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Abstract

:

Odor detection and discrimination in mammals is known to be initiated by membrane-bound G-protein-coupled receptors (GPCRs). The role that the lipid membrane may play in odor discrimination, however, is less well understood. Here, we used model membrane systems to test the hypothesis that phospholipid bilayer membranes may be capable of odor discrimination. The effect of S-carvone, R-carvone, and racemic lilial on the model membrane systems was investigated. The odorants were found to affect the fluidity of supported lipid bilayers as measured by fluorescence recovery after photobleaching (FRAP). The effect of odorants on surface-supported lipid multilayer microarrays of different dimensions was also investigated. The lipid multilayer micro- and nanostructure was highly sensitive to exposure to these odorants. Fluorescently-labeled lipid multilayer droplets of 5-micron diameter were more responsive to these odorants than ethanol controls. Arrays of lipid multilayer diffraction gratings distinguished S-carvone from R-carvone in an artificial nose assay. Our results suggest that lipid bilayer membranes may play a role in odorant discrimination and molecular recognition in general.
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1. Introduction


Odor detection in mammals is initiated in cellular membranes that contain well-studied G-protein-coupled receptors (GPCRs) [1,2,3,4,5]. Upon exposure to odorant molecules, these membrane-bound proteins trigger several signaling events, many of which also occur in the same membrane, which eventually lead to pattern recognition of the odor by the brain. Since the discovery that olfactory receptors are GPCRs, significant efforts have been made to identify odorant binding sites through the development of better expression systems and functional assays, with emphasis on olfactory receptor binding activity and sensitivity [6,7,8,9,10,11,12]. Unlike some other GPCRs [13], the olfactory receptor binding site has not been fully identified [14,15]. While there has been a lot of work done to model the odor binding site, there is uncertainty about how the odors reach and activate them, as well as how they might modulate downstream signaling events [16,17,18,19,20]. This leaves a gap in our molecular understanding of odorant interactions in the olfactory epithelium. A more complete understanding of molecular recognition of odorants is important for understanding health-related issues such as anosmia [21] and olfactory sense perception [20,22,23]. Furthermore, a better understanding of the role of the membrane in olfactory receptor activation will have broader applications for developing drug targets in the pharmaceutical industry of which GPCRs make up a large component [24,25]. The goal of this study was to test the idea that the cell membrane lipid composition may play a role in the odor discrimination process through selective interactions with odorants. This way of thinking about lipid bilayers as a supramolecular receptor for odor recognition is new, as selective odorant binding to GPCRs is generally hypothesized to be the main mechanism.



In a number of cases, membrane composition and structure are thought to regulate membrane protein activity [26,27]. Mechanosensitive ion channels such as MscL are known to open in response to mechanical perturbation of the membrane [28,29]. The activity of several GPCRs has been found to be regulated by lipid composition, for instance the cholesterol content of the lipid membrane [30,31,32]. Combinations of lipids have been proposed to play more than just a supporting role for proteins in biological systems [33,34,35]. For instance, in a model system it was shown that aggregates of lipid-like molecules can demonstrate molecular recognition as a kind of supramolecular aptamer [35]. There is evidence that lipids may play a role in the detection of odorants [36,37,38]. It has been shown that lipid monolayers from bovine epithelium have a change in surface tension that is linearly correlated to odorant threshold concentration [36]. Furthermore, it has been shown that olfaction can be temperature-sensitive [39,40]. Further experiments showed a strong correlation with the odorant’s effect on membrane fluidity [39].



Chemically, odorants tend to be relatively small hydrophobic compounds [41]. This is typically explained as being due to the need for volatility as well as crossing the olfactory mucosa. It is reasonable to hypothesize that these hydrophobic molecules may also accumulate in lipid bilayers. Enantioselectivity is a striking property of the olfactory system, with enantiomeric odorants having distinctly different odors [42]. Herein, we test the hypothesis that the lipid membranes not only play an elementary structural role for odor receptors but may also participate in odor discrimination.



Model membrane systems such as vesicles and supported lipid bilayers are well established for studying the behavior of lipid bilayers in vitro [43,44,45,46]. Supported lipid bilayers can demonstrate fluidity, although often interactions with the underlying substrate result in fluidity differences compared with bilayers in vesicles [47,48]. Being attached to a surface makes surface-supported model membrane systems better suited for optical microscopy, for instance upon the addition of reagents. Surface-supported lipid multilayers or droplet arrays are a newer model membrane system that combine the advantages of a surface-based system with some of the three-dimensional properties of vesicles [49,50,51,52,53,54,55]. These systems have been used for miniaturized drug screening in cell culture [49,50], for biosensing elements [52,54,56], and as a model system to understand protein–lipid interactions [52]. Lipid droplet arrays have been utilized to monitor membrane binding events of streptavidin [52,55], the ER membrane binding protein Sar1 [55], as well as interactions with volatile compounds [54]. Microscopic structural changes can be monitored using fluorescently labeled lipid additives [52,55,57]. Nanoscopic structural changes can also be monitored by observing optical diffraction from diffraction gratings formed out of the lipid droplets [52].



In the case of lipid multilayer gratings, nanoscale heights and optically efficient periodicity along the wavelength of light can be patterned onto a surface, and diffraction intensity can be monitored from the lipid grating as a function of time for measuring and modeling of analyte activity [52,54,55]. Lipid multilayer gratings are a cost-efficient and time-conserving method that can be used with any camera and angled white light source in order to study the membrane binding and remodeling activity of proteins. The benefit of using these techniques is that they are massively parallel and have considerable material integration capability [49,58].



Lipid micro- and nano-structured droplets have formed on surfaces by dip-pen nanolithography [52,53,59,60,61], polymer-pen lithography [62], evaporative edge lithography [63], and nanointaglio printing [58,64,65]. Nanointaglio printing is the method used here, which involves printing lipid inks from micro- or nanostructured stamps, with the ink being transferred from the recesses of the stamps [58,64,65]. This process is capable of making droplet arrays as well as diffraction gratings from lipid inks of various formulations. In several cases, the height or thickness of the lipid droplets on the surface have been found to be a crucial parameter that relates to their sensitivity to analytes. Nanointaglio is capable of producing structures of varying heights by repeated printing, and as ink is depleted from the stamp the droplets produced have lower heights [58,64,65].




2. Materials and Methods


Lipid multilayer substrate preparation: Lipid multilayers of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) doped with one mol percent rhodamine-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (rhodamine-PE) were arrayed onto a clean glass surface using a polymeric stamp of either dots or gratings. As confirmed previously by atomic force microscopy, the dot lipid multilayers were around 250 nm in height and 5 µm in diameter, while the lipid gratings had 700 nm periodicity and sub-100 nm heights. They were immersed in deionized water, and then odorants were introduced in solution by reverse pipetting. A concentration of 1 µM carvone enantiomers (R—product number: 124,931 and S—product number: 435,739, Sigma Aldrich, St. Louis, MO, USA) caused disruption of pattern fidelity and dissolution compared with the application of ethanol at the same concentration on a different sample. Chemical structures were rendered using ChemDraw Pro v.8 for Windows and Powerpoint.



Fluorescence recovery after photobleaching (FRAP): The purpose of FRAP on surface-supported lipid bilayers is to indicate a change in the recovery of the membrane (a measure of fluidity of the membrane) after exposure to the odorant. Due to carvone enantiomer’s low solubility in water, solutions were administered in a distilled water solution of 0.5% DMSO. DOPC with one mol percent Rhodamine-PE supported lipid bilayers were prepared using a vesicle fusion method by washing sonicated vesicles in deionized water (pH 7) with 1 M Ca2+ ions on an oxygen-plasma-coated glass slide (medium power, 2 min). Applying vesicles onto the surface with Ca2+ ions in solution and then washing caused the rupturing of vesicles onto the surface whereby the wash steps removed the excess Ca2+.



Nanointaglio printing: Lipid multilayer dots and gratings were fabricated by nanointaglio [58]. Dehydrated lipid formulations were transferred onto a polydimethylsiloxane (PDMS) grating stamp (700 nm pitch, 350 nm height) or PDMS hole stamp (5 µm diameter, ~1.8 µm depth) from an inked PDMS palette. Excess lipid ink was removed by sacrificial printing (proofing) [58,64]. The PDMS stamp was then stamped onto the substrate of choice.



Lipid pattern storage: After nanointaglio fabrication, lipid gratings and dots were stored in a nitrogen glovebox (Mbraun, Inc., Model Labstar (1200/780) Stratham, NH, USA) for 24 h to remove all water or to dehydrate them. The nitrogen environment stabilized the lyotropic lipid multilayer nanostructures by dehydration prior to immersion in water [52]. After immersion, the lipid multilayer gratings remained stable in buffer solution and remained physisorbed to the substrate.



Lipid multilayer gratings vapor chamber: Lipid multilayer gratings were arrayed onto 100 mm diameter polystyrene petri dishes. The gratings were stabilized in a set position using double-sided tape, then characterized using a diffraction light setup for a baseline control before odorant addition. We deposited 200 µL of carvone enantiomer (Sigma Aldrich) on a chem wipe into the corner of the chamber, and then the chamber was immediately sealed from the outside with Parafilm. Once sealed, diffraction images were taken every five seconds. Choosing time points at 20 and 40 s after odorant application enabled measurement of lipid multilayer responses to the odorants, which then allowed us to generate a point in principal components analysis (PCA). One hundred-pixel regions of interest (ROI)s were chosen from each of the six lipid grating formulations and used for the analysis. Three different samples were used for each carvone enantiomer. PCA was executed on the diffraction gratings as described previously [54] using Origin Pro.




3. Results and Discussion


The chemical structures of the lipids and odorants used here are shown in Figure 1. Phospholipids such as DOPC spontaneously form lipid bilayers in water. The central carbon of the glycerol component of the molecule contains a chiral carbon. The odorants carvone and lilial are both known to present different odors depending on their chirality. The effect of the introduction of an odorant on the fluidity of supported lipid bilayers was measured by fluorescence recovery after photobleaching (FRAP—Figure 2). Supported lipid bilayers were formed onto an oxygen-plasma-treated glass surface. After washing, a final solution with the carvone odorant in 0.5% DMSO was added to the solution. Initial images were captured and fluorescence intensity measured using ImageJ ROI analysis in the region of interest surrounding the bleached pinhole region. This intensity was compared to the initial fluorescence intensity before bleaching. Error bars represent the standard error from the average ROI intensity of each of the samples for each concentration.



Based on qualitative observation, the data suggest the concentration of carvone enantiomers may impact the fluidity of lipid bilayers differently, depending upon the enantiomer used. Specifically, there is a larger difference in the bleaching intensity for S-carvone 10−5 M and S-carvone 10−3 M when compared with the R-enantiomers at those concentrations. Since the diffusion of unbleached molecules continues during bleaching, this suggests that S-carvone decreases the fluidity of the bilayer compared with R-carvone at these concentrations. Surprisingly, this effect does not appear at the higher concentration (10−1 M). A possible explanation is that the lipid bilayer chirality interacts more with the S-enantiomer than the R-enantiomer to cause a decrease in the membrane exchange (lower fluorescence intensity) of the region outside membrane exposure, thus indicating differences in membrane fluidity at specific concentrations. Supplementary Figure S1 shows the FRAP of the hydrophilic odorant lilial in comparison with the FRAP of surface-supported DOPC bilayers without the presence of lilial. A typical recovery curve for the fluid phospholipid DOPC at room temperature conditions is presented in this figure and supports the interesting FRAP characteristic of the initial lower intensity of the overexposed bleached area and lack of complete fluorescent recovery, unlike the control.



We then tested the effect of odorant solutions on lipid multilayer droplet arrays immersed in water. Arrays were fabricated by nanointaglio as shown with examples in Figure 3. In this process, lipid inks are placed onto a palette using a pipette or pin-spotting tool. A microstructured PDMS stamp is then inked by placing the stamp onto the palette. Excess ink is removed by sacrificial printing, and then droplets are printed onto the surface. The process is compatible with multiple inks, which is used later for the production of arrays of multi-material lipid-based diffraction gratings. The resulting arrays can then be characterized by fluorescence microscopy and atomic force microscopy prior to immersion in water. Fluid phospholipid droplet arrays such as these can often be destroyed upon immersion in water under ambient conditions. However, they can be reliably immersed in a water-free nitrogen atmosphere [52]. We explain this by the idea that dehydrated DOPC is effectively frozen, and immersion in a water-free atmosphere prevents it from washing away. The immersion of gel-phase lipids, such as DPPC, does not require dehydration [58].



The experimental setup is depicted in Figure 4. Fluorescent lipid multilayers were patterned onto the surface. Upon exposure to the analyte in solution, the fluorescent intensity of the lipid multilayers changes. As a proof of concept, DOPC lipid multilayers were exposed to both 1 µM solutions of ethanol and the odorant lilial (Supplementary Figure S2). While the ethanol might have produced some mild disruption in lipid multilayer uniformity, lilial exposure elicited pronounced multilayer spreading, as evidenced by the lipid intensity increase between lipid multilayer dot structures and the decrease in lipid multilayer dot fluorescence intensity.



To further study this phenomenon, 1 mM solutions of R- and S-carvone in 0.5 mol% DMSO were introduced to the lipid multilayer dot structures. As opposed to the hydrophilic odorant lilial, both carvone enantiomers perpetuated dewetting of the phospholipid multilayers that were physisorbed to the glass substrate (Figure 5). To further study the enantiomer selectivity by DOPC membranes, a dose–response was calculated by measuring the fluorescence intensity of multilayer dots both before carvone addition and after five minutes of odorant exposure (Supplementary Figure S3). ROIs of 25 dots from each sample were used to compute the average fluorescence intensity of a sample. We can see in the dose–response curve a difference in fluorescence intensity for concentrations of 10−3 M and lower, indicating less pattern disruption for R-carvone at lower concentrations than for S-carvone. This unique concentration dependence is consistent with what was observed in the FRAP data (Figure 2).



While lipid multilayer dots suggested the odorants perpetuate dewetting of the lipid membranes from the surface in solution, it led to the question of whether the membranes were capable of discriminating enantiomers of a specific odorant through vapor. To answer this question, we used lipid multilayer sensor technology developed previously [54] to test the theory (Figure 6 and Figure 7). Upon analyte exposure to oil droplet gratings on the surface, analytes interact with the fluid oil gratings and dynamically change the heights. This height can be detected by label-free light diffraction and color camera capture. By printing lipid gratings in a polystyrene petri dish chamber, different carvone enantiomers could be administered to grating arrays and, using PCA, processed to determine if the entirety of the grating arrays responded differently to carvone enantiomer vapors.



Photomicrographs of the lipid gratings formed from six different formulations (DOPC, DOPE, DOPS, 1:1 DOPC:DOPE, 1:1 DOPC:DOPS, 1:1 DOPE:DOPS) of phospholipids printed onto the surface and exposed to carvone enantiomer vapor (three experiments for each enantiomer) are shown in Figure 7. The three mixed formulations are 1:1 by mol. Surprisingly, the enantiomers were able to be distinguished in principal component space. We previously demonstrated that varying the phospholipid compositions, when printed onto the surface and exposed to different volatile organic compounds and humidity, resulted in unique responses. The odorants S- and R-carvone were chosen because they bind different preferred odorant receptors. DOPC, DOPE, and DOPS were the compositions of phospholipids used to fabricate nanogratings because they are prevalent in the olfactory epithelium. The odor vapors were exposed to the phospholipids patterned as diffraction small gratings so that changes in optical diffraction could be monitored. Choosing time points at 20 s and 40 s after odorant application enabled the measurement of lipid multilayer responses to odorants and allowed us to generate a point in PCA space. Odor–lipid interaction profiles (like those generated in Supplementary Figure S4) demonstrated a change in lipid structure on the surface, and the response relationships between different odorant classes demonstrated the extent of lipid discrimination. An increase in response implies the lipid multilayers are swelling, or dewetting to increase in height, whereas a decrease in light intensity generally implies a spreading mechanism [52]. The data were analyzed using multivariable analysis to demonstrate the capability to distinguish the application of different odorants in PCA space. While PCA on carvone enantiomer response suggests an ability to distinguish enantiomers, we are unable to rule out possible artifact differences unrelated to chirality. More enantiomers should be used to further elucidate the relationship between how different classes of odorant enantiomers interact with lipid membranes. For example, lipid membrane enantiomer selectivity could depend on the functional group of the odorant and/or the phospholipid membrane composition.




4. Conclusions


The results presented here suggest that the lipid membrane may play a modulatory role in odorant discrimination. Given the kinetics of the lipid multilayer responses to the carvone enantiomers, lipid membranes may also serve a secondary function for odorant adaptation. FRAP and lipid multilayer assays demonstrated significant changes in bilayer properties upon exposure to odorants. In several cases, a marked difference between enantiomers was observed when comparing S-carvone and R-carvone, specifically at concentrations of 10−3 M and lower. One possible explanation could be based on the incorporation of the S-enantiomer into the lipid membrane based upon the chirality of both molecules. It is somewhat surprising that a difference between two enantiomers was reproducibly observed at lower concentrations but not higher concentrations. Dose–response effects in biological systems typically become stronger at higher concentrations [49]. The lipid-based enantioselectivity observed here may require further quantitative tests, possibly in different formats to eliminate the possibility of the synthetic enantiomer solutions being different in some other way beyond chirality. The observation that three different odorants have strong effects on the physical properties of model lipid membranes in the absence of protein suggests the possibility that the odor selectivity may be due to the membrane composition.



The implications for odor recognition in vitro are that the supramolecular structure of lipid bilayer membranes in the olfactory epithelium may play a role in the signal detection and transduction process. Possible explanations for how an odorant could interact with the lipid membrane in order to help concentrate and enable the odor receptor to bind the odor are presented in Figure 8. An odor could directly bind (1) to the odor receptor through the mucus, or the odor could bind and change the fluidity or structure of the lipid membrane (2) to enhance odorant access to the odor receptors, depending on the partitioning of the odorant into the lipid bilayer. The accumulation of odorants in the lipid bilayer may lead to structural changes (3), for instance raft-like structures that could regulate one or more of the membrane-bound proteins illustrated in Figure 7 [27,34].



The possibility that the partitioning of a ligand into a lipid bilayer may trigger a pathway such as GPCR activation is a new way of thinking about receptors and membranes. Like odorants, many drugs tend to be lipophilic, and lipophilic drugs tend to be more potent than more polar drugs [66]. Furthermore, the lipid composition of lipid-based particles such as exosomes, liposomes, lipid nanoparticles, and other drug delivery vehicles is important for determining delivery properties, although in many cases the mechanism behind this remains unclear [67,68,69,70,71]. If the lipid composition of a bilayer leads to molecular recognition in vivo then that may lead to a better understanding of targeting and signal transduction and lead to innovative drug targets. Although it is challenging to test this hypothesis in vivo, considerations of lipid metabolism as well as model systems appear to be promising [72,73,74]. Further investigations of lipid composition and structure–function relations in vitro and in vivo may lead to new insights and possibly lipid-based therapeutic targets.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/membranes13020151/s1, Figure S1: DOPC supported bilayer FRAP response to lilial; Figure S2: Lilial Interaction with Lipid Multilayer Dots; Figure S3: Dose–Response of Carvone Enantiomers to Lipid Multilayers; Figure S4: Label-Free Lipid Multilayer Diffraction Gratings of Various Compositions’ Response to S- and R-Carvone Enantiomers.





Author Contributions


Conceptualization, S.L. and D.A.F.; methodology, S.L., A.E.K.-A. and T.W.L.; supervision, S.L. and D.A.F.; Writing, T.W.L., D.A.F. and S.L.; funding acquisition, D.A.F. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Institutes of Health (NIH) National Institute of Deafness and Communication Disorders (NIDCD) Chemosensory Training Grant Program (CTP) T32DC000044.




Institutional Review Board Statement


N/A—No vertebrate animals were used in this study.




Data Availability Statement


Data sets generated by this study can be made available by contacting the communicating author.




Acknowledgments


S.L. thanks Laurent Calcul for the helpful discussion.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Buck, L.; Axel, R. A novel multigene family may encode odorant receptors: A molecular basis for odor recognition. Cell 1991, 65, 175–187. [Google Scholar] [CrossRef] [PubMed]

	



Firestein, S.; Darrow, B.; Shepherd, G.M. Activation of the sensory current in salamander olfactory receptor neurons depends on a G protein-mediated cAMP second messenger system. Neuron 1991, 6, 825–835. [Google Scholar] [CrossRef] [PubMed]

	



Jones, D.T.; Reed, R.R. Golf: An olfactory neuron specific-G protein involved in odorant signal transduction. Science 1989, 244, 790–795. [Google Scholar] [CrossRef] [PubMed]

	



Jones, D.T.; Masters, S.B.; Bourne, H.R.; Reed, R.R. Biochemical characterization of three stimulatory GTP-binding proteins. The large and small forms of Gs and the olfactory-specific G-protein, Golf. J. Biol. Chem. 1990, 265, 2671–2676. [Google Scholar] [CrossRef]

	



Bruch, R.C. Signal transducing GTP-binding proteins in olfaction. Comp. Biochem. Physiol. A-Physiol. 1990, 95, 27–29. [Google Scholar] [CrossRef] [PubMed]

	



Dewan, A.; Cichy, A.; Zhang, J.; Miguel, K.; Feinstein, P.; Rinberg, D.; Bozza, T. Single olfactory receptors set odor detection thresholds. Nat. Commun. 2018, 9, 1–12. [Google Scholar] [CrossRef]

	



Geithe, C.; Protze, J.; Kreuchwig, F.; Krause, G.; Krautwurst, D. Structural determinants of a conserved enantiomer-selective carvone binding pocket in the human odorant receptor OR1A1. Cell. Mol. Life Sci. 2017, 74, 4209–4229. [Google Scholar] [CrossRef]

	



Minic, J.; Persuy, M.-A.; Godel, E.; Aioun, J.; Connerton, I.; Salesse, R.; Pajot-Augy, E. Functional expression of olfactory receptors in yeast and development of a bioassay for odorant screening. FEBS J. 2004, 272, 524–537. [Google Scholar] [CrossRef]

	



Sanmartí-Espinal, M.; Iavicoli, P.; Calò, A.; Taulés, M.; Galve, R.; Marco, M.P.; Samitier, J. Quantification of interacting cognate odorants with olfactory receptors in nanovesicles. Sci. Rep. 2017, 7, 17483. [Google Scholar] [CrossRef]

	



Saito, H.; Chi, Q.; Zhuang, H.; Matsunami, H.; Mainland, J. Odor coding by a mammalian receptor repertoire. Neurosci. Res. 2009, 65, S76. [Google Scholar] [CrossRef]

	



Zhang, Y.; Pan, Y.; Matsunami, H.; Zhuang, H. Live-cell Measurement of Odorant Receptor Activation Using a Real-time cAMP Assay. J. Vis. Exp. 2017, 128, e55831. [Google Scholar] [CrossRef] [PubMed]

	



Glatz, R.; Bailey-Hill, K. Mimicking nature’s noses: From receptor deorphaning to olfactory biosensing. Prog. Neurobiol. 2011, 93, 270–296. [Google Scholar] [CrossRef] [PubMed]

	



Grigorieff, N.; Ceska, T.; Downing, K.; Baldwin, J.; Henderson, R. Electron-crystallographic Refinement of the Structure of Bacteriorhodopsin. J. Mol. Biol. 1996, 259, 393–421. [Google Scholar] [CrossRef]

	



Butterwick, J.A.; Del Mármol, J.; Kim, K.H.; Kahlson, M.A.; Rogow, J.A.; Walz, T.; Ruta, V. Cryo-EM structure of the insect olfactory receptor Orco. Nature 2018, 560, 447–452. [Google Scholar] [CrossRef] [PubMed]

	



Behrens, M.; Briand, L.; A De March, C.; Matsunami, H.; Yamashita, A.; Meyerhof, W.; Weyand, S. Structure–Function Relationships of Olfactory and Taste Receptors. Chem. Senses 2018, 43, 81–87. [Google Scholar] [CrossRef]

	



Man, O.; Gilad, Y.; Lancet, D. Prediction of the odorant binding site of olfactory receptor proteins by human-mouse comparisons. Protein Sci. 2004, 13, 240–254. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.; Wu, B. Structural studies of G protein-coupled receptors. IUBMB Life 2016, 68, 894–903. [Google Scholar] [CrossRef] [PubMed]

	



Floriano, W.B.; Vaidehi, N.; Goddard, W.A.; Singer, M.S.; Shepherd, G.M. Molecular mechanisms underlying differential odor responses of a mouse olfactory receptor. Proc. Natl. Acad. Sci. USA 2000, 97, 10712–10716. [Google Scholar] [CrossRef]

	



de March, C.A.; Yu, Y.; Ni, M.J.; Adipietro, K.A.; Matsunami, H.; Ma, M.; Golebiowski, J. Conserved Residues Control Activation of Mammalian G Protein-Coupled Odorant Receptors. J. Am. Chem. Soc. 2015, 137, 8611–8616. [Google Scholar] [CrossRef]

	



Kepchia, D.; Sherman, B.; Haddad, R.; Luetje, C.W. Mammalian odorant receptor tuning breadth persists across distinct odorant panels. PLoS ONE 2017, 12, e0185329. [Google Scholar] [CrossRef]

	



Boesveldt, S.; Postma, E.M.; Boak, D.; Welge-Luessen, A.; Schopf, V.; Mainland, J.D.; Martens, J.; Ngai, J.; Duffy, V.B. Anosmia-A Clinical Review. Chem. Senses 2017, 42, 513–523. [Google Scholar] [CrossRef] [PubMed]

	



Silva Teixeira, C.S.; Cerqueira, N.M.; Silva Ferreira, A.C. Unravelling the Olfactory Sense: From the Gene to Odor Perception. Chem. Senses 2016, 41, 105–121. [Google Scholar] [CrossRef] [PubMed]

	



Keller, A.; Zhuang, H.; Chi, Q.; Vosshall, L.B.; Matsunami, H. Genetic variation in a human odorant receptor alters odour perception. Nature 2007, 449, 468–472. [Google Scholar] [CrossRef] [PubMed]

	



Thomsen, W.; Frazer, J.; Unett, D. Functional assays for screening GPCR targets. Curr. Opin. Biotechnol. 2005, 16, 655–665. [Google Scholar] [CrossRef]

	



Husted, A.S.; Trauelsen, M.; Rudenko, O.; Hjorth, S.A.; Schwartz, T.W. GPCR-Mediated Signaling of Metabolites. Cell Metab. 2017, 25, 777–796. [Google Scholar] [CrossRef]

	



Lee, A.G. How lipids affect the activities of integral membrane proteins. Biochim. Et Biophys. Acta (BBA)-Biomembr. 2004, 1666, 62–87. [Google Scholar] [CrossRef]

	



Lingwood, D.; Simons, K. Lipid Rafts As a Membrane-Organizing Principle. Science 2009, 327, 46–50. [Google Scholar] [CrossRef]

	



Sukharev, S.I.; Blount, P.; Martinac, B.; Blattner, F.R.; Kung, C. A large-conductance mechanosensitive channel in E. coli encoded by mscL alone. Nature 1994, 368, 265–268. [Google Scholar] [CrossRef]

	



Phillips, R.; Ursell, T.; Wiggins, P.; Sens, P. Emerging roles for lipids in shaping membrane-protein function. Nature 2009, 459, 379–385. [Google Scholar] [CrossRef]

	



Mohole, M.; Sengupta, D.; Chattopadhyay, A. Synergistic and Competitive Lipid Interactions in the Serotonin1A Receptor Microenvironment. ACS Chem. Neurosci. 2022, 13, 3403–3415. [Google Scholar] [CrossRef]

	



Sarkar, P.; Chattopadhyay, A. Cholesterol in GPCR Structures: Prevalence and Relevance. J. Membr. Biol. 2021, 255, 99–106. [Google Scholar] [CrossRef] [PubMed]

	



Oates, J.; Watts, A. Uncovering the intimate relationship between lipids, cholesterol and GPCR activation. Curr. Opin. Struct. Biol. 2011, 21, 802–807. [Google Scholar] [CrossRef] [PubMed]

	



Tan, S.; Zhang, X.; Kong, W.; Yang, X.-L.; Molnár, G.; Vondráková, Z.; Filepová, R.; Petrášek, J.; Friml, J.; Xue, H.-W. The lipid code-dependent phosphoswitch PDK1–D6PK activates PIN-mediated auxin efflux in Arabidopsis. Nat. Plants 2020, 6, 556–569. [Google Scholar] [CrossRef] [PubMed]

	



Kahana, A.; Maslov, S.; Lancet, D. Dynamic lipid aptamers: Non-polymeric chemical path to early life. Chem. Soc. Rev. 2021, 50, 11741–11746. [Google Scholar] [CrossRef]

	



Bell, T.N.; Feng, K.; Calvin, G.; Van Winkle, D.H.; Lenhert, S. Organic Composomes as Supramolecular Aptamers. ACS Omega 2020, 5, 27393–27400. [Google Scholar] [CrossRef] [PubMed]

	



Koyama, N.; Kurihara, K. Effect of Odorants on Lipid Monolayers from Bovine Olfactory Epithelium. Nature 1972, 236, 402–404. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, R.; Yotsumoto, M.; Yamaguchi, Y.; Matsuo, M.; Fukuhara, K.; Takahashi, O.; Nakanishi, S.; Denda, M.; Nakata, S. Masking of a malodorous substance on 1,2-dioleoyl-sn-glycero-3-phosphocholine molecular layer. Colloids Surf. A-Physicochem. Eng. Asp. 2022, 634, 128045. [Google Scholar] [CrossRef]

	



Wyszynski, B.; Somboon, P.; Nakamoto, T. Mixed self-assembled lipopolymers with spacer lipids enhancing sensitivity of lipid-derivative QCMs for odor sensors. Sens. Actuators B Chem. 2008, 134, 72–78. [Google Scholar] [CrossRef]

	



Kashiwayanagi, M.; Sasaki, K.; Lida, A.; Saito, H.; Kurihara, K. Concentration and Membrane Fluidity Dependence of Odor Discrimination in the Turtle Olfactory System. Chem. Senses 1997, 22, 553–563. [Google Scholar] [CrossRef]

	



Martín, F.; Riveron, J.; Alcorta, E. Environmental temperature modulates olfactory reception in Drosophila melanogaster. J. Insect Physiol. 2011, 57, 1631–1642. [Google Scholar] [CrossRef]

	



Castro, T.; Silva, C.; Matamá, T.; Cavaco-Paulo, A. The Structural Properties of Odorants Modulate Their Association to Human Odorant Binding Protein. Biomolecules 2021, 11, 145. [Google Scholar] [CrossRef] [PubMed]

	



Magna, G.; Stefanelli, M.; Pomarico, G.; Naitana, M.L.; Monti, D.; Di Natale, C.; Paolesse, R. Chiral Recognition with Broad Selective Sensor Arrays. Chemosensors 2022, 10, 308. [Google Scholar] [CrossRef]

	



Chan, Y.-H.M.; Boxer, S.G. Model membrane systems and their applications. Curr. Opin. Chem. Biol. 2007, 11, 581–587. [Google Scholar] [CrossRef] [PubMed]

	



Meker, S.; Halevi, O.; Chin, H.; Sut, T.N.; Jackman, J.A.; Tan, E.-L.; Potroz, M.G.; Cho, N.-J. Inkjet-Printed Phospholipid Bilayers on Titanium Oxide Surfaces: Towards Functional Membrane Biointerfaces. Membranes 2022, 12, 361. [Google Scholar] [CrossRef]

	



Pašalić, L.; Pem, B.; Bakarić, D. Lamellarity-Driven Differences in Surface Structural Features of DPPS Lipids: Spectroscopic, Calorimetric and Computational Study. Membranes 2023, 13, 83. [Google Scholar] [CrossRef]

	



Loshkareva, A.S.; Popova, M.M.; Shilova, L.A.; Fedorova, N.V.; Timofeeva, T.A.; Galimzyanov, T.R.; Kuzmin, P.I.; Knyazev, D.G.; Batishchev, O.V. Influenza A Virus M1 Protein Non-Specifically Deforms Charged Lipid Membranes and Specifically Interacts with the Raft Boundary. Membranes 2023, 13, 76. [Google Scholar] [CrossRef]

	



Babayco, C.B.; Turgut, S.; Smith, A.M.; Sanii, B.; Land, D.; Parikh, A.N. A comparison of lateral diffusion in supported lipid monolayers and bilayers. Soft Matter 2010, 6, 5877–5881. [Google Scholar] [CrossRef]

	



Tero, R. Substrate Effects on the Formation Process, Structure and Physicochemical Properties of Supported Lipid Bilayers. Materials 2012, 5, 2658–2680. [Google Scholar] [CrossRef]

	



Kusi-Appiah, A.E.; Lowry, T.W.; Darrow, E.M.; Wilson, K.A.; Chadwick, B.P.; Davidson, M.W.; Lenhert, S. Quantitative dose–response curves from subcellular lipid multilayer microarrays. Lab A Chip 2015, 15, 3397–3404. [Google Scholar] [CrossRef]

	



Kusi-Appiah, A.E.; Vafai, N.; Cranfill, P.J.; Davidson, M.W.; Lenhert, S. Lipid multilayer microarrays for in vitro liposomal drug delivery and screening. Biomaterials 2012, 33, 4187–4194. [Google Scholar] [CrossRef]

	



Kusi-Appiah, A.E.; Mastronardi, M.L.; Qian, C.; Chen, K.K.; Ghazanfari, L.; Prommapan, P.; Kübel, C.; Ozin, G.A.; Lenhert, S. Enhanced cellular uptake of size-separated lipophilic silicon nanoparticles. Sci. Rep. 2017, 7, srep43731. [Google Scholar] [CrossRef] [PubMed]

	



Lenhert, S.; Brinkmann, F.; Laue, T.; Walheim, S.; Vannahme, C.; Klinkhammer, S.; Xu, M.; Sekula, S.; Mappes, T.; Schimmel, T.; et al. Lipid multilayer gratings. Nat. Nanotechnol. 2010, 5, 275–279. [Google Scholar] [CrossRef] [PubMed]

	



Lenhert, S.; Sun, P.; Wang, Y.; Fuchs, H.; Mirkin, C.A. Massively Parallel Dip-Pen Nanolithography of Heterogeneous Supported Phospholipid Multilayer Patterns. Small 2006, 3, 71–75. [Google Scholar] [CrossRef]

	



Lowry, T.W.; Prommapan, P.; Rainer, Q.; Van Winkle, D.; Lenhert, S. Lipid Multilayer Grating Arrays Integrated by Nanointaglio for Vapor Sensing by an Optical Nose. Sensors 2015, 15, 20863–20872. [Google Scholar] [CrossRef]

	



Lowry, T.W.; Hariri, H.; Prommapan, P.; Kusi-Appiah, A.; Vafai, N.; Bienkiewicz, E.A.; Van Winkle, D.H.; Stagg, S.M.; Lenhert, S. Quantification of Protein-Induced Membrane Remodeling Kinetics In Vitro with Lipid Multilayer Gratings. Small 2016, 12, 506–515. [Google Scholar] [CrossRef]

	



Prommapan, P.; Brljak, N.; Lowry, T.; Van Winkle, D.; Lenhert, S. Aptamer Functionalized Lipid Multilayer Gratings for Label-Free Analyte Detection. Nanomaterials 2020, 10, 2433. [Google Scholar] [CrossRef] [PubMed]

	



Nafday, A.; Lenhert, O.S. High-throughput optical quality control of lipid multilayers fabricated by dip-pen nanolithography. Nanotechnology 2011, 22, 225301. [Google Scholar] [CrossRef] [PubMed]

	



Lowry, T.W.; Kusi-Appiah, A.; Guan, J.; Van Winkle, D.H.; Davidson, M.W.; Lenhert, S. Materials integration by nanointaglio. Adv. Mater. Interfaces 2014, 1, 1300127. [Google Scholar] [CrossRef]

	



Sekula, S.; Fuchs, J.; Weg-Remers, S.; Nagel, P.; Schuppler, S.; Fragala, J.; Theilacker, N.; Franzreb, M.; Wingren, C.; Ellmark, P.; et al. Multiplexed lipid dip-pen nanolithography on subcellular scales for the templating of functional proteins and cell culture. Small 2008, 4, 1785–1793. [Google Scholar] [CrossRef]

	



Liu, H.-Y.; Kumar, R.; Takai, M.; Hirtz, M. Enhanced Stability of Lipid Structures by Dip-Pen Nanolithography on Block-Type MPC Copolymer. Molecules 2020, 25, 2768. [Google Scholar] [CrossRef]

	



Berganza, E.; Boltynjuk, E.; Mathew, G.; Vallejo, F.F.; Gröger, R.; Scherer, T.; Sekula-Neuner, S.; Hirtz, M. 3D Nanolithography by Means of Lipid Ink Spreading Inhibition. Small 2022, 2205590, Online ahead of print. [Google Scholar] [CrossRef]

	



Kumar, R.; Urtizberea, A.; Ghosh, S.; Bog, U.; Rainer, Q.; Lenhert, S.; Fuchs, H.; Hirtz, M. Polymer Pen Lithography with Lipids for Large-Area Gradient Patterns. Langmuir 2017, 33, 8739–8748. [Google Scholar] [CrossRef] [PubMed]

	



Vafai, N.; Lowry, T.W.; Wilson, K.A.; Davidson, M.W.; Lenhert, S. Evaporative edge lithography of a liposomal drug microarray for cell migration assays. Nanofabrication 2015, 2, 34–42. [Google Scholar] [CrossRef] [PubMed]

	



Nafday, O.A.; Lowry, T.W.; Lenhert, S. Multifunctional Lipid Multilayer Stamping. Small 2012, 8, 1021–1028. [Google Scholar] [CrossRef]

	



Ghazanfari, L.; Lenhert, S. Screening of Lipid Composition for Scalable Fabrication of Solvent-Free Lipid Microarrays. Front. Mater. 2016, 3, 55. [Google Scholar] [CrossRef] [PubMed]

	



Bergström, C.A.S.; Yazdanian, M. Lipophilicity in Drug Development: Too Much or Not Enough? AAPS J. 2016, 18, 1095–1100. [Google Scholar] [CrossRef]

	



El Andaloussi, S.; Mäger, I.; Breakefield, X.O.; Wood, M.J.A. Extracellular vesicles: Biology and emerging therapeutic opportunities. Nat. Rev. Drug Discov. 2013, 12, 347–357. [Google Scholar] [CrossRef]

	



Donoso-Quezada, J.; Ayala-Mar, S.; González-Valdez, J. The role of lipids in exosome biology and intercellular communication: Function, analytics and applications. Traffic 2021, 22, 204–220. [Google Scholar] [CrossRef]

	



Lokugamage, M.; Sago, C.D.; Gan, Z.; Krupczak, B.; Dahlman, J.E. Constrained Nanoparticles Deliver siRNA and sgRNA to T Cells In Vivo without Targeting Ligands. Adv. Mater. 2019, 31, e1902251. [Google Scholar] [CrossRef]

	



Bobo, D.; Robinson, K.J.; Islam, J.; Thurecht, K.J.; Corrie, S.R. Nanoparticle-Based Medicines: A Review of FDA-Approved Materials and Clinical Trials to Date. Pharm. Res. 2016, 33, 2373–2387. [Google Scholar] [CrossRef]

	



Marchianò, V.; Matos, M.; López, M.; Weng, S.; Serrano-Pertierra, E.; Luque, S.; Blanco-López, M.C.; Gutiérrez, G. Nanovesicles as Vanillin Carriers for Antimicrobial Applications. Membranes 2023, 13, 95. [Google Scholar] [CrossRef] [PubMed]

	



Selyutina, O.Y.; Mastova, A.V.; Polyakov, N.E. The Interaction of Anthracycline Based Quinone-Chelators with Model Lipid Membranes: 1H NMR and MD Study. Membranes 2023, 13, 61. [Google Scholar] [CrossRef] [PubMed]

	



Mutlu, A.S.; Gao, S.M.; Zhang, H.; Wang, M.C. Olfactory specificity regulates lipid metabolism through neuroendocrine signaling in Caenorhabditis elegans. Nat. Commun. 2020, 11, 1–15. [Google Scholar] [CrossRef]

	



Tsuneki, H.; Sugiyama, M.; Ito, T.; Sato, K.; Matsuda, H.; Onishi, K.; Yubune, K.; Matsuoka, Y.; Nagai, S.; Yamagishi, T.; et al. Food odor perception promotes systemic lipid utilization. Nat. Metab. 2022, 4, 1514–1531. [Google Scholar] [CrossRef] [PubMed]








[image: Membranes 13 00151 g001 550] 





Figure 1. Chemical structures of a phospholipid and the odorants used here. (a) The phospholipid DOPC is commonly used to form fluid model membranes in water at room temperature. (b) The odorants S-carvone and R-carvone. (c) The odorant lilial, which was used here as a racemic mixture. 
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Figure 2. Fluorescence recovery after photobleaching of supported lipid bilayers upon exposure to enantiomeric odorants S-carvone and R-carvone. Top—examples of data from the FRAP experiment. A fluorescently labeled supported lipid bilayer was exposed to high-intensity light through an aperture to bleach a circular area within the spot. The fluorescence intensity of the bleached spot was measured as lipids diffused into it from the unbleached region. Represented are FRAP data from the two enantiomers, measured at 3 different concentrations. 
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Figure 3. The nanointaglio printing process. (a–f) Schematic illustration of the nanointaglio process. (a,b) An ink palette is prepared by spotting inks onto surface. (c,d) A microstructured polymer stamp is inked by placing the stamp in contact with the palette. (e) The inked stamp is used to print from the recesses of the stamp. Initial prints are discarded as excess ink is removed from the surface of the stamp until intaglio printing occurs. (f) The printed droplet arrays. (g) Fluorescence micrograph of a printed droplet array. (h) Atomic force micrograph of the area outlined in (g). 
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Figure 4. Schematic illustration of a lipid multilayer fluorescence assay. Fluorescently-labeled arrays of lipid droplets on a surface can be observed with a fluorescence microscope. Upon exposure to an analyte, the change in intensity or structure of the lipid arrays is monitored. 
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Figure 5. Lipid multilayer fluorescence assay upon exposure to R-carvone and S-carvone. Both enantiomers were found to significantly disrupt the lipid multilayer structures. Lipid dots exposed to 1 mM R-carvone demonstrated spreading and dissolution, while lipid multilayers exposed to 1 mM S-carvone tended to demonstrate more tension and remodeling effects. 
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Figure 6. Lipid multilayer gratings. (a) Schematic showing the assay of exposing lipid multilayer gratings to an analyte while monitoring the diffraction from the arrays. (b) An example of an optical image of a DOPC-based lipid multilayer grating taken according to the setup shown in (a). (c) AFM image of a DOPC lipid multilayer grating. 
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Figure 7. Lipid multilayer gratings respond to carvone vapors with enantiomer dependence. (a) Lipid multilayer gratings of DOPC, DOPE, DOPS, 1:1 DOPC:DOPE, 1:1 DOPC:DOPS, and 1:1 DOPE:DOPS were fabricated on a polystyrene surface. The sample was illuminated by white light from an angle and an image was taken of the light diffracted from the gratings as illustrated in Figure 5. (b) The gratings were then exposed to carvone vapors at saturation. (c) Utilizing three different experiments for each enantiomer, clustering was observed using multivariable analysis using 20 to 40 s time point data to construct the response of the gratings in PCA space. 
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Figure 8. Possibilities for how the lipid bilayer membrane could assist in the molecular binding of odorants. Schematic depicting the odorant receptor (OR) G-protein-coupled receptor cascade and the three possibilities for molecular triggering of the cascade. 1. Direct binding of the odorant to the OR. 2. Lipid reorganization from odorants could provide access for the odorant to arrive in the binding site of the OR. 3. Lipids shuttle and concentrate odorants near the OR to facilitate OR/odorant binding. Golf = G-protein olfaction, ACIII = Adenyl cyclase 3, CNG = cyclic nucleotide. 






Figure 8. Possibilities for how the lipid bilayer membrane could assist in the molecular binding of odorants. Schematic depicting the odorant receptor (OR) G-protein-coupled receptor cascade and the three possibilities for molecular triggering of the cascade. 1. Direct binding of the odorant to the OR. 2. Lipid reorganization from odorants could provide access for the odorant to arrive in the binding site of the OR. 3. Lipids shuttle and concentrate odorants near the OR to facilitate OR/odorant binding. Golf = G-protein olfaction, ACIII = Adenyl cyclase 3, CNG = cyclic nucleotide.



[image: Membranes 13 00151 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Before FRAP Overexposure

After Bleaching 5 min recovery

1.05 -
51.004 =
g ]
>0.95-
G )
o 0.90 -
= )
=0.85-
3 :
£0.80 -
O 4
20.75- i
S070- {;":ii‘;—'—":_ m S-Carvone 10° M
o ) T 5
T0.65- __,f:if%;"_f E-garvone 10_3 M
N - e -Carvone 10° M
®0.60 - - R-Carvone 10° M
%0_55_' ¢ S-Carvone 10'_11 M
P4 3 <4 R-Carvone 100 M

0-50 I b I v I d ] ' | . I . I )

-50 0 50 100 150 200 250 300

Time (seconds)





nav.xhtml


  membranes-13-00151


  
    		
      membranes-13-00151
    


  




  





media/file16.png
2. Odor binds and changes @ j 1. Direct binding ® o 90

lipids, which enhances
Odor/OR binding

Mucus

ooooooooooooo

ooooooooooooooooooooooo

Cytosol T
3. Lipid shuttle and concentrate ©

odor near OR, facilitate GTP ®

OR/odorant binding s S © 0

GDP S





media/file2.png
O

O
Il
\/\/\/\/W/\)k o _
O/Y\O / O\_,-/‘\ N*

a /\/\/\/\:/\/\/\/\n/d H o |\
O
Phospholipid - 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
H,C. CHs
C  He
(R)
b

(A) (S)

HsC
Carvone (hydrophobic) HiC' CH,

Lilial enantiomers (hydrophilic)





media/file5.jpg
Yvyy

— .
b Ink-Palette

Intaglio stamp
@ e ans
d wem s
n aan ans
f Nanostructure arrays

pin spotting onto.
an ink-palette

v

ink palette

v

inking of the
intaglio stamp

v

Inked stamp

12

Printing

v

Multi-material
nanostructure
arrays





media/file3.jpg
Before FRAP

Overexposure  After Bleaching S min recovery

S-Carvone 10° M
R-Carvone 10°M
S-Carvone 10° M
R-Carvone 10° M|
+ S-Carvone 10" M
< R-Carvone 10" M|

T T T

T T T T
0 50 100 150 200 250 300
Time (seconds)





media/file1.jpg
o o
ST . .

g

NN I

o

Phospholipid - 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

©

Carvone (hydrophobic)

Hic_ FHs
HyC CHy
n (R
7
H
4
H
HiC. CHy (s)
HiC' Chy

Lilial enantiomers (hydrophilic)





media/file7.jpg
Fluorescence HoT - e Analyte

Camera






media/file10.png
R-Carvone

A -

R-Carvone

S-Carvone

S-Carvone






media/file12.png
20 um 2 um






media/file9.jpg
After 5 min

S-Carvone S-Carvone






media/file0.png





media/file14.png
20 s After R-Carvone r

s-Carvone

DOPE:DOPS DOPC:DOPS DOPC:DOPE > 00 \

DOPS DOPE DOPC






media/file8.png
e Analyte

Fluorescence

I Camera I






media/file11.jpg





media/file6.png
Ink
a“xv

Intaglio stamp \

s =—="N
Ink-Palette

Nanostructure arrays

pin spotting onto
an ink-palette

v

ink palette

v

inking of the
intaglio stamp

v

Inked stamp

v

Printing

v

Multi-material
nanostructure
arrays

500.0 nm






media/file15.jpg
liids, which enhances
OdoriOR binding e

2. dor binds and changes ( & _j1 Dirct binding o 0%

ot

3. Lipd shutte and concentrate

odor near OR, facltale

ORlodorant binding PO
a °





