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Subpicomolar Iron Sensing Platform Based on Functional Lipid Monolayer Microarrays
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Microarrays of lipid bilayers and monolayers find extensive applications in the fields of biology and medical diagnosis [1][2][3][4] . Lipid layers constitute very interesting model system of biological membranes 5,6 wherein proteins can be embedded 7 and used for instance to study cell-cell interactions mechanisms such as the role of conformational changes or organization of receptors in intercellular signaling processes 8 . Other studies requiring high throughput such as measuring the interaction between lipid membranes and proteins or drug screening also constitute promising applications of these microarrays 9 .

Given the tremendous potential of such lipid layer microarrays, miscellaneous techniques based on diffusion barriers [10][11][12][13] , micro-contact printing 1,14 , non-contact printing, 10,15 , optical lithography 16,17 , and lift-off 18,19 are currently used to create patterned substrates of lipid monolayers or bilayers. More recently surface modification of teflon has been demonstrated using e-beam lithography offering hindered areas that favor lipid adsorption and layer formation with areas of nanometric dimensions 20 . Similarly ink-jet printing 15 or spotting techniques, 10,21 alone or combine to aforementioned patterning techniques allow the formation of arrays of different molecules for multiplexed experiments. All these techniques are suitable for high throughput microarrays fabrication.

Growing interest in lipids as amphiphilic building block materials relies on their capability to form supported versatile platforms as monolayers, bilayers or multilayers [22][23][24] . Layers are usually obtained using either the Langmuir-Blodgett technique [25][26][27] in which the lipids are prearranged in a monolayer at the air/water interface prior to transfer on the substrate or the lipid vesicle fusion technique which consists in putting a drop containing small unilamellar lipid vesicles on top of the substrate and wait for the vesicles to rupture as they get into contact with the substrate 28,29 . Both methods lead to the formation of well organized and dense monolayers on hydrophobic substrates and bilayers on hydrophilic's. For microarrays, the lipid vesicle method is the most suitable and commonly accepted one as it is adapted to high throughput array fabrication techniques.

Within this work we focus on the development of self-assembled functionalized lipid monolayer microarrays that can be used as an efficient sensing platform for the detection of specific ions using Kelvin probe force microscopy (KPFM). KPFM was very recently used to detect low concentrations of metal ions adsorbed on a substrate 30,31 . Along this work we used the vesicle fusion deposition technique coupled to electronic lithography and lift-off to generate our lipid microarrays. Moreover in order to ensure greater stability of the self-assembled monolayers, we performed 2D-polymerization within the plane of the monolayers following a procedure developed in our group. This step is of crucial importance as it enhances the stability of the device over long period of time when exposed to air or solvents 32,33 . KPFM constitutes an extremely surface sensitive technique that measures the contact potential difference (CPD) between a conductive tip and a surface to analyze. 34 CPD is not only dependent on the nature of the sample and tip through their work function but also on the presence of contamination or adsorbate on their surfaces. Any adsorption of charges will inevitably induce a surface potential change and consequently a CPD change [START_REF] Davydovskaya | 17th International Conference on Solid-State Sensors, Actuators and Microsystems[END_REF][START_REF] Oprea | [END_REF][START_REF] Alexander | 21st International Vacuum Nanoelectronics Conference[END_REF][START_REF] Nakamura | [END_REF] . In principle the work function of the tip is fixed and known and might serve as reference.

However, tip surface properties might evolve over time, leading to incoherent measurements.

To prevent that to happen we propose to take advantage of the microarray geometry to create the sensing areas juxtaposed to areas of neat silicon playing the role of reference.

Measuring the CPD difference between the lipid modified areas and the silicon areas will give rise to a direct measure of the surface potential change at the lipid interface.

As a proof of concept, we report in this manuscript a microarray sensor that was developed for the detection of ferric ions.

Iron ions species play diverse and major roles in many important metabolic processes, biological materials and environmental samples. Although many analytical detection techniques of iron now exist only a few approaches have been successfully developed to quantify the different oxidation states of iron species in a sample 39,40 and they usually have limited limit of detection. Speciation between Fe 2+ and Fe 3+ is one of the major issues in detecting methemoglobin in blood, in understanding the biochemical cycling in cell metabolic processes 30,41,42 as well as in the ocean or atmosphere for which these ions are involved in many processes including redox and radical chain reactions. 43 Thus the development of sensors being able to detect and quantify small amounts of iron ions in a solution or in a biological sample is therefore highly relevant. All our detection tests have realized in ionic aqueous solutions. We demonstrate high sensitivity and specificity with a limit of detection in the sub-picomolar range. 

EXPERIMENTAL SECTION

Lipid monolayer fabrication

Lipid monolayers are obtained using the well-known vesicle fusion method 44,45 . This method combined to ink jet printer or spotting techniques allows the fabrication of array plat- 

Imaging and Kelvin probe force measurements

An NTEGRA atomic force microscope from NT-MDT was used for both imaging and Kelvin probe force microscopy. Imaging was performed in tapping mode and in air using HQ/NCS35 tips with a spring constant of ∼5.4 N/M (Mikromash). Amplitude modulation KPFM (AM-KPFM) experiments were realized using DPE18 tips (Mikromash) with the following characteristics: spring constant:∼3.5 N/m, radius: 40 nm, length: 15 µm, cone angle 40 • , and cantilever width and length of 30 µm and 350 µm respectively.

To seperate the topographic signal from the surface potential, KPFM was performed using a two-pass mode. For each line of the resulting image, surface topography imaging is first performed, the tip is then widthdrawn from the surface by 10 nm for KPFM measurement.

In all our experiments, the sample was connected to the ground and the tip polarized.

RESULTS AND DISCUSSION

Fabrication of lipid microarrays

Self-assembled lipid monolayers arrays were fabricated using e-beam lithography associated to the lift-off technique as depicted in Fig. 1. A pattern constituted by a double layer of MMA/PMMA resist was first made starting from consecutive spin-coating of MMA and PMMA layers on a clean silicon surface. As a result of e-beam exposure, undercut MMA is obtained, therefore enlarging the exposed area and favoring ulterior lift-off. The patterned resist is then used as a mask for lipid deposition.

Commercially available DC8,9PC lipids have been specifically selected for having two acetylenic groups in each of their fatty-acid chains. The acetylenic groups are of importance as they ensure, after a polymerization process, higher mechanical stability of the selfassembled monolayer 46 . Firstly, lipid monolayer formation is obtained using the vesicle fusion technique following the procedure described in the materials and methods section. Consecutive free radical activated polymerization process was applied on the freshly deposited lipids leading to the formation of a monolayer which is stable enough to handle chemical lifting of the resists using the resist remover MPR 1165 and rinsing with water or solvents 46 . After lift-off the resulting lipid areas have a thickness of ∼ 2.2 nm as determined from AFM imaging measurements. Arrays constituted of 10 × 10 square patterns with side sizes of 1 µm and 3 µm surrounded by 10 × 10 µm 2 and 30 × 30 µm 2 silicon regions respectively (Array 1 and Array 3) were fabricated (Fig. 1).

Fe 3+ ions detection: Synthesis of γ-pyrone chelator

In microarray chip sensors, specific surface functionality is a required feature for effective detection specificity. We have demonstrated in a recent work the possibility to chemically engineer the lipid head-groups in order to bind a specific function 47,48 . The first step consists in removing the phosphocholine end-group by reacting the DC8,9PC with a phospholipase C (Sigma-Aldrich) offering quantitatively the corresponding alcohol. Subsequent condensation with an appropriate functional group is then relatively straight-forward. In addition, this method brings high versatility to our system as the alcohol-lipid can be considered as a building-block lipid molecule.

In the specific case of ferric ions detection, we have developed a γpyrone derivative chelator synthesized from commercially available kojic acid 47 .

The later is grafted to the lipid-alcohol using standard procedures. The γ-pyrone is the active component of the Ferriprox c (Apotex Europe) a commercial iron chelator used for the treatment of patients with transfusional iron overload due to thalassemia syndromes. γ-pyrones form five-membered chelate rings with iron in which the metal is coordinated by two vicinal oxygen atoms leading to neutral and stable 3:1 complexes. This molecule was therefore already proven to be a good chelator of iron. In our work we started from this commercially available molecule that we modified in order to bind it to the lipids.

We have shown that ones bound to the lipids the chelator affinity towards ferrous ions drops while it remains several orders of magnitude higher for ferric ions 48 . Our final γ-pyrone modified lipid monolayer is hence expected to have high affinity towards ferric ions.

To verify this point, specificity measurements were realized by exposing the Arrays to solutions of competing ions such as Fe 2+ , Cu 2+ , Pb 2+ , Al + , and K + . Both the synthesis of the above modified lipid and the results of specificity measurements are described and shown in the supporting information file. 1. Additionally, crosssection profiles of corresponding lipid and silicon areas surprisingly display conic-like shapes in place of expected plateaus (Fig. 2 (e)).

KPFM imaging of lipid microarray

Table 1: Contact potential differences between the different areas of the arrays.

∆CP D IN Si-Lip ∆CP D OU T Si-Lip ∆CP D OU T -IN Si 1 × 1 µm 2 180±4 300±5 122±7 3 × 3 µm 2 324±6 330±5 5±5

CPD in mV

To have more insight and understand the importance of the patterns dimensions, one need to consider the electric field distribution between tip and surface during KPFM measurement. It was demonstrated that the magnitude of the measured electric potential critically depends on the geometry of the tip, on the size and surrounding of the measured pattern and that its resolution and accuracy are defined by the electrostatic coupling between the tip and the different surface regions 49 . Therefore measured KPFM potential corresponds to an average of all potentials at the surface, the derivatives of the capacitances between the tip and surface being the weighting factors 34,50 . Considering these points, it is easy to explain the impact of the patterns size on the measured surface potentials and that for small size patterns, the tip shape might have an even stronger impact (Fig. 3). Hence, the minimum dimensions of the pattern areas must be chosen in order to neglect the geometric parameters. In our system, this critical size seems to be 3 × 3 µm 2 for which the maximum value of CP D IN Si obtained in the center of the pattern is equal to CP D OU T Si .

KPFM sensing experiments

In a typical sensing experiment, the CPD of the modified lipid self-assembled monolayer is expected to vary linearly upon exposure to solutions of Fe 3+ . The CPD difference between the exposed lipid areas and silicon substrate can then be used to determine the surface potential change, Ψ, induced by the chelation of Fe 3+ by the lipids and their stabilization with 2 Kojic acid molecules (Eq. 1) provided that the substrate surface property remains unchanged after exposure, i.e., unspecific adsorption is avoided. To limit such drawbacks, we have applied a peculiar protocol that combines both several thorough water rinsing and surface drying after each exposure. Kelvin Probe measurements are subsequently realized in air. Between two measurements, decomplexation of Fe 3+ with the chelator is obtained upon rinsing the sensor with a base solution.

Ψ ions = (CP D ExpLip -CP D Si ) -(CP D Lip -CP D Si ) (1) 
The measured change in CPD after complexation of the lipid head-groups with the Ferric ions and 2 Kojic acid molecules arises from a combination of factors: 1-a change of the dielectric properties of the lipids at their end-group region. These head-groups are most certainly rearranging after capture of the ions due to the coulombic repulsions between the ions. This effect is expected to be relatively small and might induce a positive or negative CPD change depending on whether it improves or damages the dielectric property of the layer. 51,52 2-a change in the surface charge density due to the capture of Ferric ions is certainly the stronger effect and should induce a positive surface potential change proportional to the amount of captured charges. This effect is expected to be enhanced due to the high dipole moment of the two lipid carbonyl chains. 3-with its highly delocalized electron cloud, the presence of the Kojic acid molecules is expected to induce a negative change of the CPD value. 53 The final CPD ExpLip change that we measure integrates all these components. To improve the signal to noise ratio, we took advantage of the microarray structure and averaged for both silicon and lipid the different areas indicated with a green and red spot respectively on Fig. 4 (A). We considered only the areas having similar surrounding, i.e.

excluding the areas located on the side on the large pattern area. The result of averaging is shown in Fig. 4 (B). The CPD difference between silicon and lipid area was then obtained by fitting the profile line taken along the center of the two areas with a sigmoid curve (Fig. 4 (C)).

For both Array 1 and Array 3, Fig. 5 reports the dependence of Ψ with respect to the ferric ions concentration. These results were obtained from two sets of measurements realized on two different samples and using different tips. In both cases, Ψ varies linearly with the logarithm of the ferric ions concentration in the range 100 fM to 1 µM with ψ reaching 100 mV and 150 mV at 1 µM for Array 1 and Array 3 respectively. Above a sub-linearity suggests that the probe chelators bound to the lipids must be nearly saturated with ions.

Both arrays demonstrate very high sensitivity with a limit of detection at 1 pM.

Surprisingly, the dynamics of Array 1 and Array 3 are different. Array 1 curve presents a slope of 11.9 mV/Log[ions] while Array 3 of 19.5 mV/Log[ions]. Additionally, the values obtained for Array 1 show important deviations from the "ideal" linear curve obtained from fitting the data. These observations corroborate the above discussion on the measured CPD potential. This tends to decrease the CPD difference between silicon and layer areas. This also means that depending on the orientation of the probe with respect to the surface small variations of the CPD values can be measured. In figure 5, the orientation between the probe and the surface was randomly displayed after each measurement therefore explaining the non-linearity of the Array 1. Therefore, in order to be reproducible, the dimensions of the patterns must be sufficiently large so that the electrostatic coupling of the surface with the Sensitivity performances of the sensors can be determined using the Nernst Equation (Eq. 2). This relation is routinely used in electrochemistry and relates the potential of the sensitive ion electrode (ISE) after capture of the ions (the lipid layer surface potential) and the logarithm of the ion concentration in the bulk solution, i.e., during sensor exposure to the analyte 48,54 . Here although the measurements were realized after drying the surface, we believe the double layer formed at the analyte/surface interface is preserved as it participates to stabilizing the interface and the Nernst equation still applies.

ψ = 2.3 k B T Ze αLog[ion] (2) 
z is the charge carried by the ion, e, the electrical charge and k B and T the Boltzmann 

CONCLUSION

In conclusion, we have presented herein the fabrication of an innovative microarray constituted of patterns of functional lipid monolayers and silicon that can be used as sensor using KPFM transducer. The technique takes advantage of the structure of the array with the silicon areas playing the role of reference for the measurement. Array dimensions are however important as the measured contact potential difference is the sum of all the capacitances between the tip/probe and the surface and can extend over a few microns. We have shown that with 1 × 1 µm 2 arrays the measured CPD includes contributions of neighboring areas located outside the considered are. To discard this averaging effect, pattern size shall be higher than 3 × 3 µm 2 .Obviously this parameter has been determined for our tips, it is highly dependent on probes dimensions and shape and needs to be be determined for every system.

This work shows the potential of functional lipid microarrays as versatile generic sensing platforms. Use of cleaved lipids as building-block material allows the fabrication of an infinite range of lipid/probe complexes that can be spotted on the array using a spotter, and stabilized in air and overtime through the lipid polymerization process. This would create a multiplexed sensing platform constituted of different sensing areas dedicated to different ions. Ultimately such platform will allow the simultaneous multiplexing detection of a whole range of ions. Demonstration was made here of the performances of such sensor with the detection of sub-picomolar concentrations of Fe 3+ in solution using KPFM. Although the presented method has the advantage to be label free such use of platform could be extended to optical transduction methods.

Figure 1 :

 1 Figure 1: Lipid monolayer microarrays fabrication process: 1. Spin coating of MMA and then PMMA on silicon substrate. 2. Patterning of MMA/PMMA bilayer using e-beam lithography and development of exposed area. 3. Patterned MMA/PMMA bilayer is used as a mask for the formation in the open areas of lipid monolayers on silicon using the vesicle fusion technique. 4. Lift-off of remaining PMMA/MMA using MPR-1165 solvent. 5. AFM topographic image of an array of lipid monolayers on silicon with 1×1 µm 2 square patterns. Lightest areas correspond to the lipids and darker to the silicon. The array cross-section shown in 6. indicates a lipid monolayer thickness of ∼ 2.2 nm.

  forms. Stock solutions of (1,2-bis-(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine lipids (DC8,9PC, Avanti Polar Lipids) at 1 mg/mL in chloroform, were prepared and stored at -20 • C prior use. Vesicles were prepared according to the following procedure: 50 µL of a stock solution was smoothly heated at 40 • C to ensure complete evaporation of chloroform then diluted in 200 µL of DI water. To guaranty the formation of well-defined and small unil-amellar vesicles, the solution was sonicated for 15 minutes and repeatedly extruded through a polycarbonate membrane with 100 nm pores. Prior the vesicle deposition, the patterned sample (Fig.1(3)) is dipped in a 2% solution of HF in ethanol to remove native silicon oxide from the uncovered areas. Drops of lipid vesicles solution are then deposited on the patterned area at room temperature. The sample is then cooled down at 10 • C for 5 min. This process induces lipid vesicle condensation at the surface of the silicon and leads to the fast formation of a dense monolayer. The temperature is then slowly increased at a rate of 1 • C/min up to 35 • C and the sample rinsed with clear water while maintaining the sample immersed.At this stage the monolayer is stable on the surface. To guaranty air-stability over a long period of time, the monolayer is stabilized, within the plane of the layer, by radical polymerization upon addition of 0.1% of 2,2´-Azobis(2-methylpropionamidine) dihydrochloride (AAPH, Sigma-Aldrich). The temperature is then slowly increased up to 43 • C and left for 10 min. The chip is finally slowly cooled down to 25 • C and carefully rinsed with DI water.

Kelvin probe images of Array 1 andFigure 2 :

 12 Fig. 2 (a) and (b). These images provide the CPD value measured between the AFM tip and the silicon substrate. The presence of lipid layer adsorbate on top of the silicon areas impacts dramatically this value. Lipid areas, darker grey, display more negative CPD values with respect to silicon areas. Surprisingly the CPD difference between lipid, CP D Lip and

Figure 3 :

 3 Figure 3: Scheme depicting the electrostatic coupling between the probe and the surface below. Measured CPD values correspond to an average of all the potentials on the surface weighted by the derivatives of the probe/surface regions capacitances.

Figure 4 :

 4 Figure 4: (A) KPFM image of an Array 1 microarray. Lipid areas (with red spot) and silicon areas (with green spots) are averaged (B). (C) Cross section of the averaged image along the blue line.

  probe does not change with their relative orientation. With pattern dimension of 3 × 3 µm 2 , Array 3 shows much better linearity. In the section "KPFM imaging of lipid microarrays" we have previously discussed that the CPD values measured on silicon areas outside, CP D OU T Si and inside, CP D IN Si , the patterns have very close values, therefore suggesting that these areas are sufficient large to minimize the averaging effect. Similar conclusion can be concluded for the sensing experiments and the values of the surface potential measured in the center of the Array 3 areas after ion exposure can be considered as the real surface potential.

Figure 5 :

 5 Figure 5: Lipid areas surface potential change after capture of F e 3 + ions using Array 1 (blue) and Array 3 (red) microarrays sensors. Both sensors display linear dependence with the logarithm of the ferric ions concentrations in the analyte solution for concentrations ranging from 1 pM to 1 µM . Sensitivity factors α are determined from the curves slopes. For Array 1, a value of 0.6 is obtained suggesting low sensitivity. For Array 3 however α=0.98, i.e. suggesting excellent performances of the sensor.
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Appendix A. Supplementary material 1. Synthesis of γ-pyrone derivative as Fe3+ chelator and NMR characterization at every step of the synthesis. 2. Engineering of lipids with γ-pyrone and NMR characterization. 3. Specificity measurements. 
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