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The discrimination between odd and even carbon chain molecules is crucial in detecting odd chain metabolites resulting from impaired biosynthetic processes. However, the discrimination of these metabolomes via gas sensors presents significant challenges due to the lack of connection between material-gas interaction and odd-even carbon chain molecules. In this study, a homologous series of 1-alcohols is systematically investigated, quantitatively comparing the measured signals obtained using pentapeptide-coated gas sensors and pentapeptide-gas interactions calculated via molecular docking simulations. The pentapeptide-coated gas sensor exhibits a clear odd-even effect in both absorption and desorption processes, demonstrating better discrimination between odd- and even-numbered carbon compounds. The results indicate that the odd-even effect during the absorption process is closely associated with the hydrophobic interaction between a pentapeptide and a gas molecule, while the interactions affecting the desorption phase may vary depending on the pentapeptide properties. The insights into the molecular interactions involved in the odd-even effect will facilitate the development of materials for detecting odd-chain metabolites, which can enhance the accuracy of gas-sensing technologies toward health monitoring applications.
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Metabolites with an odd or even number carbon chain are crucial for human health due to their distinctive roles in metabolic pathways.1–5 Even-numbered metabolites are more commonly encountered in mammalian metabolic pathways because many mammalian biosynthetic processes, such as fatty acid synthesis, involve the addition or removal of two-carbon units from intermediates like acetyl-coenzyme A.3,6 Although odd-numbered metabolites, such as heptadecanoic acid, are less common, they can be produced by gut microbes or dietary sources.7,8 Importantly, the presence of these fatty acids in biological samples has been linked to specific health conditions. For example, elevated levels of odd-numbered fatty acids have been associated with metabolic dysfunctions, such as glucose intolerance.1 Accordingly, by detecting and quantifying these odd-numbered metabolites, healthcare providers can gain valuable insights into a patient’s metabolic state, enabling early diagnosis and personalized interventions that could lead to improved health outcomes. To measure odd- and even-numbered metabolites in biological samples, a variety of chemical analysis techniques are available, including mass spectrometry, high-performance liquid chromatography, and nuclear magnetic resonance.9–11 Although these information-rich analytical methods offer high accuracy and sensitivity, they also come with limitations, such as the need for expensive instrumentation, extensive sample preparation, and the requirement for skilled technicians to perform experiments and interpret the data. These constraints often lead to delayed results, which may not be suitable for time-sensitive diagnostic applications. Given these challenges, there is a growing demand for innovative technologies that can provide rapid, accurate, and cost-effective analysis.
Biosensors and electronic noses (e-noses) are being explored as alternative methods for health monitoring, offering the potential for on-site analysis with minimal sample preparation.12–15 Recent advancements in the sensor field have demonstrated significant potential for real-time health monitoring and metabolite analysis, including the detection of odd-numbered carbon compounds such as methanol.16–18 Studies on gas sensor arrays combined with machine learning algorithms have shown remarkable accuracy in identifying specific volatile organic compounds (VOCs) related to lung cancer and metabolic disorders.19,20 However, the odd-even effect on gas sensor signals has not been well linked to the interaction between receptor material and gas molecules. By studying the material-gas interactions that possibly enhance the odd-even effect of carbon chains, we can further optimize the receptor materials of gas sensors toward effective discrimination of odd-numbered analytes that link with metabolic diseases. Such advancements may facilitate real-time monitoring of human health by providing information on metabolites, making personalized medicine more accessible and efficient.
In this study, we demonstrate the capacity of peptide-coated quartz crystal microbalance (QCM) sensors for analyzing odd-even effects in gas sensing of a homologous series of 1-alcohols. Since biological systems, such as olfactory receptors, distinguish odd- and even-numbered chemicals, peptides are used as a model of receptor materials for QCM. Two pentapeptides (i.e., KVYYY and EHIPW) were selected in this study because they give larger responses and fast response time toward alcohol molecules compared to other pentapeptides based on our previous research.21 Docking simulation between the pentapeptides and 1-alcohols using AutoDock Vina22–24 shows odd-even effects in half of the considered interactions. In the QCM experiments, the odd-even effects of pentapeptide to the 1-alcohols are confirmed by three features extracted from response signals, including amplitude and two temporal dynamic parameters (half-absorption time and half-desorption time). The half-absorption times of even-numbered 1-alcohols are clearly shorter than odd ones for both peptides. Conversely, the half-desorption times only exhibit the odd-even effects in the EHIPW peptide. With the analysis of the peptide-alcohol interactions, the occurrence of odd-even effects during the absorption process may result from the hydrophobic interaction during the absorption process, while the odd-even effect of half-desorption time may be attributed to different interactions with the change in the pentapeptide physiochemical properties.
To assess the odd-even effects of peptides on a homologous series of 1-alcohols in gas sensing, the sensing signals by the QCM sensors coated with two different pentapeptides, i.e., EHIPW and KVYYY were initially analyzed. An AT-cut quartz crystal with a 300-nm-thick gold electrode was used as the sensing element, with a fundamental frequency, f, of 8.94 MHz ± 30 kHz. We selected 1-alcohols with an alkyl chain length from 7 to 12 as models for investigating odd-even effects because 1-alcohols having relatively long alkyl chains exhibit similar physical properties that gradually shift from polar to hydrophobic characteristics. Each 1-alcohol was measured separately to investigate the adsorption mechanism of each gas species on each pentapeptide sensor. The pentapeptides were coated onto the top surface of the sensor by dropping 1 mL of the prepared stock solution with a 1 mg/mL concentration, followed by the drying process of the solvent at ambient conditions. QCMs were placed in a Teflon chamber with two gas lines, i.e., inlet and outflow [Fig. 1(a)]. Two mass flow controllers precisely controlled vapor concentration from 2% to 15% (the relative concentration at 10% means 10 mL/min of sample vapor mixed with 90 mL/min of nitrogen). The total flow rate was 100 mL/min for both sampling and purging cycles. Data was recorded using a crystal oscillator measurement system in the form of frequency shift from the fundamental frequency, Δf [Fig. 1(b), see also Fig. S1 of the Supplementary Materials]. 
[bookmark: _Hlk194532838][bookmark: _Hlk194516819]The sensitivity of pentapeptide sensors is assessed by measuring gas response from a relative concentration of 2% to 12%, allowing the calculation of the limit of detection (LOD) [Fig. S2 of the Supplementary Materials]. The LOD for 1-alcohols calculated for each pentapeptide-coated gas sensor in terms of relative concentration (%) and absolute volume concentration (ppm or ppmv) are summarized in Table S1. The LOD25 decreases with a longer alkyl chain, reaching the low parts-per-billion (ppb) range. For gas/solid equilibrium-based chemical sensors, including QCM, the signal intensity at a fixed relative concentration depends not only on the vapor pressure but also on the partition coefficient.26 The partition coefficient, referring to the ratio of the concentration of the target gas molecule absorbed onto the sensor to its concentration in the gas phase, is inversely correlated with vapor pressure, leading to a similar range of frequency shifts for all 1-alcohols from C7 to C12 at the same relative concentration. At a certain relative concentration, the absolute volume concentration decreases significantly with longer alkyl chain molecules because of the decrease in saturated vapor pressure, resulting in the range of LOD down to a low ppb level for longer alkyl chain molecules. Since the compensation of vapor pressure and partition coefficient leads to similar sensor responses at a given fraction of saturated vapor pressure of each alcohol from C7 to C12, the LOD in terms of relative concentration results in the similar ranges for 1-alcohols from C7 to C12, as shown in Table S1. These results suggest that the inversely correlated vapor pressure and partition coefficient compensate for each other. The response times of 1-alcohols were also examined as shown in Fig. S3.27 The longer alkyl chain molecules after C8 exhibit notably longer response times for both pentapeptide-coated sensors, particularly in EHIPW. The significantly short response time with shorter alkyl chain molecules could be attributed to the appearance of overshooting in the sensing signals, suggesting the non-linear changes in interaction between molecules and the sensor surfaces.28 
The frequency shifts measured at three different concentrations for both pentapeptides exhibit characteristic responses to odd- and even-numbered alcohols [Fig. 1(b), see also Fig. S1 of the Supplementary Materials]. To evaluate the odd-even effects in the equilibrium state and the absorption/desorption processes, three features were extracted from each sensing signal including amplitude (amp), half-absorption time (tab), and half-desorption time (tde) as follows:
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where t0 and t1 are the times when the absorption and desorption phases start, respectively, and t2 is the time when the measurement stops, as denoted in Fig. 2. The change in frequency (f) when the absorption stops can capture the information of equilibrium. Since the response time is different for each 1-alcohol [Fig. S4], tab and tde, which are defined as the time required to reach or return to half of the change of frequency, respectively, can offer a clearer insight to the dynamics of the absorption and desorption processes, may also relate to the binding affinity.29 Figure 3 shows the plots of the extracted features with respect to the carbon numbers of the 1-alcohols. In the case of EHIPW, tab and tde present clear odd-even effects, while amp shows two different odd-even trends for C7–C9 and C9–C12 [Fig. 3(a)], which may reflect the hydroxyl group-oriented and alkyl chain-oriented odd-even effects in the alcohols, respectively, due to the differences in the polarity and hydrophobicity. As shown in Fig. 3(b), tab of KVYYY exhibits a clear odd-even trend, while amp seems to partially follow the odd-even effects for C7-C10 observed in EHIPW.
To investigate the odd-even effects of peptide-alcohol interactions, we performed a molecular docking simulation implemented in AutoDock Vina.22–24 The three-dimensional structures of pentapeptides and 1-alcohols were prepared and verified to ensure the accuracy of bond orders and hydrogen atoms. All structures, including geometries, bond lengths, and angles, were optimized using MMFF94s forcefield30 implemented in AutoGrids4.24 The molecular docking was performed with AutoDock Vina to calculate absolute potentials based on the surface distances. The visualization of docking results was done with Discovery Studio Visualizer. As can be seen from the docking conformations [Fig. 4], the hydrogen bonds between the alcohol hydroxyl group and each peptide are located at a similar position except for 1-nonanol-KVYYY. In these cases, the a-carbon of the 1-alcohols tends to be away from the hydrogen bonding sites.
[bookmark: _Hlk194533015][bookmark: _Hlk194543354]Using the conformation obtained by docking simulation, the absolute potential of each interaction is evaluated by calculating the surface distance between each atom of pentapeptide and alcohol. Five interactions are considered in this study: short- and long-range interactions indicated as Gauss1 and Gauss2, respectively; repulsion penalty, Rep.; hydrophobic interaction, HP; non-directional hydrogen bonding, HB.22 Since our previous research shows that the weight of each energetic term calculated for the liquid phase may not be appropriate to describe the gas phase interactions,21 we do not include the corresponding weights and focus on the trends of each term in the following discussion. An overall increase in absolute potentials for longer alkyl chain molecules is observed in Gauss1 and Gauss2 as shown in Fig. 5. A notable increase in the absolute potential of HP is observed for KVYYY compared to EHIPW. The increase in HP may reflect enhanced affinity, which may account for the lower LOD and the faster response time observed for KVYYY, as demonstrated in Table S1 and Fig. S3.
[bookmark: _Hlk194533489]Clear odd-even trends were observed in Rep., HP, and HB in both peptides, while HB exhibits opposite odd-even trends as shown in Fig. 5. These trends can be attributed to the behavior of the a-carbon of the 1-alcohols. As mentioned above, the a-carbon tends to be away from the hydrogen bonding sites. Accordingly, alcohol molecules will take a conformation with every other carbon atom starting from g-carbon being arranged closer to the peptide surface. Thus, on one hand, alcohols with odd-numbered alkyl chains could form a favorable conformation with hydrophobic interaction between the alkyl chain and peptide surface while retaining the hydrogen bond. On the other hand, even-numbered ones have difficulty forming a favorable conformation because the methyl terminal groups are arranged at a position away from the peptide surface. Although the docking results do not directly support the gas sensing behaviors because the simulations assume the aqueous environment, the odd-even trends observed in the gas sensing could result from the odd-even effects based on these interactions.
Since the features obtained from the sensing signal could extract information on the odd-even effects from the sensing signals, we demonstrated direct discrimination of odd/even alcohols by projecting the features into a three-dimensional space. As shown in Fig. 6, a moderate separation of odd- and even-numbered carbon compounds in the case of EHIPW is observed, while the discrimination of the odd- and even-numbered carbon compounds for KVYYY is not as clear as that observed in EHIPW [Fig. S2]. All clusters of the six alcohols can be seen with different concentrations. The tab and the tde play critical roles in projecting odd-numbered carbon compounds to the edge of the amp axis, while the combination of the tde and the amp projects the even-numbered carbon compounds to the tab axis. 
In conclusion, our study demonstrates the potential of pentapeptide-coated QCM sensors to discriminate between odd- and even-numbered carbon chains of 1-alcohols ranging from C7 to C12 with ppb level, which aligns with the pentapeptide-gas interactions. The features of sensing signals, especially the ones that represent the absorption behavior of alcohol molecules, exhibit clear odd-even trends. The docking simulations confirm that such trends are consistent with the favorable conformations in alcohols with odd-numbered alkyl chains, retaining both hydrophobic interactions and hydrogen bonds. Although docking simulations assume an aqueous environment and thus do not directly confirm gas-sensing behavior, these odd-even effects observed in both experiments and simulations likely explain the gas-sensing trends. The insights into the link between experimental features extracted from the gas sensor response and the interactions derived from molecular docking investigations can support the computational methods31,32 in designing peptides as gas sensor receptors. The relationship between sensing signals and gas-material interactions can further facilitate a robust framework to utilize force fields for the design of highly efficient peptide-based materials with a particular focus on tracing odd chain metabolites in health monitoring applications. 
See the supplementary material for method details, pentapeptide-based gas sensor responses at different concentrations, and the discrimination of the odd-numbered carbon compounds. 
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Figures and Captions
FIG. 1. Experiment setup and gas sensing signals. (a) Schematics of the experimental setup for measurements of headspace vapors using a quartz crystal microbalance (QCM) sensor. The frequency shifts of the QCM sensor coated with EHIPW (b) and KVYYY (c) toward the odd-numbered (left) and even-numbered (right) carbon alcohols at the relative concentration of 10%.
FIG. 2. A schematic diagram of feature extraction from gas sensing signals.
[bookmark: _Hlk194542197]FIG. 3. Extracted feature values, including amplitude (amp), half-absorption time (tab), and half-desorption time (tde), from (a) EHIPW and (b) KVYYY. The average of the values from replicates (n = 3) is represented as a dot, and the corresponding standard deviation from three replicates is represented as a line.
FIG. 4. Molecular docking simulations between the pentapeptides to 1-alcohols. Molecular docking simulations of EHIPW (a–f) and KVYYY (g–l) with 1-heptanol (a,g), 1-octanol (b,h), 1-nonanol (c,i), 1-decanol (d,j), 1-undecanol (e,k), and 1-dodecanol (f,l).
FIG. 5. Evaluation of molecular interactions including short- and long-range interactions indicated as Gauss1 and Gauss2, respectively; repulsion penalty (Rep.); hydrophobic interaction (HP); and hydrogen bonds (HB) between 1-alcohols ranging from 1-heptanol to 1-dodecanol and EHIPW (a) and KVYYY (b) with AutoDock Vina.
FIG. 6. Plot of three features extracted from sensing signals of EHIPW to 1-alcohols ranging from 1-heptanol to 1-dodecanol. The numbers in the plot represent the numbers of carbon in the 1-alcohols. Within a gas group, the average of the values from replicates (n = 3) at a certain relative concentration is represented as a dot.
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Experiment set up for quartz Crystal Microbalance (QCM) responses of two

selected pentapeptides (EHIPW and KVYYY)
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