 

the mannoside derivative and the presence of soluble carbohydrates and bovine serum 

albumin (BSA) in the medium. The surfaces with the azido-mannoside with the long 
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hydrophobic spacer showed the best binding of L. plantarum when compared to a long 

PEG-based hydrophilic spacer and a short hydrophobic one. The presence of a soluble D-

glucoside did not prevent the binding of the bacteria to the mannose-presenting PAO, 

and similar results were obtained when BSA was present. Additionally, a mutant strain 

of L. plantarum that does not have the mannose-specific adhesion was not able to bind to 

the mannose-presenting PAO. When taken together, this proves that the mannoside–

adhesin interaction is the main mechanism of binding the bacteria to the mannose-

biofunctionalized PAO in this system. 

In Chapter 6, the NHS-terminated PAO developed in Chapter 4 was used for the 

immobilization of antibodies against Escherichia coli. After an extensive optimization of 

the modification chemistry of the surfaces and the incubation conditions, commercially 

available anti-E. coli antibodies were immobilized on the PAO surface. Binding and 

washing experiments indeed demonstrated increased binding of E. coli on the antibody-

presenting PAO surfaces, providing avenues for testing other bacteria such as 

Lactobacillus rhamnosus GG widely used in probiotic formulations worldwide.  

In Chapter 7, the most important achievements of this project are discussed, 

together with additional ideas and recommendations for further research. Most notably 

some preliminary results are presented on the immobilization of two antibodies against 

L. rhamnosus GG: anti-L. rhamnosus GG, against the whole bacterial cell, and anti-SpaC, 

against only the SpaC part of the pili present on the cell surface of L. rhamnosus GG. Anti-

L. rhamnosus GG antibody showed promising but not yet optimal increased binding of L. 

rhamnosus GG. Finally, some reflections on PAO and its (bio)functionalization are 

provided in the context of a risk analysis and technology assessment. 
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