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Abstract 13 

With the current trend to miniaturize bioactive surfaces to micro- or nanometer scale, the 14 

strategy of immobilization becomes more important. Therefore, there is a growing need for 15 

protein immobilization techniques that create both stable and homogeneously covered 16 

surfaces in a reproducible way. One of the most promising methods to achieve this is the 17 

combination of biological receptors with ‘click’ chemistry, like the Copper catalyzed Alkyne 18 

Azide Cycloaddition (CuAAC). This work presents a full optimization of all aspects of the 19 

‘click’ chemistry reaction between proteins and surfaces in order to create covalently and 20 

homogeneously covered biosurfaces. The coupling procedure is monitored by in situ 21 

ellipsometry, a unique characterization technique that offers the opportunity to quantify 22 

minute amounts of surface coupled protein mass in real-time. The optimization involves the 23 

azidification of a solid silicon support, the alkynation of two proteins, Staphylococcus aureus 24 

Protein A (SpA) and Maltose Binding Protein (MBP), as well as the development of a highly 25 

reproducible CuAAC ‘click’ coupling protocol. Using the here optimized protocol, active and 26 

reproducible biolayers can be created rapidly. The proposed surface biofunctionalization 27 

method combined with ellipsometry forms a unique and promising platform towards the 28 

development of highly sensitive, accurate biosensors.  29 
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1. Introduction 34 

During the last decade several exciting examples of innovative microarrays and biosensing 35 

applications have been developed [1-6]. Typical sensing devices consist of three main parts, 36 

i.e. the sensing target receptor, the transducer surface and the readout system. The current 37 

trend of miniaturizing these devices is one of the key challenges in the field of advanced 38 

biosensing, since downscaled biosensors can facilitate multiple parallel measurements, with 39 

smaller amounts of expensive biological receptor material. Nowadays, a wide variety of target 40 

receptors is described in literature, e.g. DNA, phospholipids, glycosaminoglycans, enzymes, 41 

antibodies, cells and molecularly imprinted polymers (MIPs) [7-14]. Especially the quest for 42 

durable coupling methods to attach proteins to surfaces is of considerable interest in 43 

biomedical, biochemical and immunological research [15-18]. For miniaturized protein-based 44 

devices, an optimal and uniform coverage of the transducer surface with proteins becomes 45 

even more crucial. The coupling reaction of choice must be highly efficient, selective, 46 

reproducible, non-destructive, without side reactions and, if possible, rapid. 47 

Many different strategies, such as physical adsorption, affinity-based interactions and 48 

covalent couplings have been reported to immobilize proteins to the transducer surfaces [19-49 

21]. Coupling methods based on weak interactions (hydrogen bonds, electrostatic, 50 

hydrophobic and van der Waals interactions) can result in oriented immobilization but are 51 

reversible in nature, possibly leading to stability and reproducibility problems. On the other 52 
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hand, covalent coupling could be formed using the naturally present amino acid chemistry 53 

such as, for example, amines in lysines or thiols in cysteines. Although this leads to stable 54 

coverage, there is generally no control over the orientation of the protein on the surface due to 55 

the presence of multiple copies of the same amino acids [22,23]. In either case, these methods 56 

often lead to sub-optimal sensitivity of the biosensing devices, due to lack of uniform 57 

biomolecule orientation, stability and/or reproducibility [24,25]. It is therefore important to 58 

develop methods that direct both orientation and stability. 59 

One of the most promising methods for covalent protein immobilization is based on ‘click’ 60 

chemistry, e.g. the copper(I) catalyzed 1,3-dipolar cycloaddition of azides and alkynes 61 

(CuAAC) [21,26]. The CuAAC reaction is well known for its high specificity and efficiency, 62 

bioorthogonal properties (i.e. azides and alkynes do not interfere with native biochemical 63 

processes [27]) and lack of side reactions [28,29]. Furthermore, the coupling reaction can be 64 

accomplished in aqueous solution under mild physiological conditions and on a variety of 65 

biomolecules and transducer supports [30-34]. 66 

CuAAC has been extensively used for the conjugation, immobilization, and purification of 67 

several biomolecules: DNA, peptides, proteins, oligosaccharides and glycoconjugates have 68 

been labelled with various attachements [35,36]. With regard to the labeling in living 69 

organisms, however, CuAAC suffers from the cytotoxicity of Cu(I) and has therefore mainly 70 

been applied to labeling reactions in the extracellular space [37]. Since the proven biological 71 

applicability and the fact that both azide and alkyne groups can be appended to biomolecules 72 

without altering their function or metabolic processing, reactions between alkynes and azides 73 

have been adapted to reduce the cell toxicity [38]. One approach to do this is by removing the 74 

Cu(I) requirement in the reaction. By using cyclooctynes, for example, the reaction is 75 

activated by ring strain in the so-called ‘Strain-promoted azide-alkyne cycloaddition’ or 76 

SPAAC [39]. However, the relatively large size and hydrophobic nature of the cyclooctyne 77 
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components can affect the biological properties of the biomolecule to which it is attached 78 

[40]. Copper-free SPAAC reactions are also 10-100 times slower than classical CuAAC 79 

reaction [35,40]. In addition, strained cyclooctyne synthesis is difficult compared to terminal 80 

alkynes and although available, commercial SPAAC components are still expensive. A 81 

second approach to improve the biocompatibility of CuAAC is the use of ligands for Cu(I) 82 

such as tris-(benzyltriazolylmethyl)amine (TBTA) [41] and tris(3-83 

hydroxypropyltriazolylmethyl)amine (THPTA) [42]. These ligands serve multiple purposes; 84 

they not only accelerate the cycloaddition reaction, they also act as sacrificial reductants 85 

protecting the copper from oxidation and help to protect cells and biomolecules [38,43]. 86 

TBTA and the water-soluble THPTA are both used in the present study. 87 

A secondary advantage of the use of Cu(I) as a catalyst in the present study is that it acts as 88 

a ‘on-off’ switch, making it possible to see a difference between immobilization through a 89 

click reaction reaction or by physical adsorption by respectively presence or absence of Cu(I) 90 

in the reaction. However, protein functionalized surfaces created with 'click' chemistry often 91 

still suffer from reproducibility issues and insufficient and/or non-homogeneous protein 92 

coverage. 93 

This work therefore presents a full optimization of all aspects of the ‘click' chemistry 94 

reaction between proteins and surfaces. This is exemplified by the ‘click’ mediated 95 

immobilization of two model proteins, Protein A (SpA, a 42 kDa immunoglobulin-binding 96 

surface protein of Staphylococcus aureus) and Maltose Binding Protein (MBP, a 42 kDa 97 

soluble periplasmic protein [44]). For this, SpA and MBP are both modified with an alkyne 98 

linker via their endogenous surface lysines. Lysines are present in most proteins, and can 99 

make up to over 10% of the overall amino acid sequence and are frequently located on the 100 

surface of the protein [45]. However this method does not lead to single and site-specific 101 

protein modification, for the purpose of this study, i.e. optimization of the ‘click’ mediated 102 
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protein immobilization, lysines offer a relatively easy method to add bio-orthogonal 103 

chemistry to proteins. Conjugation with the amine group of lysine is very often done with N-104 

Hydroxysuccinimide (NHS) esters resulting in the formation of stable peptide bonds. In the 105 

present study an alkyne-containing NHS-ester is used to alkynate SpA and MBP. The alkyne-106 

modified proteins are subsequently immobilized using CuAAC onto silica slides that are 107 

treated with the complementary reactive azides. 108 

During the optimization of the reaction conditions, the binding efficiency was evaluated 109 

using in situ ellipsometry. This technique is a non-destructive, optical technique based on 110 

changes in the orientation of two polarizer prisms [46] and gives us a unique opportunity to 111 

evaluate the CuAAC reaction in real-time with nanogram accuracy. To our knowledge the 112 

real-time assessment of CuAAC-immobilized protein layers has never been performed before. 113 

Ellipsometry offers the opportunity to not only detect and quantify the formed protein layer, 114 

but also to observe the adsorption towards the surface while it happens. The target-binding 115 

efficiency of this method is compared to commonly used immobilization techniques, i.e. 116 

physical adsorption and EDC/NHS coupling using a direct reaction between the lysines and 117 

carboxylated slides. 118 

For obvious reasons, it is also important that the alkynation, the number of modifications 119 

on the protein and the immobilization process do not induce conformational changes or 120 

influence or block the active site(s) of the protein. Therefore, the activity of SpA and MBP 121 

after immobilization has been assessed using binding studies with human IgG (binding the Fc 122 

domain) and monoclonal anti-MBP (Fab domain), respectively. Again ellipsometry was used 123 

to quantify the amount of surface coupled antibody.   124 
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2. Materials and Methods 125 

2.1. Materials 126 

Zeba micro spin desalting columns (7K MWCO, 0.5 mL), SpA (Cowan strain, 127 

recombinant, Staphylococcus aureus subsp. aureus strain NCTC 8325, expressed in E. coli) 128 

and human IgG (hIgG) were obtained from Thermo Scientific. Carboxylated, hydrophilic 129 

silicon slides, PVC coated slides and ‘washing buffer’ (WB) were developed by Synapse 130 

B.V., Maastricht, The Netherlands. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 131 

N-hydroxysuccinimide (NHS), bromopropylamine hydrobromide and sodium azide were 132 

purchased from Acros. Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine (TBTA), tris(3-133 

hydroxypropyltriazolylmethyl)amine (THPTA), diethylene glycolamine, sodium L-ascorbate 134 

(NaAsc), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), monoclonal Anti-135 

Maltose Binding Protein antibody (anti-MBP, clone-17), 2-(N-morpholino)ethanesulfonic 136 

acid (MES), sodium acetate trihydrate and 5-hexynoic acid tris(2-carboxyethyl)phosphine 137 

(TCEP) were obtained from Sigma-Aldrich. MBP was obtained from the pMXB10 vector 138 

purchased from New England Biolabs. 139 

2.2. Solutions 140 

220 mM HEPES buffer pH 6.8; 10 mM alkyne NHS in acetonitrile; 1 M diethylene 141 

glycolamine pH 7.5; PBS buffer pH 7.4: 137 mM NaCl, 27 mM KCl, 10 mM Na2HPO4, 2 142 

mM KH2PO4; 0.1 M glycine-0.2 M NaCl pH 2.5; 0.01 M sodium acetate buffer pH 4; 0.5% 143 

SDS in H2O; 0.01 M MES buffer pH 4; 0.05 M Tris-0.1 M NaCl buffer pH 7.5. Buffers were 144 

prepared with Milli-Q water. 145 

2.3. Instruments 146 
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Contact angle measurements were performed with a dataphysics OCA 15+ goniometer 147 

(Filderstadt, Germany). Contour ellipse fitting of the water droplets was done by the SCA 1.0 148 

software. The droplet size was 1 µL dispensed at 0.1 µL/s.  149 

Ellipsometry was performed on an ellipsometer with eight cuvettes equipped with 150 

magnetic stirrers, monitoring time-dependent changes in polarizer angle, analyzer angle and 151 

reflected light intensity [46]. A reference surface mass was recorded for each slide before the 152 

start of the binding monitoring. 153 

2.4. Azidification of the carboxylated silicon slides 154 

The azide linker, 3-azido-1-aminopropane (AAP, (1) in figure 1), synthesized as described 155 

by Hatzakis [47], was attached to the carboxylated silicon slides using EDC/NHS chemistry. 156 

The slides were immersed into a mixture of EDC (0.2 M), NHS (0.045 M) and AAP (0.23 M) 157 

in HEPES buffer for 3 hours. Remaining NHS esters on the surface of the slides were 158 

neutralized with diethylene glycolamine for 45 min after which the slides were rinsed with 159 

Milli-Q water and dried with nitrogen. The water droplet contact angles on the slides were 160 

measured and compared to the contact angles on carboxylated slides before azidification. A 161 

change in contact angle is an indication for the change in hydrophilicity of the surface caused 162 

by the change of the chemical groups (carboxylic acid to azides) on the surface. 163 
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 164 

Figure 1. Reaction schemes of the azidification of the silicon slides (A), 165 

alkynation of proteins (B), CuAAC immobilization of the proteins (C) and 166 

EDC/NHS mediated immobilization of proteins (D). 167 

 168 

2.5. Alkynation of SpA and MBP 169 

SpA and MBP were alkynated by the reaction of an NHS linker with lysine. The alkyne 170 

NHS ester, 2,5-dioxopyrrolidin-1-yl-hex-5-ynoate ((2) in figure 1), was synthesized according 171 

to Jagadish [48]. 172 

The proteins were alkynated by adding the alkyne NHS ester to an SpA solution of 17.7 173 

µM in PBS and an MBP solution of 3.5 µM in PBS, yielding alkyne-SpA (A-SpA) and 174 

alkyne-MBP (A-MBP) respectively. Appropriate NHS ester concentrations were added to 175 

both proteins leading to a theoretical functionalization level of 16% of the present lysines (63 176 

for SpA [49,50] and 36 for MBP [51]). In addition, a theoretically fully (100%) alkynated 177 

SpA (fA-SpA) and MBP (fA-MBP) were obtained by adding a 1.5 molar excess (to the total 178 
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number of lysines) of the alkyne NHS ester. After 3 hours the reaction mixture was filtered 179 

using a Zeba micro spin desalting column. Chemical modification by alkynation was 180 

demonstrated by native PAGE, visualizing the changes in electrophoretic mobility caused by 181 

the alterations in the overall charge of the proteins. 182 

2.6. CuAAC immobilization of A-SpA 183 

A screening of optimal 'click' reaction conditions was performed by using different 184 

combinations of reducing agents (TCEP versus sodium L-ascorbate), buffers (PBS pH 7.4 185 

versus sodium acetate buffer pH 4) and ligands, i.e. the commonly used non-polar TBTA or 186 

the water-soluble THPTA. Since TBTA is not soluble in water, DMSO is added to the 187 

reaction mixtures containing TBTA. The amount of immobilized SpA in the different reaction 188 

conditions was measured as the average surface mass (ASM). All mixtures contained 1 µM 189 

A-SpA and 0.5 mM CuSO4. 64 Azidified slides were placed in the 8 different reaction 190 

mixtures for 18 hours at room temperature without stirring, resulting in 8 samples for each 191 

immobilization condition. After the reactions, the ASM was determined by ellipsometry 192 

analysis. The different reaction conditions are given in Table 1. 193 

 194 

Table 1. Reaction mixtures used for the immobilization of SpA in either 195 

sodium acetate buffer pH 4 or PBS pH 7.4. All mixtures contain 1µM of protein. 196 

Mixture Reducing agent (mM) Ligand (mM) Cu Catalyst (mM) 

1 NaAsc. 2.50 THPTA 1.00 CuSO4 0.50 
2 * TCEP 0.85 TBTA 1.00 CuSO4 0.50 
3 TCEP 0.85 THPTA 1.00 CuSO4 0.50 
4 * NaAsc. 2.50 TBTA 1.00 CuSO4 0.50 
*contains 2.5 % DMSO. 197 
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Additional to the coupling reaction of A-SpA to the azidified slides, three control 198 

experiments were simultaneously performed: 1) reaction between azidified slides and 199 

wildtype SpA, 2) carboxylated slides and A-SpA and 3) carboxylated slides and wildtype 200 

SpA. Reaction time and concentrations of the other reactants were left unchanged. 201 

Washing of the samples after immobilization was performed in three subsequent steps 202 

using different buffers: PBS to remove the protein solution containing the reagents and the 203 

excess of protein on the surface, Washing Buffer to interrupt the electrostatic interactions and 204 

finally SDS to remove hydrophobic bonds.  205 

To follow the 'click' reaction in real-time and to determine the rate of immobilization, the 206 

ASM of A-SpA using Mixture 1 in acetate buffer and Mixture 2 in PBS was monitored after 0 207 

s, 1800 s (0.5h) and 65000 s (18h). 208 

To determine the influence of the protein concentration on the CuAAC coupling, five 209 

additional A-SpA solutions were tested, i.e. 0.034 µM, 0.068 µM, 0.102 µM, 0.136 µM and 210 

0.500 µM. The immobilization was performed in Mixture 1 in acetate buffer in duplo for 211 

every protein concentration for 30 minutes. The ASM after coupling as well as after the 212 

washing steps was determined by ellipsometry. 213 

To test the effect of the reaction volume on the immobilization efficiency, immobilization 214 

was performed via a drop method. For this, eight azide functionalized slides were put 215 

horizontally in a water vapor saturated environment at room temperature. Subsequently one 216 

drop (30 µL), containing 1 µM A-SpA in Mixture 1 in acetate buffer, was applied on each 217 

slide. A reference was measured before applying the protein-containing droplet. After 30 218 

minutes, the ASM was measured during the different washings steps. 219 

2.7. CuAAC immobilization of A-MBP 220 
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The CuAAC coupling of 1 µM A-MBP was performed in Mixture 1 in acetate buffer 221 

during 30 minutes after which the ASM of immobilized MBP was determined. 222 

2.8. Physical adsorption and covalent EDC/NHS immobilization of SpA 223 

For physical adsorption, PVC slides were put into a 1 µM SpA solution in Tris-NaCl 224 

buffer for 1.5 hours. For covalent surface coupling by EDC/NHS, carboxylated silicon slides 225 

were put into a solution of 0.2 M EDC and 0.071 M NHS in MES buffer for 1 h. Next, the 226 

slides were put into MES buffer containing 1 µM SpA for 1.5 h, followed by flushing with 227 

WB for several minutes and measuring the ASM in MES buffer. This procedure was 228 

performed in triplicates. After immobilization, the ASM on the slides was measured while 229 

flushing with Tris buffer. This procedure was again performed in triplicates. 230 

2.9. Activity of immobilized SpA and MBP 231 

It has been shown that adsorption can affect protein activity and due to random orientation 232 

of the molecules on the surface, binding sites may not be reachable [52-56]. Therefore, the 233 

effect of the immobilization methods on the activity, as measured by the interaction and 234 

binding to an antibody, was determined. The SpA covered slides, obtained via physical 235 

adsorption, EDC/NHS coupling or CuAAC chemistry were put into cuvettes containing PBS. 236 

For each slide a reference surface mass was recorded and human IgG (hIgG) was added to a 237 

final concentration of 0.33 µM. The interaction between the immobilized SpA and hIgG was 238 

monitored using real-time ellipsometry. Similarly, monoclonal anti-MBP (0.33 µM) was 239 

added to the cuvettes containing the MBP covered slides. The interaction between the 240 

antibody and immobilized MBP was monitored in real-time by ellipsometry. 241 

3. Results and Discussion 242 

3.1. Azidification and Alkynation 243 
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A covalent surface protein immobilization via CuAAC ‘click’ chemistry requires the 244 

introduction of two complementary functional groups, i.e. one on the silicon slide and the 245 

other in the protein. After the azidification of the carboxylated slides using EDC/NHS 246 

chemistry, the surface angle of water on the slides was measured. It was found that the contact 247 

angle changed from 0º (hydrophilic) to 32.4° (±2.9°) (more hydrophobic). This is in 248 

agreement with the expected modification of carboxylic acids to azides on the surface. It 249 

should be noted that at pH 4, parts of the remaining non-modified carboxylic groups will be 250 

negatively charged, resulting in an electrostatic attraction of the positively charged SpA (SpA: 251 

pI~5.4; theoretically calculated with Innovagen protein property calculator) and MBP (MBP: 252 

pI~5; idem) to the surface at which the ‘click’ reaction takes place [57,58]. 253 

In addition to the surface azidification, the proteins SpA and MBP were complementary 254 

functionalized with alkynes via the endogenous lysines. By alkynating the lysines, the pI of 255 

the global protein will decrease and this change can be visualized by native polyacrylamide 256 

gel electrophoresis (PAGE). Figure 2 illustrates the difference between wild-type SpA (left) 257 

and A-SpA (right) after performing native PAGE. At pH 8.8 the more negatively charged A-258 

SpA migrates faster than SpA towards the positive pole, demonstrating a successful 259 

alkynation. 260 

 261 

Figure 2. Native polyacrylamide gel electrophoresis of wild-type SpA (left, 262 

three replicate samples) and A-SpA (right, four replicate samples). 263 
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3.2. CuAAC Coupling with SpA 264 

To find the optimal conditions for protein immobilization via CuAAC chemistry, SpA was 265 

used as a model protein. The reaction conditions were tested using different (combinations of) 266 

reducing agents (TCEP versus sodium L-ascorbate), ligands (water soluble THPTA versus the 267 

apolar TBTA) and buffers (PBS pH 7.4 versus sodium acetate buffer pH 4). Figures 3 and 4 268 

summarize the increase in surface mass as measured by ellipsometry for the different reaction 269 

mixtures in PBS pH 7.4 and acetate buffer pH 4, respectively, after 18h. Each condition was 270 

repeated on 8 replicate slides. 271 

 272 

Figure 3. Surface mass of four different mixtures in PBS pH 7.4. The dashed 273 

line marks the theoretical surface mass of a close-packed monolayer of SpA as 274 

estimated by Lahiri et al [59]. 275 
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 276 

Figure 4. Surface mass of four different mixtures dissolved in sodium acetate 277 

buffer pH 4. The dashed line marks the theoretical surface mass of a close-278 

packed monolayer of SpA as estimated by Lahiri et al [59]. 279 

 280 

When the CuAAC reaction was performed in PBS (pH 7.4) only reaction Mixture 2 shows 281 

a significant binding of 0.28 µg/cm2. However, the reproducibility was rather poor with a 282 

standard deviation of 46 %. For the sodium acetate buffer (pH 4) reactions in Mixture 1 and 283 

Mixture 4 both yielded significant protein surface coverages of 0.28 µg/cm2 and 0.47 µg/cm2, 284 

with standard deviations of 11 % and 19 %, respectively. The better reproducibility in 285 

Mixture 1 and Mixture 4 at pH 4 can be explained by the attraction forces between the 286 

positively charged proteins and the negative charges of the remaining carboxylate groups at 287 

the substrate surface at this pH [56]. 288 
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The maximum amount of protein that can be immobilized on a surface was estimated by a 289 

theoretical model described by Lahiri et al [59]. This model estimates the theoretical maximal 290 

number of protein molecules per mm2 in a close-packed hexagonal monolayer arrangement. 291 

With this model, the maximum surface coverage of SpA was estimated to be 0.36 µg/cm².  292 

Although this is just a model estimate assuming the proteins are hard spheres of uniform 293 

density, the three reaction conditions yielding the highest surface mass are close to this 294 

theoretical value: Mixture 2 in PBS and Mixtures 1 and Mixture 4 in acetate buffer. However, 295 

Mixture 2 in PBS and Mixture 4 in acetate buffer both contain DMSO, an organic solvent 296 

which might result in (partial) denaturation of proteins [60,61]. Mixture 1 in acetate buffer is 297 

the DMSO-free alternative of Mixture 4 in the acetate buffer and is therefore chosen as the 298 

optimal CuAAC reaction condition and is used for the subsequent reactions. 299 

To test the stability of the CuAAC covalent coupling of A-SpA to the azidified surface in 300 

Mixture 1 in acetate buffer, four experiments were simultaneously performed in which (non-) 301 

alkynated SpA and/or non-azidified surfaces were used. Proteins were coupled to the surface 302 

for 18 hours after which the surfaces were washed with different washing solutions. During 303 

washing, the ASM was measured in real-time. Figure 5 shows that only A-SpA coupled to the 304 

azidified silicon surface resisted the different washing steps. In the three control experiments 305 

almost all protein is removed during washing. This suggests that the used CuAAC coupling 306 

protocol of an alkynated protein to an azidified surface results in a stable and covalent bond. 307 
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 308 

Figure 5. Surface mass evolution as measured by ellipsometry during 309 

consecutive washing steps with acetate buffer (Ac.); washing buffer (WB); 310 

sodium dodecyl sulfate solution (SDS); washing buffer and acetate buffer: for A-311 

SpA which is covalently coupled to azidified silicon slides by CuAAC with 312 

Mixture 1 in acetate buffer (green) and for control experiments accomplished 313 

under identical conditions but with carboxylated plates and/or non-alkynated 314 

SpA. 315 

 316 

To test whether the immobilization reaction time could be shortened, surface mass 317 

measurements were also performed at 1800 sec (30 minutes), since preliminary measurements 318 

of the immobilization in acetate buffer showed a fast increase in surface mass during the first 319 

30 minutes. Reaction times under 30 minutes are too short to get complete covalent coupling 320 

and surface mass increase is mainly due to adsorption (data not shown). When using Mixture 321 
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1 in acetate buffer, it was found that the formation of the A-SpA layer was already complete 322 

after 30 minutes, which is only 2.5% of the time that was presumed to be needed to obtain 323 

sufficient protein layers. On the other hand when using Mixture 2 in PBS no signs of a 324 

biolayer in development could be observed after 30 minutes and a reaction time of 18 hours 325 

was needed to obtain a biolayer of comparable mass. In addition, Mixture 2 in PBS leads to 326 

high standard deviations. This implies that Mixture 1 in acetate buffer does not only enhances 327 

the rate of formation of the biofilm on the azide functionalized substrate but also leads to 328 

highly reproducible layers (table 2). 329 

Table 2. Surface mass measurements and the corresponding standard 330 

deviations after 30 min and 18 h of CuAAC reaction. At 30 min, a 5 min wash 331 

step with WB was performed to see the difference in surface mass.  332 

Time  Surface mass (µg/cm2) 

  PBS S.D.1  Acetate S.D.2 

0  0.00   0.00  

i  CuAAC coupling reaction 

30 min  0.00 0.01  0.35 0.02 

i  Wash step with WB 

35 min  0.00 0.01  0.33 0.01 

i  CuAAC coupling reaction 

18 h  0.38 0.18  0.37 0.03 

1n=3, 2n=4 333 

The successful biofunctionalization of the silicon slide with proteins was supported by 334 

contact angle measurements. Whereas the azide functionalized slides exhibited an average 335 

water contact angle of 32.4° (±2.9°), this contact angle increased to 62.4° (±2.6°) after 336 

treatment with A-SpA using Mixture 1 in acetate buffer. This is an indication of the chemical 337 

change caused by the formation of the A-SpA layer. Based on these experiments it can be 338 
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concluded that Mixture 1 in acetate buffer results in an optimal and reproducible coupling of 339 

A-SpA to the azidified substrate in a short reaction time of 30 minutes. 340 

3.3. Concentration Dependency of the CuAAC Coupling 341 

Considering the future development of biofunctionalized surfaces based on antibodies, 342 

reducing the amount of protein/antibody per sample is highly recommended. Therefore, five 343 

additional protein concentrations (0.034, 0.068, 0.102, 0.136 and 0.500 µM) were tested for 344 

immobilization. After 30 minutes of immobilization in Mixture 1 in acetate buffer, a surface 345 

mass of 0.08 µg/cm² was achieved for the 0.034 µM solution. In case of the 0.068 µM A-SpA 346 

0.15µg/cm² was achieved and 0.17 µg/cm² for the 0.102 µM A-SpA. The 0.136 µM A-SpA 347 

solution reached a maximum of 0.20 µg/cm² and 0.25 µg/cm² was obtained by using a 0.5 µM 348 

A-SpA solution (Figure 6, top right). 349 

The measurements confirm the effect of the protein concentration on the final protein mass 350 

of the biolayers (Figure 6). Varying the protein concentrations from 0 to 0.102 µM results in a 351 

very steep increase in A-SpA surface mass. Further raising the A-SpA concentration results in 352 

a gradual increase in surface mass and apparent saturation around 0.30 µg/cm². This amount 353 

is in agreement with the theoretical maximum amount of SpA that can be immobilized on a 354 

surface, i.e. 0.36 µg/cm² as estimated by a theoretical model described by Lahiri et al. [59]. 355 
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 356 

Figure 6. A-SpA Surface Mass evolution of CuAAC coupling using different 357 

protein concentrations, followed by subsequent washing steps with WB, SDS and 358 

PBS. The insert shows the concentration dependency of the final A-SpA surface 359 

mass.  360 

 361 

Lowering the concentration of the reaction mixture therefore results in a lower amount of 362 

protein on the substrate. Higher protein concentrations are therefore preferred to create 363 

maximally covered surfaces. 364 

Another option to reduce protein consumption would be reducing the immobilization 365 

reaction volume. By using the drop method, a 1 µM A-SpA solution in Mixture 1 in acetate 366 

buffer was used, but the reaction volume was reduced from 400 µl (maximum volume 367 

cuvettes) to 30 µl, the minimal volume to fully cover the same area of the azide-368 

functionalized silicon slides. Interestingly, this 13 times reduction in reaction volume still 369 
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results in protein layers of 0.29 ± 0.03 µg/cm² A-SpA. This means a considerable reduction in 370 

protein usage to obtain dense A-SpA layers which gives the opportunity to efficiently use 371 

higher protein concentrations to get optimal surface coverage. 372 

3.4. Comparison with other immobilizing methods 373 

The optimized surface CuAAC coupling of A-SpA was compared to other commonly used 374 

coupling procedures as shown in Figure 7. The ASM of 0.28 µg/cm² resulting from the 375 

CuAAC reaction matches a surface coverage of 78% of a close packed monolayer of 0.36 376 

µg/cm² (Lahiri et al. [59]). For EDC/NHS coupling and physical adsorption, this is only 61% 377 

and 53%, respectively. Comparing the results of the EDC/NHS coupling of 1 µM SpA (0.22 378 

+/- 0.02 µg/cm2) with the results from Figure 6, it is remarkable that a 0.136 µM solution used 379 

in combination with the CuAAC coupling yields comparable surface mass (0.20 µg/cm²), 380 

even though the reaction time is 5 times less and the protein concentration is 7 times less. One 381 

explanation for this immobilization efficiency and higher surface mass after click reaction 382 

compared to EDC/NHS might be that when SpA is modified with an alkyne, a spacer was 383 

also introduced (Figure 1). This linker creates a suitable separation between the surface and 384 

the protein. This might reduce steric hindrance, leading to increased immobilization mass. 385 

Hence, this indicates that CuAAC based immobilization leads to a considerable improvement 386 

in reproducibility and surface mass. 387 
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 388 

Figure 7. Average Surface Mass (ASM) and standard deviation obtained from 389 

immobilizations of SpA on carboxylated silicon slides by physical adsorption and 390 

EDC/NHS coupling and of A-SpA on azidified slides with CuAAC. 391 

 392 

3.5. Activity measurements of immobilized SpA 393 

By measuring the binding of human IgG to the immobilized SpA, the activity of the 394 

proteins after surface coupling via CuAAC, EDC/NHS or physical adsorption has been 395 

evaluated (Figure 8). 396 
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 397 

Figure 8. Average Surface Mass (ASM) of antibody and corresponding 398 

standard deviations obtained after binding of human IgG to different SpA 399 

functionalized slides.  400 

 401 

The physically adsorbed SpA is able to bind only minute amounts of hIgG, i.e. 0.08 402 

µg/cm². The hIgG density of EDC/NHS coupled SpA is 0.47 µg/cm². The highest amount of 403 

hIgG binding, i.e. 0.65 µg/cm2, can be observed for A-SpA layers immobilized by CuAAC. 404 

This mass increase of hIgG is two times higher than a side-on close packed hIgG monolayer, 405 

i.e. 0.3 µg/cm², and is more than 40% of fully end-on covered hIgG monolayer, i.e. 1.5 406 

µg/cm² [62]. This indicates that the surface consists of a mixture of sideway oriented and end-407 

on oriented hIgG molecules. After hIgG binding, the slides were flushed with an acidic 408 

glycine solution, a procedure often used to only break the specific antibody-antigen 409 

interactions in antibody purification columns [63]. After washing, the original layers of 0.28 410 
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µg/cm² were restored demonstrating the very specific binding between A-SpA and hIgG. The 411 

possibility of aspecific binding is reduced due to the obtained dense A-SpA layer (78% of 412 

close-packed), which does not allow for much ‘protein-free’ spaces in the biofilm. These gaps 413 

could be a possible cause for increased aspecific binding of the antibody. 414 

To further study the impact of surface coverage on the hIgG binding capacity of the A-415 

SpA, different slides with increasing A-SpA surface mass was tested. The slides incubated 416 

with different A-SpA concentrations (figure 6) were incubated with hIgG and the antibody 417 

binding was followed (figure 9).  418 

 419 

Figure 9. hIgG Surface Mass evolution after binding to surfaces with different 420 

amounts of A-SpA. The binding of hIgG is followed by washing with glycine, 421 

SDS and PBS. 422 

 423 
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The binding capacity towards hIgG increases with the increasing A-SpA surface mass, 424 

indicating that the improved coverage with A-SpA has a direct positive impact on the binding 425 

capacity of hIgG. Further it can be seen that the higher the initial amount of immobilized A-426 

SpA on the azide surface is (before adding IgG), the less aspecific adsorbed IgG needs to be 427 

removed by SDS after completion of the glycine washing step. This probably originates from 428 

the fact that a lower density of the initial A-SpA layers can offer the opportunity for aspecific 429 

adsorption of IgG molecules to the ‘protein-free’ substrate (vide supra). As a result, it can be 430 

concluded that the increased SpA surface mass (0.28 µg/cm²) obtained via CuAAC, not only 431 

leads to an increased presence of receptor (SpA) molecules on the surface (see figure 6), but 432 

also has the advantage of reducing aspecific binding of target molecules, in this case hIgG, to 433 

the underlying substrate. This will have a positive impact on the signal-to-noise ratio when 434 

applying this CuAAC coupling technique in sensing devices, thus improving their sensitivity 435 

and decreasing the chance of possible errors. 436 

3.6. Covalent coupling of MBP 437 

To confirm that the results obtained for SpA are representative for and applicable to other 438 

protein systems, experiments were repeated with MBP. The use of CuAAC with Mixture 1 in 439 

acetate buffer for 30 minutes resulted in the following covalently coupled biolayers (Figure 440 

10). For A-MBP, an average surface mass of 0.21 µg/cm² ± 0.033 µg/cm² was obtained (n=3). 441 

Upon coupling fully alkynated MBP, an average surface mass of 0.25 µg/cm² ± 0.07 µg/cm² 442 

was obtained (n=3). These results clearly demonstrate the covalent attachment of MBP. 443 

Although higher surface mass was obtained for the fully alkynated MBP, this full alkynation 444 

affects the antibody binding (vide infra). 445 
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 446 

Figure 10. Surface mass evolution for the coupling of standard alkynated MBP (green) 447 

and fully alkynated MBP (orange) to azidified silicon slides by CuAAC with Mixture 1 and 448 

for consecutive washing steps with washing buffer (WB), sodium dodecyl sulfate solution 449 

(SDS) and PBS. 450 

3.7. Activity measurements of MBP 451 

The MBP covered slides were incubated with anti-MBP. Figure 11 shows a remarkable 452 

difference between both immobilization types in terms of activity. Despite the fact that the 453 

surface coverage of fA-MBP is almost 25% higher than that of A-MBP (Figure 10), the A-454 

MBP coated slides bind significant higher amounts of anti-MBP antibody i.e. 0.13 µg/cm² 455 

compared to only 0.05 µg/cm² for fA-MBP. This might indicate that the high number of 456 

modifications causes conformational changes in the protein. This will lead to reduced 457 

accessibility by anti-MBP antibodies and therefore less binding. Obviously, it is important to 458 

minimize the number of modifications in order to prevent (conformational) changes that can 459 
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lead to reduced protein activity. Moving towards partial or even single and eventually to a 460 

site-specific functionalization of the protein of interest can offer the possibility to modify and 461 

immobilize the protein in a controllable way without interfering with its functioning. This 462 

way, biomaterial with optimal biological activity can be created. 463 

 464 

Figure 11. Surface mass evolution of the MBP-coupled slides during the 465 

binding of monoclonal anti-MBP: standard alkynated A-MBP (green; average 466 

increase: 0.13 µg/cm²) and fully alkynated fA-MBP (orange; average increase: 467 

0.05 µg/cm²). 468 

 469 

4. Conclusions 470 

The covalent coupling of SpA and MBP on azide functionalized silicon slides has been 471 

achieved via an optimized copper catalyzed azide-alkyne cycloaddition. For this optimization, 472 
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the immobilization of the proteins was followed in real-time with in situ ellipsometry. This 473 

allowed us to study the click reaction in a time-dependent manner and to find the optimal 474 

reaction time and conditions to create covalently coupled protein surfaces with an optimal 475 

protein coverage and subsequent activity. An effective, reproducible and rapid method has 476 

been developed by combining copper sulfate, sodium ascorbate and THPTA in 0.01 M 477 

sodium acetate buffer at pH 4 in 30 minutes. Furthermore, a considerably improved surface 478 

mass was obtained as compared to other commonly used coupling techniques demonstrating 479 

its innovative potential for future biofunctionalization of surfaces. After coupling, the 480 

biolayers kept their characteristics, i.e. the bound SpA was still able to interact with human 481 

IgG and the bound MBP with MBP antibody. These results confirm that this covalent 482 

coupling method can be used for different proteins without inhibiting their corresponding 483 

activity. At the same time the increased surface mass resulted in a reduction in aspecific 484 

binding of target molecules. This rapid and covalent coupling strategy to a solid carrier offers 485 

promising prospects for a wide range of applications based on biofunctionalized surfaces, i.e. 486 

biofunctionalized microarrays and biosensing devices. 487 

  488 
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Captions 757 

 758 

Figure 1. Reaction schemes of the azidification of the silicon slides (A), 759 

alkynation of proteins (B), CuAAC immobilization of the proteins (C) and 760 

EDC/NHS mediated immobilization of proteins (D). 761 

 762 

Figure 2. Native polyacrylamide gel electrophoresis of wild-type SpA (left, three 763 

replicate samples) and A-SpA (right, four replicate samples). 764 

 765 

Figure 3. Surface mass of four different mixtures in PBS pH 7.4. The dashed line marks the 766 

theoretical surface mass of a close-packed monolayer of SpA as estimated by Lahiri et al [59]. 767 

 768 

Figure 4. Surface mass of four different mixtures dissolved in sodium acetate buffer pH 4. 769 

The dashed line marks the theoretical surface mass of a close-packed monolayer of SpA as 770 

estimated by Lahiri et al [59]. 771 

 772 

Figure 5. Surface mass evolution as measured by ellipsometry during consecutive washing 773 

steps with acetate buffer (Ac.); washing buffer (WB); sodium dodecyl sulfate solution (SDS); 774 

washing buffer and acetate buffer: for A-SpA which is covalently coupled to azidified silicon 775 

slides by CuAAC with Mixture 1 in acetate buffer (green) and for control experiments 776 

accomplished under identical conditions but with carboxylated plates and/or non-alkynated 777 

SpA. 778 
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 779 

Figure 6. A-SpA Surface Mass evolution of CuAAC coupling using different protein 780 

concentrations, followed by subsequent washing steps with WB, SDS and PBS. The insert 781 

shows the concentration dependency of the final A-SpA surface mass. 782 

 783 

Figure 7. Average Surface Mass (ASM) and standard deviation obtained from 784 

immobilizations of SpA on carboxylated silicon slides by physical adsorption and EDC/NHS 785 

coupling and of A-SpA on azidified slides with CuAAC. 786 

 787 

Figure 8. Average Surface Mass (ASM) of antibody and corresponding standard deviations 788 

obtained after binding of human IgG to different SpA functionalized slides. 789 

 790 

Figure 9. hIgG Surface Mass evolution after binding to surfaces with different amounts of A-791 

SpA. The binding of hIgG is followed by washing with glycine, SDS and PBS. 792 

 793 

Figure 10. Surface mass evolution for the coupling of standard alkynated MBP (green) and 794 

fully alkynated MBP (orange) to azidified silicon slides by CuAAC with Mixture 1 and for 795 

consecutive washing steps with washing buffer (WB), sodium dodecyl sulfate solution (SDS) 796 

and PBS. 797 

 798 
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Figure 11. Surface mass evolution of the MBP-coupled slides during the binding 799 

of monoclonal anti-MBP: standard alkynated A-MBP (green; average increase: 800 

0.13 µg/cm²) and fully alkynated fA-MBP (orange; average increase: 0.05 801 

µg/cm²). 802 

 803 

 804 

Table 1. Reaction mixtures used for the immobilization of SpA in either sodium acetate buffer 805 

pH 4 or PBS pH 7.4. All mixtures contain 1µM of protein. 806 

 807 

Table 2. Surface mass measurements and the corresponding standard deviations after 30 min 808 

and 18 h of CuAAC reaction. At 30 min a 5 min wash step with WB was performed to see the 809 

difference in surface mass. 810 

 811 


