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Abstract 18 

The nanostructuration of biolayers has become a paradigm for exploiting nanoscopic 19 

light-matter phenomena for biosensing, among other biomedical purposes. In this 20 

work, we present a photopatterning method to create periodic structures of 21 

biomacromolecules, based on a local and periodic mild denaturation of protein 22 

biolayers mediated by UV-laser irradiation. These nanostructures are constituted by a 23 

periodic modulation of the protein activity, so they are free of topographic and 24 

compositional changes along the pattern. Herein we introduce the approach, explore 25 

the patterning parameters, characterize the resulting structures, and assess their 26 

overall homogeneity. This UV-based patterning principle has proven to be an easy, 27 

cost-effective, and fast way to fabricate large areas of homogeneous one-dimensional 28 

protein patterns (2 min, 15 x 1.2 mm, relative standard deviation ≃ 16%). This work 29 

also investigates the implementation of these protein patterns as transducers for 30 
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diffractive biosensing. Using a model immunoassay, these patterns have demonstrated 31 

negligible signal contributions from non-specific bindings and comparable 32 

experimental limits of detection in buffer medium and in human serum (53 and 36 33 

ng·mL-1 of unlabelled IgG, respectively). 34 

 35 

Keywords: Biosensor, UV denaturation, Immunoassay, Non-specific binding, Label-36 

free, Diffraction 37 

 38 

1. Introduction 39 

Nanoscience and nanotechnology are nowadays a fertile groundwork of materials and 40 

nanoscopic light-matter phenomena that provide unique solutions in endless 41 

scenarios. Within this field, the patterning of biomacromolecules points towards a 42 

promising scope in biomedical applications such as organ-on-a-chip,1,2 neuronal 43 

networks,3–6 drug delivery,7 and implant coatings8 among others. It also involves a 44 

particularly high impact in biosensing, where the biomolecular patterns are tailored to 45 

display nanoscopic phenomena to transduce biorecognition events.9,10 A crucial aspect 46 

in this scenario is the development of fast and large-scale methods to fabricate active 47 

nanostructures with a high geometrical accuracy. 48 

A classical approach for structuring biomacromolecules is to place continuous biolayers 49 

onto prepatterned solid substrates,11–13 typically fabricated by photolithography,14 50 

electron-beam lithography,15 dip-pen lithography,16 and laser interference.17 An 51 

alternative approach is to create nanostructures constituted by the 52 

biomacromolecules themselves on unstructured substrates. This strategy has been 53 

widely used to create microarrays for biosensing, using techniques as contact and non-54 

contact printing,18 photochemical surface chemistries19 or using patterned incubation 55 

masks.20 Among these nanostructuration techniques, microcontact printing (µCP) 56 

holds a noteworthy popularity for patterning biomolecules of different natures 57 

(proteins, nucleic acids, small molecules, etc).21 µCP relies on the selective transfer of 58 

biomolecules from a nanostructured elastomeric stamp (typically made of 59 

polydimethylsiloxane) to a solid substrate just by contact. Even though µCP has 60 
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demonstrated to be an excellent nanostructuration technique for biolayers in terms of 61 

versatility, simplicity, and cost effectiveness, it presents some limitations, such as a 62 

moderate homogeneity of the resulting structures,22 and a limited functionality of the 63 

patterned biomolecules.23 64 

 65 

 66 

Figure 1. Scheme of the UV-induced selective protein deactivation process. 67 

 68 

In this work, we present a method to create 1D periodic nanostructures of 69 

biomacromolecules on flat surfaces, based on the local deactivation of protein 70 

biolayers assisted by UV-laser. As schematized in Figure 1, the hypothesis behind this 71 

patterning strategy relies on irradiating surface-bound protein monolayers through a 72 

phase mask that generates an interferometric pattern of light on the biolayer. Proteins 73 

exposed to constructive interferences undergo a mild denaturation that impede their 74 
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functionality (without reaching ablation), and those exposed to the destructive 75 

interference keep their activity. Unlike standard UV photopatterning techniques 76 

typically based on photoresists, ablation, and inscribing refractive index variations on 77 

inorganic substrates,26–28 this approach aims to create patterns constituted by a 78 

periodic modulation of protein functionality and free of topographic contributions. 79 

If these patterns of biomacromolecules are periodic at the nanoscale they can interact 80 

with incident light beams and diffract them. Assessing this diffractive response 81 

provides useful information for the characterization of the structures. In addition, 82 

diffractive patterns of biomacromolecules have demonstrated to be a promising 83 

transduction system for biosensing.29–34 Among other features, they enable the 84 

development of miniaturized bioanalytical systems for real-time and label-free sensing, 85 

with a unique potential to minimize non-specific binding issues in the analysis of 86 

complex biological samples.35  87 

Herein we report the design and development of this patterning method for 88 

biomacromolecules based on periodic UV deactivation. First, the photofabrication 89 

parameters are explored and the structural features of the resulting protein patterns 90 

are characterized by microscopy and by assessing their diffractive response. Then, the 91 

homogeneity of the structures is investigated and compared with their counterparts 92 

fabricated by micro-contact printing. Finally, this work studies and reports the 93 

bioanalytical performance of these protein patterns for diffractive biosensing, 94 

investigates their potential to minimize non-specific binding contributions in biological 95 

samples, and provides insights into their multiplexing capabilities. 96 

 97 

2. Results and discussion 98 

2.1. Photopatterning 99 

The amount of light applied to the surface-bound bioreceptors is a key parameter in 100 

this photopatterning strategy, since it will ultimately determine the rate of proteins 101 

that become deactivated and the magnitude of their denaturation.25 This aspect is 102 

herein investigated using a model immunoassay based on bovine serum albumin (BSA) 103 

protein probes and specific antiBSA IgGs targets. 104 
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After optimizing the surface concentration of the BSA protein biolayer (Figure S1), a 105 

range of UV fluences were experimentally assessed to explore their effect and to set-106 

up optimal conditions to create functional nanostructures. To modulate the fluences, 107 

both the emission power of the UV-laser and the time of exposure on the protein 108 

surface were investigated. The time of exposure was controlled by the scan velocity of 109 

the UV laser along the phase mask, and the structural features of the resulting protein 110 

patterns were assessed by means of their diffractive response and their atomic force 111 

microscopy (AFM) profile. 112 

Regarding the diffractive characterization, note that these patterns are periodic one-113 

dimensional nanostructures conformed by alternated strips of active and inactive BSA 114 

proteins, where the active proteins will be able to bind their target IgGs but the 115 

photodeactivated ones will not. As the relative amount of matter in the activated 116 

strips selectively increases because of the interaction with the target IgG, the periodic 117 

modulation becomes greater, and the diffraction efficiency increases too. As expected, 118 

neglectable diffraction efficiencies are experimentally observed in all the biolayers 119 

right after the photopatterning, regardless the irradiation fluence. Also, unstructured 120 

flat topographies are observed by AFM (Figure S2), suggesting that these fluences 121 

neither reach the threshold to create a periodic ablation of the biolayer or the glass 122 

surface, nor lead to a severe protein denaturation that would introduce a significant 123 

periodic modulation of the refractive index. Instead, the results match the expected 124 

periodic mild denaturation of the surface proteins. 125 

Then, to assess the deactivation profile, the irradiated biolayers were investigated 126 

after incubating a solution of specific target antiBSA IgG (10 µg·mL-1) on them. 127 

Therefore, these IgG should bind the proteins of the active strips, but not the 128 

deactivated ones. A diffractive response is observed in all the cases (Figure 2A), which 129 

indicates the selective IgG binding according to the expected stripped pattern. The 130 

experimental results show different diffractive trends, and topographic features for 131 

low, medium, and high irradiation fluences as discussed below. 132 

As shown in Figure 2A, the low-fluence range (from 0 to about 1.5 J·cm-2) displays a 133 

low diffractive response that increases together with the fluence. It indicates that the 134 

aimed periodic protein deactivation takes also place at these fluences, although it 135 
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involves a lower height modulation. In fact, irradiation fluences as low as 62·mJ·cm-2 136 

are enough to create a pattern. On the other hand, the diffractive response of the 137 

patterns created by different laser powers (27.5 and 55 mW) overlap in this low-138 

fluence range, whereas this is not the case for the rest of the curve. This observation 139 

suggests that the biolayer presents non-linear response to the laser power and the 140 

scan velocity, and therefore both parameters must by optimized simultaneously. 141 

An optimal range is shown at medium fluence of 1.5-4 J·cm-2 (Figure 2A). In particular, 142 

the maximal diffractive response is obtained in protein patterns created at 2.5 J·cm-2 143 

with a laser power of 55 mW, and a dropping trend in the diffraction efficiency is 144 

observed beyond this medium range in all the cases. 145 

These results indicate that the highest rate of denaturation between active and 146 

deactivated strips corresponds to medium irradiation fluences, and this observation is 147 

supported by the topographic characterization. The biolayers exposed to medium 148 

fluences display greater height modulations after the immunoassay than those created 149 

at low and high fluences (Table S1). Also, as shown in Figures 2B(i) and (ii), the target 150 

antiBSA IgGs selectively bind to active protein strips generating a homogeneous, 151 

periodic, and grooved structure. 152 

Regarding the period of the biolayer patterns, the one expected for the employed 153 

phase mask (710 nm) is obtained in all the cases, as measured by AFM (Figures 2A and 154 

Table S1). A contribution of a double-length period (around 1420 nm) is also observed 155 

in the diffractive response and in the AFM scans and comes from the two effects 156 

schematized in Figure 2B (iii). One of them is a deactivation fluence of a relatively wide 157 

range, rather than a narrow value. The other one is a non-negligible contribution of the 158 

zeroth diffraction order of the phase mask, which interferes with the first orders and 159 

generates a sinusoidal light profile on the biolayer constituted by alternated lobes of 160 

higher and lower intensity. Although only a power contribution of about 3% is 161 

expected from the zeroth order,36 the experimental results show that it can involve a 162 

significant impact in the resulting protein pattern. The interaction of these two effects 163 

can also explain the deviation in the duty cycle measured by AFM (Table S1), around 164 

60% and 40% for low and high fluences, respectively. This issue can be minimized by 165 

selecting proper irradiation parameters (laser power and scan velocity), and our 166 
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experimental results show that a minimal presence of this double period and an 167 

optimal duty cycle of around 50% are simultaneously obtained in the structures 168 

fabricated at medium fluence. 169 

Regarding the changes undergone by the surface-bound proteins due to the 170 

irradiation, proteins absorb UV light thanks to the side chain of the aromatic amino 171 

acids. This excitation can generate an electron flux that induces the breakage of 172 

disulfide bridges and irreversibly modify the three-dimensional conformation of the 173 

protein.24,25 On the one hand, the formation of disulfide bridges requires two nearby 174 

cysteines for their side chains to interact. On the other, among the aromatic amino 175 

acids, tryptophan has de highest absorption coefficient in the near UV region and plays 176 

a central role in the electron transfer for the photolytic cleavage of nearby disulfide 177 

bridges.24,37 In the case of the BSA proteins used in this study, they are constituted by 178 

607 aminoacids, with 3 tryptofans and 34 cysteins forming disulfinde bridges (Figure 179 

S3), who are the main responsible for the photopatterning process herein studied.37,38 180 

This UV-induced disulfide bridge disruption may modify the three-dimensional 181 

conformation of the protein. However, these periodic conformational changes are not 182 

experimentally detected in the AFM topographic characterization (Figure S2), 183 

presumably given their negligible contribution in the resulting height modulation of 184 

the pattern. On the other hand, it must be highlighted that, after the irradiation at 185 

medium fluence the patterned protein biolayers do display a minute diffractive signal. 186 

Although this diffraction efficiency is about three orders of magnitude lower than the 187 

corresponding one after binding target antibodies (1.1·10-8 before and 2.8·10-5 after 188 

the incubation of 10 µg·mL-1 of specific IgGs), these results suggest that irradiated 189 

proteins undergo a conformational change that slightly modifies their refractive index. 190 

To assess the protein deactivation rate, we also measured the fluorescence intensity 191 

after incubating specific antiBSA IgGs labelled with a fluorophore. Instead of structural 192 

information of the patterns, these measurements provide information about the 193 

overall deactivation rate of the biolayer, where a higher fluorescence intensity 194 

indicates a greater amount of bound targets and therefore a lower deactivation. As 195 

shown in Figure 2C, the higher fluence is applied, the greater overall deactivation is 196 

obtained and therefore a lower fluorescence signal is acquired. This observation 197 
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complements the abovementioned characterization and supports the hypothesis of 198 

this structuration strategy. 199 

From these results, protein patterns fabricated by a fluence of 2.5 J·cm-2 (55 mW laser 200 

power and 0.2 mm·s-1 scan velocity) were selected to further investigate this 201 

patterning method. It is worth highlighting that, for this patterning conditions, about 202 

20 mm2 of optically-active structures can be patterned in less than two minutes. 203 

Furthermore, once fabricated and stored at 4°C, these protein patterns have shown to 204 

keep their optical and binding functionality for more than 30 days (Figure S4). 205 

 206 

 207 

Figure 2. (A) Representation of the diffraction response of the BSA gratings obtained at 208 

different irradiation conditions. The inset shows a detail of the lower fluences range. 209 
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(B) i. Cross section profiles of the ii. AFM images after incubating target anti BSA IgG 210 

(10 µg·mL-1) onto protein layers irradiated with a low (55 mW and 4.4 mm·s-1, 0.1 J·cm-211 

2), medium (55 mW and 0.2 mm·s-1, 2.5 J·cm-2) and high (55 mW and 0.1 mm·s-1, 9.9 212 

J·cm-2) fluences. Dark and bright colors indicate deep and high areas, respectively. See 213 

Table S1 for the corresponding topographic data. iii. Scheme of the threshold 214 

deactivation fluence and the light profiles generated from the interference between 215 

the 0th and 1st diffraction orders. (C) Fluorescence intensities from non-irradiated and 216 

UV-irradiated protein biolayers with low, medium, and high fluences after incubating 217 

fluorophore-labelled specific anti BSA IgGs (10 µg·mL-1). 218 

 219 

2.2. Structural homogeneity 220 

Once fabricated, the overall homogeneity of the obtained protein patterns was 221 

assessed by means of their diffractive response. Herein these results are 222 

experimentally compared with those obtained by micro-contact printing (µCP), since 223 

this is an important technique widely employed to pattern biomacromolecules and 224 

also used to create diffractive protein structures.9,23,29,32 225 

First, the repeatability of the gratings was assessed by means of the relative standard 226 

deviation (RSD) of the diffraction efficiency obtained after the incubation of specific 227 

antiBSA IgG targets. As shown in Figure 3A, RSD values for the photopatterned 228 

biolayers is about two-fold better than the one displayed by µCP. This improvement is 229 

especially significant in blank samples (0 µg·mL-1 of IgG) since the diffracted signals of 230 

the photopatterned BSA gratings are negligible (Figure 3B and 3C). Therefore, this 231 

effect impacts on the experimental noise rates and will ultimately affect the detection 232 

and quantification limits for biosensing. 233 

Then, the overall homogeneity of the patterned biolayers was also assessed by means 234 

of the shape of the diffracted light spots. Structural irregularities and deformations 235 

scatter the incident light and even lead to period changes that distribute the diffracted 236 

beam on a wider and more irregular area.39 As shown in Figures 3B and 3C, the 237 

diffracted spots from biomolecular gratings obtained by µCP are typically defined by an 238 

uneven and wider distribution. On the other hand, the diffracted spots generated by 239 
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the biolayers patterned by this photodeactivation strategy are constituted by a well-240 

defined gaussian-like profile that concentrates the diffracted light in a regular area, 241 

which provides insights into the great homogeneity of these structures. 242 

The homogeneity of the resulting biomolecular structures was assessed by mapping 243 

their diffractive response along the patterned area (Figure S6). As shown in Figure 3D, 244 

large areas of optically-active protein nanostructures can be patterned with this 245 

method. The horizontal (x) dimension in this plot corresponds to the motion direction 246 

of the laser during the patterning, and the other (y) one corresponds to the vertical 247 

expansion of the laser beam by a cylindrical lens included in the patterning setup 248 

(Figure S7). In this first approach, an RSD of 16% is obtained from the diffractive 249 

mapping of the patterned strip of 15 x 1.2 mm, which will be selected as the sensing 250 

area in the next steps of this study. 251 

 252 

 253 

Figure 3. (A) Homogeneity assessment. RSD values of the diffraction efficiency (three 254 

replicates), and (B) images of the first-order diffracted spots obtained with BSA 255 

patterns fabricated by photodeactivation and µCP after the incubation of different 256 

concentrations of specific antiBSA IgG in buffer solution. (C) Cross-section profiles of 257 

the first-order diffracted spots, where the profile direction along the spot is indicated 258 

by the dashed line in Figure 3B. See Figure S5 for a zoomed view of the cross-section 259 
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for the photopatterned biolayer after the incubation of 0 µg mL-1 of antiBSA. (D) 260 

Diffraction efficiency mapping of the 1st diffracted order of a photopatterned biolayer 261 

incubated with 10 µg mL-1 of specific antiBSA IgGs and the corresponding cross-section 262 

indicated as a dashed line. 263 

 264 

2.3. Immunosensing 265 

The abovementioned disulphide bridge cleavages undergone by the surface-bound 266 

biolayers exposed to constructive UV interferences can modify the protein parts that 267 

act as epitopes in antibody-mediated biorecognition events, and these changes can 268 

affect the subsequent binding processes of specific antibodies. To explore the 269 

biosensing capabilities of this approach we used a representative immunoassay based 270 

on BSA probes and specific antiBSA IgGs as targets. A whole antiserum is used as 271 

antiBSA in this study, which provides more insights into the applicability of these 272 

photopatterned biolayers. This antiserum contains specific antibodies that are 273 

polyclonal, thus involving a wide range of paratopes for different lineal and 274 

conformational epitopes. 275 

To assess the effect of the UV irradiation on the binding process, BSA patterns were 276 

created, and their response was experimentally measured after the incubation of a 277 

single concentration of antiBSA (10 µg · mL-1). Using labelled secondary antibodies, it is 278 

observed that strong irradiations substantially hinder the subsequent binding of 279 

specific antibodies (Figure S8), and this effect increases together with the fluence 280 

applied in the photopatterning (Figure 2C). Furthermore, when comparing the 281 

topography before (Figure S2) and after (Figure 2B, medium fluence) the antibody 282 

incubation, a selective height growth following the photopatterned striped structure is 283 

observed. This local and periodic antibody binding is also confirmed by the dramatic 284 

increase of the diffraction efficiency observed after the incubation (Figure 3C and 285 

Figure S5). All these results confirm that the UV-induced modifications undergone by 286 
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the surface-bound proteins hampers its activity as epitopes for the subsequent 287 

biorecognition events with antibodies, and that this binding follows the periodic 288 

structure created in the photopatterning. 289 

To further characterize the capabilities of these photopatterned biolayers as diffractive 290 

transducers for biosensing, their diffractive response upon the incubation of a range of 291 

antibody concentrations was investigated. As shown in Figure 4A, the system displays a 292 

well-correlated calibration curve (R2 = 0.999) that fits the expected trend for this 293 

biorecognition event. From these results, experimental detection, and quantification 294 

limits of 53 ng mL−1 (0.4 nM) and 164 ng mL−1 (1.1 nM) of antiBSA IgG are inferred, 295 

respectively. Those are promising values for this novel patterning approach, 296 

determined in experimental and label-free conditions, which are in the range of other 297 

recent label-free optical approaches in the state-of-art (Table S2).  298 

 299 

 300 

Figure 4. (A) Immunoassay calibration curve. Experimental data fitted to a sigmoidal 301 

regression (4-parameter logistic). The inset zooms in on the detection and 302 

quantification limits. (B) Diffraction efficiencies achieved after incubating 10 µg·mL-1 of 303 

specific IgG targets (aBSA), human IgGs (hIgG), human serum albumin (HSA), 304 

haemoglobin (HEM), and a mixture of hIgG, HSA and HEM without (MIX-) and with 305 

(MIX+) 10 µg·mL-1 of antiBSA in PBS-T buffer. 306 

 307 
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An important issue in label-free biosensing is the signal contribution of non-specific 308 

bindings (NSB), an undesired phenomenon that takes place specially in the analysis of 309 

biological or other complex samples,35,40 which contain many molecules at different 310 

concentrations that are prone to adsorb non-specifically on the sensing surface and 311 

generate signals that cannot be discriminated from the probe-target biorecognition 312 

events. A particular feature of diffractive biosensing approaches is their potential to 313 

avoid signal contributions from NSB. It relies on the fact that only the binding events 314 

that meet the periodicity of the patterned biolayer create a periodic modulation that 315 

modifies the diffraction efficiency of the nanostructure, as it happens for the 316 

recognition between the patterned active probes and their targets. However, the 317 

adsorption of non-specific binders on the biolayer follows a random and not periodic 318 

distribution, and therefore do not modify the diffraction efficiency.30 319 

A positive aspect to favour the randomness of the NSB process is to keep the same 320 

chemical composition on both kinds of strips of the patterned biolayer. So that non-321 

specific binders present the same tendency for both parts of the pattern and they 322 

become evenly distributed as desired to avoid NSB signal contributions. This is the case 323 

for the structures herein investigated, where activated and deactivated strips are 324 

constituted by the same biomacromolecule, only differentiated by a mild modification 325 

that changes its binding capability.  326 

As a first step to explore the ability of this approach to minimize NSB signal 327 

contributions, the diffractive response upon the incubation of high concentrations (10 328 

µg·mL-1 in buffer solution) of non-specific binders typically found in serum, was 329 

assessed. As observed in Figure 4B, negligible signals compared to the one for the 330 

binding of specific antiBSA IgG at the same concentration are obtained. In addition to 331 

the NSB issue, note that this experiment also points out the analytical selectivity of the 332 

assay. 333 

Then, we explored the response of the system under a range of dilutions of a 334 

commercial human serum containing 6.5·104 µg·mL-1 of non-specific proteins, 1025 335 

µg·mL-1, of triglycerides and 1600 µg·mL-1 of cholesterol, which are potential non-336 

specific binders. On the one hand, all these serum incubations displayed negligible 337 

changes in the diffractive response of the biomolecular pattern, which points out that 338 
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unwanted additive signal contributions from NSB are avoided. On the other hand, the 339 

diffraction efficiency decays with the concentration of non-specific binders when 340 

target antiBSA IgGs are spiked in these serum dilutions, as shown in Figure 5A. Note 341 

that the concentration of non-specific binders in this real sample is many orders of 342 

magnitude larger than the one of specific targets. It may lead to steric clashes and 343 

hindered diffusive processes that decrease the availability of free patterned probes to 344 

interact with the specific targets. Interestingly, the results show that together with this 345 

signal decrease, the experimental noise value undergo a dramatic decay too, and as a 346 

result favourable signal-to-noise ratios are obtained also in these high NSB conditions. 347 

As shown in Figure 5B, great signal-to-noise ratios (SNR) and a well-correlated 348 

calibration curve (R² = 0.998) are obtained in pure human serum. From these results, 349 

the experimental detection and quantification limits in pure serum (36 and 100 350 

ng·mL-1, respectively) reached similar values to those obtained in buffer. 351 

 352 

 353 

Figure 5. (A) SNR values achieved after incubating different dilutions of human serum 354 

(in PBS-T) spiked with specific IgG (10 µg·mL-1). (B) Immunoassay calibration curve 355 

performed in pure human serum. Experimental data fitted to a sigmoidal regression (4-356 

parameter logistic). 357 

 358 

As an exemplary approach to provide preliminary insights into the implementation of 359 

these photopatterned biolayers in detection schemes for multiplexed biosensing, the 360 
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mapping setup commented above (Figure S6) was employed to automatically scan the 361 

diffractive response of different assays in a single measurement. For that, incubation 362 

masks of adhesive film were attached on the slides after the photopatterning and used 363 

to create several sensing areas where different target concentrations were incubated. 364 

As shown in Figure 6, an array of multiple sensing spots can be easily created, and their 365 

response measured in less than 40 seconds. Beyond this first approximation, arrays 366 

containing a larger number of sensing spots can be easily arranged to automatically 367 

quantify many targets in a single assay with these photopatterned biolayers. 368 

 369 

 370 

Figure 6. Multiplexed scanning. (A) Top-view photograph of a glass slide with a 371 

patterned protein biolayer after attaching the incubation mask. (B) Cross-section of the 372 

signal profile acquired with the diffractive scanning after incubating the IgG 373 

concentrations indicated above on each spot in buffer. 374 

 375 

3. Conclusions 376 

This work introduces a patterning method for biolayers based on the local deactivation 377 

of surface-bound proteins by UV-laser irradiation. The results support the design, 378 
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optimization, characterization, and fabrication of one-dimensional periodic 379 

distributions of biomacromolecules with label-free biosensing capabilities. The 380 

proteins that are exposed to that UV-radiation conditions become deactivated but not 381 

removed from the substrate, thus producing protein patterns free of topographic 382 

contributions, but constituted by a periodic deactivation of the protein activity. This 383 

method enables a fast fabrication of large areas of homogeneous protein patterns, 384 

whose analytical capabilities as diffractive optical transducers for biosensing are 385 

demonstrated by calibration curves with a representative immunoassay in label-free 386 

format. The resulting photopatterned protein nanostructures present a particular 387 

potential to avoid non-specific binding issues in the direct analysis of complex 388 

biological environments. In addition to provide insights into multiplexed biosensing, 389 

these results also introduce the basis for the prospective implementation of this 390 

photodenaturation-based patterning principle in alternative laser technologies and 391 

applications.  392 

 393 

4. Experimental section 394 

4.1. Materials 395 

Sodium phosphate buffer (PBS, 8 mM Na2HPO4, 2 mM, 137 mM NaCl, 2.7 mM KCl, pH 396 

7.4), PBS-T (PBS with polysorbate 20 0.05% v/v) and carbonate-bicarbonate buffer (15 397 

mM Na2CO3, 34 mM NaHCO3, pH 9.6) were prepared with purified water (Milli-Q, 398 

Millipore Iberica, Darmstadt, Germany) and filtered through 0.2 μm polyethersulfone 399 

membranes (Merck, Darmstadt, Germany). Bovine serum albumin (BSA), polysorbate 400 

20 (Tween 20), antiBSA IgG produced in rabbit (whole antiserum), human serum 401 

albumin (HSA), human IgG, haemoglobin, goat anti-rabbit antibodies labelled with 5 402 

nm gold nanoparticles, and silver enhancers were supplied by Sigma-Aldrich (Madrid, 403 

Spain). Alexa Fluor® 647 conjugation kit was from abcam (Cambridge, United 404 

Kingdom). Polydimethylsiloxane (PDMS) Sylgard 184 was supplied by Dow Corning 405 

(Wiesbaden, Germany). Human serum obtained by centrifugation of a pool of blood 406 

samples (type AB) from male donors was provided by Sigma-Aldrich (Madrid, Spain). 407 

Glass slides (25 x 75 x 1 mm) were purchased from Labbox (Barcelona, Spain).  408 
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Glass slides were washed three times by sonication in ethanol (30% in water, 5 min) 409 

and dried under a stream of air. Then, protein solutions in carbonate buffer (500 µL, 25 410 

µg·mL-1) were incubated overnight on the glass slides at 4°C (Figure S1). Finally, glass 411 

slides were rinsed with deionized water and dried by air stream. 412 

 413 

4.2. Patterning 414 

The periodic deactivation of the protein layers was performed by an optical setup 415 

described in Figure S7. Basically, it consists of a continuous wave UV laser (Fred 416 

doubled argon laser, 244nm, 100mW adjustable power) (Coherent, Santa Clara, 417 

California, USA) that, after passing through a phase mask ( ±1 order working principle, 418 

1420 nm period, 2.5 cm length, duty cycle 50%) (Ibsen Photonics, Farum, Denmark), 419 

irradiates a protein biolayer created on glass slides. The interference of the +1st and -420 

1st order creates a light intensity pattern which interacts with the biolayer. A cylindrical 421 

lens (divergent lens, 2cm focal length) (OptoSigma, Santa Ana, California, USA) is 422 

included between the laser and the phase mask to expand the beam along the vertical 423 

direction. The power of the laser is measured with an optical power meter Mentor 424 

M10 (Scientech-Inc,Boulder, Colorado, USA). In this setup, the glass slide with the 425 

biolayer together with the phase mask are placed onto an automatic positioning 426 

system (Physik Instrumente GmbH , Karlsruhe, Germany) that moves the incident 427 

beam over the samples to be irradiated along the horizontal direction at a controllable 428 

velocity. 429 

The irradiation fluence is calculated as (P·W)/(A·V), where P is the power of the laser 430 

(27.5, 55, and 100 mW), W is the width of the laser spot on the biolayer along the 431 

translational direction of the positioning system (0.1 cm), A is the area of the laser spot 432 

on the biolayer (0.1 cm2), and V is the velocity of the positioning system (from 6·10-3 to 433 

0.4 cm·s-1). 434 

 435 

4.3. Characterization 436 
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The diffractive measurements were performed in a transmission configuration using a 437 

simple optomechanical setup illustrated in Figure S7. The glass slides with protein 438 

nanopatterns were set to be orthogonally irradiated by a collimated and attenuated 439 

(50%) 532 nm laser source (100 mW, MGL-III-532/1, CNI, Changchun, China). The 440 

intensity of the diffracted beams was registered using a monochromatic CMOS camera 441 

(Edmund eo-1312m, York, UK) and photosensors created from planar silicon 442 

photodiodes (SLC-61N2, Silonex Inc., Montreal, Canada). The diffraction efficiency of 443 

the protein patterns, i.e. analytical signal, was calculated as the quotient between the 444 

intensity of the 1st and 0th diffraction orders. RSD values for each sample were 445 

calculated as the ratio between the standard deviation and mean values of three 446 

diffraction measurements performed within the patterned area.  447 

These results were compared to protein nanopatterns fabricated by microcontact 448 

printing as described elsewhere.34 Basically, BSA solutions (250 µg·mL-1 in PBS) were 449 

incubated onto the nanostructured surface of the PDMS stamps for 160 minutes, and 450 

after washing them with deionized water and drying them under air stream, they were 451 

stamped onto glass slides for 20 minutes. Finally, the glass slides were washed and 452 

dried as before. 453 

The mapping of the diffraction efficiency along the whole area was performed with a 454 

custom scanning system that sequentially moves the surface and collects the optical 455 

signals, as described elsewhere.41 Two photosensors were incorporated in this case to 456 

measure the transmitted 0th and 1st orders (Figure S6) and RSD values were calculated 457 

from the diffraction efficiency of all the pixels within the sensing area (20 x 1.2 mm). 458 

The resulting data from the scans were smoothed with a Savitzky–Golay filter (second-459 

order polynomial, 30 points). 460 

For the fluorescence measurements, IgG targets were labelled with Alexa Fluor 647 461 

and incubated on the patterned biolayers. Then, fluorescence images were acquired 462 

with a custom fluorescence CCD camera (Retiga EXi camera, Qimaging Inc., Burnaby, 463 

Canada) and an oblique LED source (Toshiba TLOH157PToshiba, Tokyo, Japan). The 464 

resulting data was analysed with the Genepix Pro 6.0 software (Molecular Devices, San 465 

José, California, USA). 466 
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The topography of the nanostructures was analyzed by Atomic Force Microscopy 467 

(AFM), using a Bruker Multimode 8 microscope (Bruker, Massachusetts, USA) and with 468 

RFESPA probes (MPP-21120-10 Bruker), before and after incubating specific targets. 469 

AFM images were analyzed using Nanoscope software. To calculate the averaged 470 

cross-section profiles, all images were flattened using a first-order polynomial fitting 471 

and the height of every data row along the longitudinal direction of the pattern strips 472 

was averaged. From these cross-sections, the height modulation is calculated as the 473 

average height of the deactivated strips subtracted to the one of the active strips. The 474 

duty cycle is calculated as the percentage of the averaged width of the active strips 475 

with respect to the period. 476 

 477 

4.4. Biorecognition assays 478 

To perform the immunoassays, 500 µL of target IgG (antiBSA) solutions in PBS-T and 479 

human serum were incubated onto the photopatterned protein (BSA) biolayers for 15 480 

minutes at room temperature. Then, each slide was rinsed with PBS-T, deionized 481 

water, and dried under air stream. That same procedure was followed for the 482 

fluorescence assays, but in this case the target IgGs were labelled with a fluorophore 483 

(Alexa Fluor® 647) before the assay. 484 

Three replicates of each condition were measured to calculate averaged and standard 485 

deviation values. Noise was appraised as the standard deviation from 10 blank 486 

measurements (0 µg·mL-1 of target IgG incubated on 10 different nanostructures) and 487 

employed to determine signal-to-noise ratios (SNR). The limits of detection and 488 

quantification were calculated as the concentrations associated to SNR = 3 and SNR = 489 

10, respectively, from the linear interpolation in the experimental calibration curves. 490 

 491 

Notes. The authors declare no competing financial interest. 492 
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Figure S1. Optimization of the concentration of bioreceptors for surface coating. (A) 

Scheme of the biorecognition assays performed. First, glass slides were coated with 

different concentrations of BSA (0-100 µg·mL-1) and then incubated with a fixed 

concentration (10 µg·mL-1) of specific IgGs produced in rabbit. Next, gold-labelled 

antiRabbit IgGs were incubated to promote the precipitation of metallic silver from a 

silver solution. (B) Coating concentrations and scanned images of the silver-coated 

slides. (C) Signal-to-noise ratios calculated after quantifying the mean grayscale 

intensity from the scanned images. 

 

 

 

Figure S2. AFM image and height profile of a protein-coated slide after 

photopatterning with a medium fluence (55 mW, 0.022 cm·s-1). 
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(A) 

 
(B) 

 
Figure S3. (A) Amino acid sequence of the BSA.1,2 (B) Three-dimensional 

conformation of the BSA (protein data bank entry 4F5S). In both figures cysteines are 

represented in green and tryptophans in red color. 
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Figure S4. Stability over time. In this experiment, all the BSA patterns were fabricated 

at the same time (day 0). Then, the diffraction efficiency after incubating specific IgG 

(antiBSA, 10 µg·mL-1 in buffer) was measured after different days. 

 

 

Figure S5. Zoomed view of the cross-section profile of the first-order diffracted spots 

for a photopatterned BSA biolayer after the incubation of  0 µg mL-1 of antiBSA. Note 

the difference in the vertical scale versus Figure 3C in the main manuscript. 
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Figure S6. Scheme of the optical setup employed to map the diffraction efficiency of 

the nanostructures along the patterned area. Glass slides containing the protein 

patterns were placed in a custom X-Y stage with minimum displacement of 0.5 mm 

and then irradiated with a 532 nm laser source. The intensity of the zeroth and first 

diffracted orders was measured employing two photodiodes. 

 

 

 

Figure S7. Schemes of (A) the irradiation setup for selective protein deactivation and 

(B) the optical setup to quantify the diffraction efficiency of the nanostructures. 
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Figure S8. (A) Scaned image and (B) the resulting grayscale intensity of a BSA 

biolayer (i) irradiated with a strong fluence (about 66 J·cm2) and (ii) not irradiated, after 

perfoming the gold-labelled immunoassay described in the legend of Figure S1. Note 

that an important contribution of the grayscale intensity measured in the irradiated area 

may be generated by inspecific precipitation of silver in the signal development stage 

of this labelled assay. 

 

Table S1. Fabrication conditions and topographic features of the protein patterns 

measured by AFM. 

 
Fluence 

(J·cm-2) 

Laser power 

(mW) 

Motion 

velocity 

(cm·s-1) 

Height 

modulation 

(nm) 

Period 

(nm) 

Duty 

cycle 

(%) 

Low 0.1 55 0.44 0.49 ± 0.10 711 ± 3 60 ± 3 

Medium 2.5 55 0.022 1.25 ± 0.13 709 ± 2 49 ± 3 

High 9.9 55 0.011 0.31 ± 0.12 710 ± 2 38 ± 6 

 

Table S2. Comparative table of recent diffractive and non-diffractive label-free 

biosensing approaches in the state-of-art. 

Technique Target Limit of detection Matrix Reference 

SPR ssDNA 0.1 nM Buffer (3) 

SPR kanamycin 285 nM Buffer (4) 

SPR HSA 100 ng·mL-1 Buffer (5) 

Focal molography IgG 1.3 nM Human plasma (6) 

Diffractive hydrogels CRP 300 ng·mL-1 Human serum (7) 

Diffractive reflectance streptavidin 25 nM Buffer (8) 

Bio Bragg Gratings IgG 100 ng·mL-1 Buffer (9) 

Diffraction-based sensing 
 
 

 Diffraction-based sensing 

IgG 53 ng·mL-1/ 0.4 nM Buffer This work 

IgG 36 ng·mL-1/ 0.3 nM Human serum This work 
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