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ABSTRACT: The air—nasal mucus partition coeflicient is a crucial
property among all of the interaction mechanisms between odor
molecules and olfactory receptors, since this property contributes
to our sense of smell. Due to the complexity of the mucus
composition, in vivo determination of the air—mucus partition |
coefficient is a technical challenge. A predictable model of the air— f
mucus partition coefficient can provide valuable insights into the
chemical properties that govern olfactory perception and can help | H
design desired odorants. In this study, we propose a novel model L. .1 . |
based on the deep-layer neural network (DNN) algorithm to o
predict the air—mucus partition coeflicients for a range of odor

compounds. The molecular surface charge density (o-profile) calculated from the COnductor like Screening MOdel for Real
Solvents (COSMO-RS) thermodynamic package was adapted as descriptors of structural features of odor molecules. The results
revealed that the air—mucus partition coefficients are highly correlated to the o-profile of the studied compounds. The information
obtained from the study provided interpretable results, which not only help in identifying the molecular features that contribute to
the air—mucus partition coeflicient of odorants but also aid in the design of compounds with the desired odor properties.
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Odor molecules inhaled into the nose must first dissolve in the
mucus layer that lines the nasal cavity before they can reach the
olfactory receptors.'~* The air—mucus partition coefficient of
odorants is a crucial factor in determining the distribution of
odorants within the olfactory region of the nose and ultimately
influences the ability of the olfactory system to detect and
distinguish different odorants. In general, a low air—nasal
mucus partition coefficient means that the odorant tends to
dissolve readily in the mucus layer and is likely to come into
contact with the olfactory receptor cells that are embedded in
the mucus. Consequently, there is a high likelihood of such an
odorant being detected by the olfactory system.

Although in vivo determination of the air—mucus partition
coeflicient of odorants provides valuable insights into the
olfactory system, the in vivo measurement of air—nasal mucus
partition coefficients requires careful and specialized techni-
ques. The chemical composition of nasal mucus is complex,
typically containing a mixture of water, mucins, globular
proteins, salts, carbohydrates, etc.™'° The properties of the
mucus layer can vary depending on several factors, such as the
location of the sample in the nasal cavity, the health status of
the subject, and the adsorption of other substances in the
mucus. It may be a source of significant error and uncertainty
due to the complex and dynamic environment of the nasal
mucus layer. Many researchers usually use the air—water
(Pajw) or octanol—water partition (Pgyjy) coefficient to
approximate the air—mucus partition coefficients. However,

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

the air—mucus partition coefficient of odorants cannot be
simply substituted by their log P, 4y or log Poy in most cases
because of the complexity of the components in the mucus
layer. For example, Mozell and Hornung'' showed that the
solubility of odorants in mucus or mucosa can be
approximated by that in water for hydrophilic odorants;
however, for hydrophobic odorants, the solubility in mucus or
mucosa can be considerably higher than their aqueous
solubility. They assumed that the difference may come from
the interaction between odor molecules and the mucopoly-
saccharide and lipophilic carrier proteins contained in the
mucus layer. Kurtz et al. investigated the odorant mucosal
solubility and odorant diffusive transport in the mucosa by
means of experimental and computational fluid dynamics
(CFD) techniques.'” They indicated that the transport of odor
molecules in nasal mucosa clearly differs from that within an
aqueous layer. These investigations suggest that the factors
influencing odorant absorption/solubilization phenomena in
the mucus layer are complex and multifactorial; there is not a
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straightforward way to deal with the air—mucus partition
coefficients based on their log P values.

A predictable model of the air—mucus partition coefficient
provides valuable insights into the chemical properties that
govern olfactory perception. Therefore, it also helps to design
the desired odorants. It gives an understanding of the
environmental factors of odor recognition. A good predictable
model usually relies on both the quantity and quality of the
input data. In the case of air—mucus partition coeflicients,
there are multiple chemical properties that influence the
partitioning behavior. There are only limited experimental data
available due to the technical challenges. The lack of available
data will make it difficult to develop accurate models for the
air—mucus partition coeflicients of odor molecules. By using
reliable computational models presented previously, it is
possible to obtain reliable estimates of the physical properties
of odor molecules, particularly in cases where the experimental
data are missing or incomplete.

The COnductor like Screening MOdel for Realistic Solvents
(COSMO-RS) theory is an established method for predicting
the thermodynamic properties of fluids."> In the COSMO-RS
model, the molecular surface is divided properly in segments,
and each segment has an average over one pixel charge density
obtained from the electrostatic potential of the molecular
electron density by means of quantum chemical calculations. A
conductor screening charge density profile (so-called “o-
profile”), reducing the three-dimensional (3D) charge
distribution to a two-dimensional (2D) histogram, character-
izes the electrostatic polarity and charge distribution of the
molecule of interest.

A representative example of the o-profiles is shown in Figure
1 for nonpolar hexane, benzene, and polar water molecules.

—Water
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—Hexane

P(c)
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Figure 1. Three representative o-profiles of nonpolar (hexane,
benzene) and polar (water) molecules.

The entire o-profile areas can be roughly divided into three
regions: the electronic basicity region, the nonpolar region, and
the electronic acidity region from the negative to positive-o
range. As illustrated in Figure 1, the o-profile of the water
molecule has a relatively broad distribution, with two almost
symmetrical peaks in the negative and positive regions,
attributed to two polar hydrogen and one oxygen atom,
respectively. On the other hand, the nonpolar benzene
molecule shows two symmetrical picks in the region slightly
off the center, where the pick in the positive o-region can be
assigned to a delocalized 7-electron in benzene. For hexane,
there is a narrow distribution of nearly neutral charge density

around zero, with a shoulder appearing in the slightly positive
region arising from the carbon atoms of hexane. The o-profiles,
being capable of taking into account solvation behavior, are
quite suitable for universal descriptors in the studies of
quantitative structure—property relationship.'*~'® Notice that
several studies of machine learning have been carried out by
using molecular o-profiles as descriptors in the prediction of
various properties such as viscosity of ionic liquids'’ and heat
capacity.18

To date, deep learning technology has been successfully
applied to solve complex problems in many scientific areas of
interest due to its ability to handle large amounts of data,
capture nonlinear relationships, extract meaningful features,
transfer knowledge across domains, and generalize to new
data.'” Over the last few decades, a number of deep learning
models for predicting partition coeflicients of organic
compounds have been developed.””*" There are also several
studies that have explored the use of deep learning methods for
predicting the olfactory properties of molecules.”” ** The deep
neural network (DNN) is a mathematical model that functions
as a universal approximator. The DNN and its associated
algorithms are already successfully used in various chemo-
informatic applications. In environmental risk assessment,”> >’
DNNs should have similar performance in the prediction of
air—mucus partition coefficients of odor compounds.

In this work, we report an approach to a deep learning
model for the prediction of the air—mucus partition
coeflicients of odorants. We emphasize the useful o-profile as
a descriptor. Figure 2 briefly depicts the overall framework of
this work. First, the o-profiles of odorants were directly
collected from the precalculated COSMO-RS database or
generated by using the quantum chemical density-functional-
theory (DFT) calculations. The data sets of o-profiles of
odorants with molecular weights were divided into training and
test sets. The DNN model was then trained and optimized by
using the training data set. Since only little data is available in
training sets, overfitting may become an issue, which leads to
poor performance on test or prediction results. To prevent
overfitting and improve the generalization performance of the
model, the early stopping technique was adopted to monitor
the validation loss during training and to stop it when the
validation loss starts to increase before the overfitting of the
training data. To ensure reliability and accuracy, the previously
established model was validated with the same test data set. In
addition, the accuracy of predicted results was compared with
the traditional method using macroscopic property-based
descriptors such as vapor pressure, Henry’s law constant, and
octanol—water partition coefficient.

B COMPUTATIONAL DETAILS

The air—mucus partition coefficients of 66 odorants were
taken from the estimated values of Scott et al.,*® since there is
only a small amount of experimental data available. They
showed the correlation of a linear relationship of log Py 1y on
the difference between log P,y and logP, sy values with a
regression of R* = 0.81 to the experimental data for 12 odor
molecules,'” where the log Poy and log P,y values used in
the estimations were obtained through the U.S. Environment
Protection Agency database.”” In this work, we used these
estimated values as target variables in training and validation.

The o-profiles of 66 odor molecules were directly collected
from the precalculated COSMO-RS database or generated by
using DFT calculations at the same level (BP86/def2-
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Figure 2. Deep learning scheme for the prediction of the air—mucus partition coeflicient based on the o-profile descriptors of odor molecules.

TZVP).”" In several previous studies that used the o-profiles as
descriptors, the o-profile range (—0.025 to +0.025 e/A*) was
usually divided into 6 or 10 equal segments (e.g., Zhou et
al.)."”” However, we anticipate that a low resolution of the
segmentation might result in the loss of electrostatic
characteristics of the molecule. After examining the depend-
ence of the o-profile segmentation size on model performance,
we divided the entire o-profile range of the molecule into 20
areas to present molecular features accurately. Thus, a total of
20 feature vectors (S1, S2, -+, S20) were obtained for each
odor molecule by integrating those regions. Afterward, a min—
max normalization process was applied to these o-profile
descriptors to ensure that all feature variables have the same
scale, and then we added one more element of the molecular
weight to each molecule.

The DNNs can provide an efficient architecture to predict a
variety of physical properties. The optimal number of hidden
layers and neurons in a DNN model is usually dependent on
the property of the problem and the size and complexity of the
data set. In most cases, one or two hidden layers are sufficient
to handle the prediction of the compound properties. In this
study, a DNN architecture (Keras model, python3.9) was
designed with two hidden layers. The number of neurons was
set as 100 in each hidden layer, and the rectified linear unit
function was adopted for the activation function of the hidden
layers. The stochastic gradient-based optimizer (adaptive
moment estimation, “adam”) was used as a solver for weight
optimization, and the maximum number of solver iterations
was set to 1000 epochs. The cross-validation techniques
monitoring the mean square error (MSE) were applied to
evaluate the generalization performance of the model.

To examine and evaluate the performance of the thus-
obtained DNN model, the predicted results were compared
with the traditional approach that uses macroscopic property-
based descriptors (such as Henry’s law constant, octanol—
water partition coefficient, etc.) instead of o-profiles. These
thermodynamic properties of 66 odorants were also predicted
by the COSMO-RS approach and validated with the available
experimental data.

31330

B RESULTS AND DISCUSSION

To obtain an unbiased estimation of the model performance,
we need to evaluate it with the data independent of training
sets. In this work, two cross-validation techniques were applied
for model and parameter selection and accuracy estimation.
The first one is the hold-out method, which is the simplest
kind of cross-validation to evaluate a regression. It randomly
partitions the 66 data sets into two subsets (53 training and 13
validation data sets) in a given ratio of 8:2. Another is the
leave-one-out (loo) cross-validation, in which at a time only
one test set input datum is used, while the rest 65 data are used
to train the model; thus, the validation was performed over all
data sets.

Figure 3 shows the training and testing results of a DNN
model using a hold-out (split ratio 8:2) validation method for
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Figure 3. Example of the training and test results of a DNN model
using hold-out validation technique (R* = 0.936 + 0.017).
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the air—mucus partition coefficients based on the o-profiles of
odorants. The correlation coefficient for the model with
nested/repeated 10-fold cross-validation (10 different splits of
the data into 10 independent cross-validation testing sets) is
0.936 + 0.017. A representative curve for the loss function as a
function of the epoch number in training and testing the model
is shown in Figure 4. It is clearly shown that both training and

—— Train Loss
——— Test Loss

14 A

12 4

10 A

T T T

200 300 400 500

Epochs

100

Figure 4. Example of the loss function for the model with training and
test data iterating over each epoch.

test curves of loss function declined rapidly and flattened out at
approximately 300 epochs. It indicates that the model has a fast
convergence and high stability.

The results of loo validation are shown in Figure S. The
spots are shown in red (test) and in blue (train) at each time.
Notice that the blue spots are the best correlation result,
whereas the red spots are the values for each validation. Taking
an average over each test run, we obtained a correlation of
0.957 £+ 0.019.
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Figure S. Best training result (blue dots) with test result (red dots) of
a DNN model using leave-one-out validation technique (R* = 0.957 +
0.019).
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According to the results for two validations, it is shown that
the loo method seems to be more appropriate than hold-out
for the current study, since the loo can use more training data
in each iteration. It enables the model to become better
representations of the air—mucus partition coefficients. The
best result predicted by the loo method is shown in Figure 6.

We performed the quantitative analysis of the prediction
performance by using the training values to understand those
that are important and critical features of odor molecule on its
air—mucus partition coeflicients. Permutation feature impor-
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Figure 6. Comparison of predicted air—mucus partition coefficients
with the corresponding literature data for 66 odorants used in this
study.
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tance (PFI) algorithm based on Fisher et al.’' has been
frequently used in deep learning study, which measures the
increase in prediction error caused by reordering feature
values, thereby breaking the relationship between the feature
and the outcome. A PFI plot of the current model is shown in
Figure 7. As shown in Figure S1 in the SI, it is clear that

Permutation Feature Importances
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Figure 7. Permutation feature importance analysis for o-profile
descriptors in the DNN model with leave-one-out cross-validation.

molecular weight has a dominant influence on the predicted
results. We leave out the molecular weight (Myy) from Figure
7, since it is due to the fact that the large molecules are less
volatile and more difficult to dissolve into nasal mucus than
small molecules.

Hereafter, we discuss the remaining elements between S1
and S20. The distribution in neutral (S10, ~0 e/A%) and
positive screen charge (S17, ~0.017 e/A?) areas of odorants
have a relatively larger contribution among air—mucus
partition coefficients. The neutral one (S10) must suggest
that the characteristic strong interaction between odor
molecules and mucus components mainly consists of van der
Waals relative to electrostatic interaction. Then, S17 suggests
that somehow polarization must be included, to be discussed
below.

To further explore the relationship between the molecular
structure and the air—mucus partition coefficients, the surface
charge characteristics of several representative odor molecules
were analyzed in detail. As shown in Figure 8, the o-profile of
vanillin (black line) has a relatively symmetric distribution in
both hydrophobic and hydrophilic regions due to the
cumulative effect of its functional groups of aldehyde, hydroxyl,
and ether. The vanillin with a moderate polarization degree
thus resulted in the highest solubility in mucus (log P,y =
—7.191) among the studied compounds. By comparing the
peak position in the o-profile, although hexanoic acid (blue
line) has a more positive distribution and tert-butanol (red
line) has more negative distribution than that of vanillin, the
air—mucus partition coefficients, log P, ,\, were —5.087 for
hexanoic acid and —3.436 for tert-butanol. Both suggest much
smaller solubility than that of vanillin (Table S1 in SI). The
nonpolar molecule n-hexane, having only one distribution peak
(green line) in the hydrophobic region, exhibits poor solubility
in mucus (a higher log P, = 0.053). The above-analyzed
results reveal that the odorant with a balanced and moderate

0.7

—Vanillin
0.6 —Hexanoic acid
—tert-Butanol
0.5 —Hexane

04

Frequency

03

0.2

01

0 —
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20

Segmentation of charge density

Figure 8. o-Profiles of four representative odor molecules: vanillin,
hexanoic acid, tert-butanol, and hexane.

positive/negative polarization tends to make a strong
interaction with mucus components, leading to being more
soluble in the mucus (i, a lower air—mucus partition
coefficient) than others.

In order to evaluate the performance of the current DNN
model, the predicted results were compared to the traditional
approach that uses macroscopic property-based descriptors
such as Henry’s law constant and octanol—water partition
coefficient. Because of the missing and limited data, the
predicted values of Henry’s law constants and octanol—water
partition coefficients for these odorants were used in multiple
linear regression analysis. Many studies have demonstrated that
quantum-chemically based COSMO-RS theory can provide
accurate predictions for partition properties.”>*>*® The
correlation of COSMO-RS predicted values of Henry’s law
constants (air—water partition coefficients) and octanol—water
partition coefficients versus available experimental data for the
studied odorants is shown in Figure S2 in SL The coefficient of
the determination for log Ky is R* = 0.9328 and that for
log Powy is R* = 0.9324. The results of the linear regression of
the air—mucus partition coeflicients with Henry’s law
constants and octanol—water partition coeflicients are shown
in Figure 9. We obtained a linear regression with a correlation
coefficient of R* = 0.7653.

log P,y = —0.0138My, + 0.1628log K
+ 0.5474log Py jyy + 0.3239

As compared to the correlation coefficients by the DNN
model discussed above, it is obvious that the neural network
model based on the o-profile performed better than the
traditional multiple linear regression equation on the
prediction of the air—mucus partition coeflicients of odor
compounds. A comprehensive comparison of the estimated
results using the Scott et al. equation, our DNN model, and the
model based on the COSMO-RS prediction of the macro-
scopic properties for 12 odor molecules with the experimental
values of the air—mucus partition coeflicient is shown in Table
S2 in SL

The high solubility in mucus should be a fundamentally
important and sensitive property for the smell. Notice that the
model presented here evaluates the degree of dissolution of
odorants in mucus but still not the odor intensity itself. When
we use an experimental index (threshold)’* for odor intensity
evaluation as the target variables in the model training, it is
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Figure 9. Accuracy of a multiple linear regression model for
predicting the air—mucus partition coefficients using macroscopic
property-based descriptors.

indispensable to consider the solubility before we get into the
correlation between the odor intensity and structural character-
istics of odorants. It is evident that the higher the partition of
an odorant in the mucus layer, the higher the probability of
contact between the odor molecule and the olfactory receptor.

B CONCLUSIONS

In this article, a DNN model learns to represent the air—mucus
partition behavior based on the surface charge density (o-
profile) descriptors of the odor molecules. The o-profiles of
molecules were computed from quantum-chemistry-based
COSMO-RS solvation models. The results showed that the
air—mucus partition coefficients are highly correlated with the
o-profiles of the odorants studied. Compared with traditional
approaches that use macroscopic property-based descriptors,
there was a significant improvement in the prediction accuracy
of the air—mucus partition coeflicients of odor compounds.
The analysis of the influencing factors indicates that molecular
weight is the dominant factor over a set of explanatory
variables. This is natural because it is believed to be linked to
the volatility of odor molecules. On the other hand, the
molecular surface charge distribution is directly related to the
intermolecular interaction between the odorants and the
mucus. An analysis of the odor air—mucus partition behavior
with the corresponding distribution of o-profile reveals that the
odorants with a balanced and moderate polarization favorably
induce the interaction with mucus components, leading to
being soluble in mucus. The information obtained from the
study provided interpretable results, allowing us to generate
hypotheses about how the molecular features contribute to the
air—mucus partition coefficient of odorants. This can also help
in understanding the chemical properties that govern olfactory
perception, which will aid in the design of molecules with the
desired odor properties. Furthermore, this study demonstrates
the potential to build advanced machine learning applications
for predicting various thermodynamic properties of volatile
organic compounds, such as absorption rates of nasal drug
agents and lethal doses of volatile toxicants, based on the
molecular o-profile information.
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Permutation feature importance analysis for all descrip-
tors used in the DNN model with the leave-one-out
cross-validation method; the correlation of COSMO-RS
prediction of (a) Henry’s law constants and (b)
octanol—water partition coefficients with the corre-
sponding experimental data; comparison of the calcu-
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