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Nasal mucus plays a key role in the sense of smell by absorbing
and transporting chemicals to olfactory receptors. Inspired by the
physical properties of mucus that enable it to transport molecules
despite its high viscosity, we developed a polymeric organogel
with similar viscosity and analyzed its general performance.
Through qualitative and quantitative analysis, we confirmed that
the matrix viscosity mainly affects the absorption and retention of
volatile organic compounds (VOCs) and not their diffusion inside
the matrix. Additionally, the vapor pressure of VOCs influences the
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absorption and retention efficiencies of the matrix. Finally, a
detailed understanding of the properties of mucus along with the
use of sol—gel transition enabled us to create an efficient VOC
absorbent and retention agent.

1 Introduction

Mucus is mainly composed of water and charged, high-mole-
cular-weight glycosylated proteins known as mucins."”” The
mucins are covalently crosslinked via reversible interactions,
such as hydrophobic and electrostatic interactions, to alter the
viscosity and facilitate gelation.”” They enable the dissolution
of lipophilic odorants, such as volatile organic compounds
(VOCs), in mucus that otherwise exhibits poor solubility in
water.>* Mucus absorbs and retains odorants that enter the
nasal cavity and transports them to the olfactory receptor.
Further, mucus contains antigenic substances that contribute
to the protection of the human body.>® As the sense of smell
deteriorates as mucus dries, mucus needs to coat the nasal
cavity with a viscosity optimal for balancing its drainage and
secretion.””® In general, mucus exhibits a viscosity in the range
of 1072-10° Pa s under rheometric conditions of 10°>-107*
Hz.”™ Although viscosity increases hydrodynamic interaction
and frictional resistance, absorbed odorants can effectively
diffuse through the viscous nasal mucus to the olfactory recep-
tors. To understand this physical property of mucus, we estab-
lished a method for fabricating an organic gel matric that
mimics mucus by synthesizing a block copolymer capable of
forming a cross-linked network. As VOCs are soluble in
dimethyl sulfoxide (DMSO) and it is less volatile than water, it
was selected as the solvent to enhance the absorption and
retention of VOCs. We characterized the amount of odorant
absorbed into and desorbed from the matrix of the syn-
thesized mucus with respect to viscosity and determined the
diffusion coefficient of VOCs in the matrix. The results showed
that with increasing matrix viscosity, VOC absorption
decreased while retention increased (Fig. 1a(i)). Particularly,
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Fig. 1 (a) Schematic showing the (i) physical properties of sol and gel
and (ii) maximum absorption capacity (Cmax) according to the reciprocal
of the Avrami rate constant (1/ka) for VOCs desorption of samples with
differing viscosity. (b) Schematic of a pure solvent (DMSO), anionic
(minus sol) and cationic (plus sol) block polyelectrolyte dissolved solu-
tions, and gel formed by mixing minus sol and plus sol (ionic gel). (c)
Chemical structures of the triblock polyelectrolytes and their electro-
static interaction; poly(APTC), poly(AMPS), and poly(DMA) were used as
the cationic (blue), anionic (red), and neutral (black) blocks, respectively.
The triblock polyelectrolytes consist of terminal ionic blocks separated
by neutral blocks.

higher matrix viscosities corresponded to lower values of the
maximum absorbed VOC concentration (Cpax) and VOC de-
sorption rate (Fig. 1a(ii)). Finally, the Cy,ax of the matrix was
maximized and the desorption rate was minimized by absorb-
ing VOCs from the sol and immediately gelating using a sol-
gel transition, resulting in an efficient absorbent and retention
agent.

2 Results and discussion

Among the several bonds that can create reversible cross-
linking points through physical interactions that mimic
mucus, electrostatic interactions of ionic polymers were
effective for gelation in DMSO. Therefore, we designed an
ionic ABA triblock polyelectrolyte to mimic mucus that gels
through the electrostatic interaction of mucins."”” ABA triblock
polyelectrolytes were synthesized via a one-pot aqueous revers-
ible addition fragmentation chain transfer (RAFT) polymeriz-
ation (Fig. 1b and c) (details of the synthesis procedure are pro-
vided in the ESIf).'"'? We characterized the polymerization
degrees and molecular weights of the as-synthesized polymers
using nuclear magnetic resonance (NMR) and gel permeation
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chromatography (GPC) (Fig. S1, S2 and Tables S1-S3t). To
generate a sol and gel within the range of mucus viscosity,”'°
we used a DMSO solution containing 5 wt% of a cationic or
anionic block polyelectrolyte (sol). Furthermore, an ionic gel
was prepared by mixing both 5 wt% cationic (plus sol) and
anionic (minus sol) block polyelectrolyte solutions.

Although there is no notable difference in viscosity between
the DMSO (1.2 mPa s) and sols (15.7 mPa s for the minus sol
and 15.1 mPa s for the plus sol), the gel (110.1 mPa s) exhibits
an evident increase in viscosity (Fig. 2a). This can be explained
using the Mark-Houwink equation (y = KM”): polymer viscosity
is proportional to the hydrodynamic coil expansion factor («),
which represents the affinity between the polymer and the
solvent as well as the molecular weight (M) of the polymer."?
In particular, even at the same polymer concentrations, the gel
viscosity can be much higher than that of the sol because the
three-dimensional network can restrict the polymer from
stretching or aligning with the flow. Additionally, owing to the
strong interaction between the polymer and the solvent, the
freezable solvent molecules do not freeze.'* To verify the
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Fig. 2 (a) Viscosity of the DMSO, sols, and gel measured by a rhe-
ometer. Inset shows the photographs of inverted vials to compare the
viscosity of the samples. (b) Diffusion coefficient of benzene in the
matrix measured by a 2D DOSY experiment. (c) Schematic of the experi-
mental conditions of the VOC absorption in the matrix (left) and the
quantitative and qualitative analyses of VOCs present in the matrix
confirmed by NMR spectroscopy (right). (d) (i) Benzene concentration
and (ii) the normalized concentration (Ci/Cnay) as a function of time.
Benzene concentration in the desiccator was 0.048 mmol L™ (e)
Benzene retention efficiency as a function of viscosity over the experi-
mental time range.
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solvent affinity of the polymer, we employed a differential
scanning calorimeter (DSC) to measure the ratio of freezing
solvent molecules to non-freezing solvent molecules
(Fig. S3at). All the matrices exhibited similar values for the
proportion of non-freezing solvent, indicating that the solvent
molecules are bound to the polymers (Fig. S3b¥).

Next, we obtained the diffusion coefficients of VOCs in the
matrices using two-dimensional (2D) diffusion-ordered spec-
troscopy (DOSY) (Fig. S5t). We selected the probe VOC species
to avoid the overlap of its peaks in the "H NMR spectrum with
those of the NMR reference and polymer (Fig. S4f). We per-
formed the experiment using benzene, a basic aromatic VOC
that satisfies the aforementioned condition. The diffusion
coefficient of benzene in DMSO was confirmed by the Stokes-
Einstein Gierer-Wirtz estimation (SEGWE) (details of the
equation are provided in the ESI{)."® The diffusion coefficients
in various matrices are 6.17 x 107'° m? s~ for DMSO, 5.12 X
107" m? s7! for minus sol, 5.22 x 107*° m* s™* for plus sol,
and 4.10 x 107" m* s™" for ionic gel (Fig. 2b). Although the vis-
cosity values of the matrices increase 10-fold in the order of
DMSO, sol, and gel, the diffusion coefficients of benzene in
the same matrices exhibit relatively small variations within the
same order of magnitude (107'° m? s™'). In general, the
decrease in the diffusion coefficient in the matrix can be
attributed to the obstruction effect, in which the diffusion
path length of the solute increases due to impenetrable
obstacles, such as polymer networks.'® However, the obstruc-
tion effect can be negligible when the probe molecules are
much smaller than the correlation length (£) (or mesh size) of
the polymer network.'”” ™ For the obstruction effect to occur,
the correlation length of the polymer network must be smaller
than or equal to the probe molecule sizes. As mentioned pre-
viously, our gel matrix contains a core formed by electrostatic
interactions between the terminal ionic blocks of triblock poly-
electrolytes, which are connected by neutral blocks (Fig. 1b
and c). As the bridge is a linear polymer with 750 linked DMA
units (Fig. 1c((i) and (ii)) and Tables S1-S3%), the correlation
length of the gel matrix is much larger than that of the
benzene molecule. Particularly, the obstruction effect in the
gel matrix is negligible, and the diffusion coefficient does not
differ considerably from that of the DMSO.

After that, the following experiments were prepared to
confirm the absorption and retention of benzene according to
the type of matrix. First, we placed a lid-covered glass dish con-
taining 0.6 mL of DMSO, sol, and gel in a glass desiccator
(Fig. 2c) as glass does not have a strong affinity for VOCs. Next,
we loaded 1121 pmol of benzene in the desiccator for spon-
taneous vaporization. All experiments were performed in a
sealed desiccator, which is a leak-free closed system. Our com-
putational fluid dynamics (CFD) simulation indicated that the
spontaneous vaporization of 1121 pmol of benzene can
produce an equilibrium concentration of 1070 ppm
(0.048 mmol L") in a glass desiccator after 2 h (Fig. S67),
which agrees with the results of the direct measurement of
benzene concentration using a commercial VOC sensor. Upon
reaching the equilibrium benzene concentration, the lid of the
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glass dish containing the matrix sample was removed to
initiate benzene absorption by the matrix. The amount of
benzene present in each matrix was quantitatively and qualitat-
ively characterized using an internal standard (3,5-dinitroben-
zoic acid), which was added to each matrix in advance, and "H
NMR spectroscopy. Through these methods, the concentration
of benzene absorbed in each matrix was monitored over time
(Fig. 2d(i) and Fig. S7a-ct). As the peaks of the polymer and
benzene overlap in the "H NMR spectrum, the experiment was
not conducted with the anionic sol matrix (Fig. S87).

For DMSO, the maximum concentration of absorbed
benzene (Cpax, 12.5 mmol L") appears at 15 min and then
decreases rapidly, reaching 1.4 mmol L™" after 12 h. In con-
trast, the plus sol and ionic gel exhibit a lower maximum
absorption concentration (7.8 mmol L' for plus sol and
6.0 mmol L™" for ionic gel) after 30 min. However, the decrease
in the benzene concentration occurs smaller for both matrices
than for DMSO. The concentrations of benzene in the plus sol
and ionic gel are 2.8 and 3.4 mmol L™" after 6 h and 2.6 and
3.3 mmol L' after 12 h, respectively, with an equilibration
time of 6 h. As shown in Fig. 2d(ii), all three matrices display a
two-step decreasing pattern for the time-dependent change in
the benzene concentration at a specific time (C,) for Cp,,. That
is, the C,/Cax value decreases rapidly initially and then gradu-
ally decreases. The C;/Cpnax value of benzene in DMSO
decreases sharply to 21% after 3 h then gradually decreases
until only 12% of the Cp.x value remains after 12 h. In the
plus sol, the C,/Cp,ax value decreases by 45% over 3 h then
gradually decreases until only 33% of the Cp,,, value remains
after 12 h. In the ionic gel, the C,/Cpnax value of benzene
decreases by only 74% over 2 h. After 12 h, 59% of the Cpax
value remained in the gel, with the largest residual amount of
the three matrices.

DMSO absorbs a large amount of benzene in a short time
but simultaneously releases a large amount, poorly retaining
the absorbed benzene. In contrast, from the plus sol to the
ionic gel, the initial absorption amount of benzene decreases
but is not easily released; thus, the ability to retain benzene
over a long period is improved. Moreover, the retention
efficiency (Ca 12 n/Cmax) Of absorbed benzene is significantly
different depending on the viscosity of the matrix (Fig. 2e).
The matrices with the lowest viscosities (DMSO) exhibited the
lowest retention efficiencies. Comparatively, with an increase
in the viscosity of plus sol and ionic gel, the retention
efficiency increases proportionally with the viscosity.

To confirm the absorption effect of benzene based on the
type of polymer constituting the matrix, a neutral polymer
solution (14.8 mPa s) and neutral gel (99.1 mPa s) with similar
viscosities as those of plus sol and ionic gel were prepared
(Fig. S9a—ct). Similarly, the diffusion coefficient of benzene in
the matrix and the amount of absorption of vaporized benzene
with time were measured. The diffusion coefficient was 5.19 x
107'° m? s7* for the neutral sol and 4.06 x 107*° m* s™* for the
neutral gel, which agreed with the result of the plus sol and
ionic gel, respectively (Fig. S9dt). The Cpay values of benzene
were 8.0 mmol L™ for the neutral sol and 5.5 mmol L™ for
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the neutral gel, reached after 30 min (Fig. S9e(i), S7d, and
S7et). Additionally, the concentrations of benzene in the
neutral sol and neutral gel were 2.5 and 3.0 mmol L™" after 6 h
and 2.1 and 2.9 mmol L' after 12 h, respectively, similar to
the results of the plus sol and ionic gel. The retention
efficiency (Ca¢ 12 h/Cmax) Of absorbed benzene was 27% for the
neutral sol and 51% for the neutral gel (Fig. S9e(ii) and S9f¥).
Therefore, the diffusion coefficient, absorption amount, and
retention efficiency of benzene in the matrix are the same if
they exhibit the same viscosity, regardless of the matrix type.
All the sol and gel matrices were composed of greater than
90% DMSO and no specific interactions, such as electrostatic
attraction, cation-pi bonding, or hydrogen bonding, occurred
between the trace amounts of polymer and benzene molecules.
Therefore, only the solubility of benzene in DMSO and
diffusion due to the difference in the concentration of benzene
between the matrix and air are considered to cause benzene
absorption into the matrix.

In addition, the effects of an increase in viscosity with an
increase in polymer concentration on benzene absorption and
retention efficiency were investigated. We prepared 5, 10, and
15 wt% ionic gels and measured the mechanical properties of
the ionic gels using a rheometer (Fig. S10t). As the polymer con-
centration of the ionic gel increased, its mechanical strength
improved. In particular, the storage moduli (G') of the 5 wt%
ionic gel were higher than the loss moduli (G") in all frequency
and temperature ranges although it possessed a flowing prop-
erty. Next, the benzene absorption experiment was performed
with the ionic gel having a high polymer concentration. For
10 wt% (890.5 mPa s) and 15 wt% (2820.2 mPa s) ionic gels, the
maximum concentration of absorbed benzene (Cyyay, 1.14 mmol
L' for 10 wt% and 0.99 mmol L' for 15 wt%) appears at
60 min (Fig. S11 and S12a(i)). The concentrations of benzene
in the 10 and 15 wt% ionic gels were, respectively, 0.81 and
0.80 mmol L™ after 6 h and 0.75 and 0.79 mmol L™" after 12 h.
The retention efficiency (Cat 12 h/Cmax) Of absorbed benzene was
66% for the 10 wt% ionic gel and 80% for the 15 wt% ionic gel
(Fig. S12a(ii) and S12bt). Therefore, with an increase in the
ionic gel viscosity, the amount of absorption decreases but the
retention efficiency increases.

An increased matrix viscosity hinders the absorption of
benzene but favors its retention. This is attributed to the cre-
ation of a polymer layer with reduced porosity at the interface
between the viscous matrix and air, which functions as a
sieving interface. It has been reported that the surface struc-
ture of the gel at the interface between the gel and the liquid
exhibits significantly lower porosity than the internal structure
of the bulk gel.*° Previous studies have shown that polystyrene
microspheres with radii of 14 nm that can diffuse in the bulk
gel could not penetrate the interface between the gel and the
solution.*" Additionally, the interfacial layer present on the gel
surface reduces the diffusion coefficient of nanometer solutes
for steric reasons and acts as a sieve to prevent penetration
from the solution to the gel.

Different structures between the interface and bulk of our
gel were identified by scanning electron microscopy (SEM).
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The ion gel was formed into a sphere and lyophilized, and
then a portion was taken from the upper right part and ana-
lyzed by SEM (Fig. 3a and b(i)). From the SEM image, the
surface of the gel at the interface between the gel and air exhi-
bits a significantly reduced porosity compared with that of the
inside of the gel (Fig. 3b(ii and iii)). In addition, the SEM
measurements indicate the further decreased porosity of the
interface sieving layer as the viscosity of the ionic gel increased
(Fig. S137).

When a three-dimensional network structure surrounds the
entire matrix, a dense layer containing entangled polymer
chains covers the surface of the gel at the interface between
the gel and air. This is attributed to an increase in the cohesive
force between the polymers that maintains the interface
between different phases, such as air and gel. In addition, the
evaporation of DMSO constituting the gel may enable an
increase in the concentration of the polymer to occur on the
surface of the gel. As a result, the polymer may become more
densely entangled at the gel and air interface. Consequently,
owing to the sieving interphase present on the gel surface, the
diffusion properties of the gel at the interface differ from
those of the gel in the bulk phase, which can significantly
affect the maximum absorption and retention efficiency of
VOCs (Fig. 3c(i and ii)). In the case of DMSO, benzene is
rapidly absorbed from the air into DMSO because diffusion
occurs due to the concentration gradient (Cy¢ g min in DMSO is
zero and Cy o min in the air is 0.048 mmol L") in the initial
stage of absorption. However, as the direction of this concen-
tration gradient is quickly reversed (Cat 15 min in DMSO is
12.5 mmol L™" and Cy 15 min in the air is 0.048 mmol L"), the
concentration of benzene in DMSO rapidly decreases over time
(Fig. 2d). In the case of the gel, the initial absorption Cpax

Cimax, oMs0 > Cmax, Gel
d«é
Dgei= Domso

Cat 12n, oMs0 < Cat 12h, Gel

Fig. 3 (a) Schematic of a spherical ionic gel particle with the upper
right portion removed for SEM measurements. (b) SEM images of the (i)
entire structure of the ionic gel with a concentration of 5 wt%, (ii)
reduced pore size at the interface, and (iii) increased internal pore size.
The yellow dotted box indicates the magnified portion. (c) Schematic of
the differences in the gas absorptions and retention mechanisms of
DMSO and the gel (i) during the initial absorption and (i) after 12 h. (d:
diameter of molecules, &: correlation length, D: diffusion coefficient).

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2nr05522h

Published on 25 November 2022. Downloaded on 12/4/2025 5:30:38 PM.

Nanoscale

value is lower than that of DMSO because the sieving inter-
phase hinders the absorption of benzene into the gel. In con-
trast, despite the inverse concentration gradient, the concen-
tration of benzene in the gel is well maintained owing to the
sieving interphase. In the case of the polymer sol, the sieving
effect decreased owing to insufficient viscosity and the
absence of a network structure to encompass the matrix.

Based on the aforementioned results, the pathway of odor-
ants in viscous mucus in the olfactory system can be inter-
preted as follows. Odorants penetrate through the sieving
interphase present at the mucus/air interface and diffuse
through the mucus. As the diffusion coefficient of the odorants
is not affected by the surrounding viscosity (Fig. 2b), the
diffusion of odorants is facile. Particularly, even if the number
of permeating odorants is small because of the sieving inter-
phase of the mucus, as long as they penetrate the mucus, they
can easily reach the nasal receptors.

To confirm these effects of the sieving interphase and diffu-
sivity of the absorbents, we characterized the time evolution of
VOCs (alcohol) transfer through DMSO and ionic gel. As illus-
trated in Fig. 4a, a nylon membrane filter coated with matrices
(Fig. S14%), e.g., DMSO or ionic gel (5 wt%), connects the VOCs
flow line with a commercial alcohol sensor. The data acqui-
sition begins with the first voltage response while the alcohol
vapor stream flows continuously. As the noise of the output
voltage fluctuated within 10 mV, a valid response of alcohol
vapor appears over 30 mV, in accordance with the criteria of a
signal-to-noise ratio (SNR) of 3 (Fig. 4b). For both DMSO and
ionic gel, it takes 45 s for alcohol molecules to reach the
sensor upon passing through the matrix-laden nylon mem-
brane. This lag-free arrival indicates that, as mentioned pre-
viously, the diffusion coefficients inside the matrices are
similar regardless of the disparity in viscosity. Contrastingly,
the number of alcohol molecules, ie., relative voltage
response, in DMSO tends to be higher than that in ionic gel,
which can be ascribed to the sieving interphase effect.
Consequently, the amount of the absorbed VOC molecules at
the interface mainly depends on the sieving interphase. Once
VOC molecules pass the sieving interphase, they diffuse at a
similar rate regardless of the surrounding viscosity.

DMSO has a large maximum absorption of VOCs, whereas
the ionic gel has a large VOC retention efficiency. However,
each advantage could be obtained independently. A sensor
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Fig. 4 (a) Schematic of the experimental conditions for real-time VOC
detection. (b) Relative voltage response of the alcohol sensor with the
time of ethanol vapor injection. Data of the signal-to-noise ratios (SNR)
of 3 or higher are considered as valid signals; invalid data for SNR < 3 are
plotted in lighter shades of the colors.
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with high sensitivity, such as the nasal receptor, can detect
minimal amounts of VOCs. Nevertheless, to detect VOCs using
a wide range of artificial sensors, the selected matrix must
have a high VOC absorption and retention. Therefore, to
develop a matrix that is both an efficient absorbent and reten-
tion agent, we focused on combining the large absorption
capacity of DMSO and the high retention efficiency of the gel
by utilizing the sol-gel transition. As shown in Fig. 5a, after
the absorption of VOCs in DMSO reaches the maximum
absorption amount, the plus and minus sols are added
immediately for gelation. To maximize the sieving interphase
of the ionic gel, the polymer concentration was increased to
15% and the experiments were performed in an open system.
The desorption of VOCs was predominant, with the concen-
tration gradient maximized to accurately determine the reten-
tion efficiency of VOCs in the ionic gel and DMSO. In addition,
the same experiment was performed using toluene and o-, m-,
and p-xylene, which are aromatic VOCs similar to benzene, to
characterize the absorption and retention efficiency with
respect to VOC vapor pressure. The vapor pressures of the
VOCs are related as follows: benzene (12.7 kPa) > toluene (3.8
kPa) > xylene (0.9-1.2 kPa).”* The VOCs were initially absorbed
in DMSO in a closed system for 15 min, which is the required
time to reach the maximum absorption for all the VOCs
(Fig. S7a and S15%). Subsequently, the matrix sample was
transferred to an open system and the VOC concentration in
the matrix over time was measured (Fig. S16-S207). In Fig. 6a-
e, the VOC concentration change curve of the ionic gel
remains higher than that of DMSO regardless of VOC type.
This indicates that the desorption of VOCs is suppressed in
the ionic gel in an open system. In addition, the lower the
vapor pressure of VOCs, the lower the Cp,x in DMSO
(12.5 mmol L™' for benzene, 3.7 mmol L™ for toluene,
2.7 mmol L' for o-xylene, 2.6 mmol L™ for m-xylene, and
2.8 mmol L™ for p-xylene). Furthermore, the difference in the
number of retained VOCs between the DMSO and ionic gel
decreased.

Desorption plays a key role in the decrease in the VOC con-
centration over time. We analyzed the desorption kinetics of
the VOCs using the Avrami fractional-order kinetic model
under the assumption of homogeneous desorption (for
detailed information on the formula, see the ESIt). The Avrami
kinetic constant (k) shows the rate of the desorption of VOCs

open ) - T
_oystom —~ >
7 voc = o (81 5o
— - desorption N U2
4 pen
absorption system }\’4 \/'/
DMSO o &8 — b
g "’\‘ VOC absorption VOC emission
S5 (57 lonic gel VOC  inthe closed system in the open system
Nk Wa retention

Fig. 5 (a) Mechanism of the absorption and desorption of VOCs from
the DMSO and mechanism of the retention of the VOCs through
forming an ionic gel. (b) Schematic of experimental conditions in the
open system.
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Fig. 6 (a) Benzene, (b) toluene, (c) o-xylene, (d) m-xylene, and (e)
p-xylene concentrations in the matrices with respect to time in an open
system. (f) Maximum absorption concentration (C,,,) with respect to
the reciprocal of the Avrami constant (1/ka).

from the matrix. As shown in Table 1, the highly volatile VOC
benzene exhibits a higher &, in DMSO than in the ionic gel by
a factor of 5. In contrast, the VOCs with low vapor pressures,
such as xylene, exhibit insignificant differences in the ks
values between the two absorbents. The vapor pressure is an
indication of an evaporation rate; molecules with low vapor
pressure have strong intermolecular interactions with each
other.>® Therefore, VOCs with low vapor pressure will have a
low evaporation rate owing to strong intermolecular inter-
actions, regardless of the viscosity of the matrix. Eventually,
the difference in VOC retention between DMSO and the ionic
gel will be reduced. The relationship between 1/k, and Cpax
describes the outcomes of VOCs with different volatilities
according to the matrix viscosity (Fig. 6f). In addition, to facili-
tate a comparison with sol (absorption)-sol (retention) and sol
(absorption)-gel (retention) explained above, gel (absorption)-
gel (retention) was also analyzed. The VOCs were initially
absorbed in 15 wt% ionic gel in the closed system for 60 min;
we investigated the change in VOC concentration in the open
system (Fig. S21 and S227). As expected, owing to the high vis-
cosity of the 15 wt% ionic gel, the amount of absorption was
decreased when compared with DMSO. The values of Cy,a in
the 15 wt% ionic gel were 0.99, 0.54, 0.50, 0.51, 0.49 mmol L™
for benzene, toluene, o-xylene, m-xylene, and p-xylene, respect-
ively. Even though the initial gel state absorbed a smaller

Table 1 Avrami kinetic model parameters in the open system

ka (min™") R 1/k, (min)
vOoC DMSO Ionicgel DMSO Ionicgel DMSO Ionic gel
Benzene  0.098 0.019 0.999 0.999 10.204 52.631
Toluene 0.029 0.015 0.999 0.999 34.483 66.667
o-Xylene 0.016 0.014 0.990 0.983 62.500 71.429
m-Xylene 0.018 0.015 0.988 0.988 55.556  66.667
p-Xylene 0.017 0.014 0.986 0.986 58.824 71.429
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amount of VOCs, if the viscosity of the matrix was similar, the
Avrami kinetic constant (k,) of the desorption of VOCs indi-
cated similar values, as presented in Table S4.

Notably, the VOC vapor pressure influences the initial
absorption cavity of the matrix, whereas the viscosity of the
matrix determines the VOC retention efficiency. These results
demonstrate that the sol-gel transition leverages the character-
istics of the absorbents to maximize the absorption and reten-
tion of the volatile VOCs.

3 Conclusions

In conclusion, inspired by the properties of nasal mucus, we
designed polymer sol and gel and created a matrix that
efficiently absorbed VOCs with high retention. At high matrix
viscosities, the maximum absorption amount is low but the
retention efficiency is high. Additionally, by measuring the
time taken by the VOCs that permeated the matrix to reach the
sensor, we showed that penetrating VOCs could diffuse into
the sensor at the same rate, regardless of the matrix viscosity,
as they exhibited similar diffusion coefficients. Therefore, we
confirmed that the viscosity of the matrix related to the sieving
interphase is critical for determining the absorption and reten-
tion efficiency. Furthermore, the higher the vapor pressure of
VOCs, the higher the desorption rates and the more significant
the difference in retention efficiency, which was attributed to a
greater influence of the sieving interphase due to increasing
the matrix viscosity. Furthermore, we generated maximum
VOC absorption and retention efficiency simultaneously by
introducing the sol-gel transition. This understanding of
mucus would aid in the development of matrices for appli-
cations in gas absorption, storage, and real-time concentration
verification. Moreover, these mucus-inspired gels that act as
efficient absorbents and retention agents can expand the types
of sensors that can detect volatile VOCs and broaden the detec-
tion conditions.

4 Experimental section
4.1 NMR spectroscopy

'"H NMR spectra were recorded on a Bruker Avance III 500
spectrometer at 25 °C and a frequency of 500 MHz. The delay
time was set to 2.5 s. All the polymer and gel samples were pre-
pared in deuterated DMSO and D,O. Chemical shift values (5)
were reported in ppm.

4.2 2D DOSY experiment

The 2D DOSY experiment was performed at 298 K on a Bruker
Avance III 600 spectrometer and the data were processed using
TOPSPIN 3.1 (Bruker). The total gradient duration was 2 ms
and the diffusion delay was 100 ms. Gradient intensities
varied geometrically from 1 to 5.35 G mm™'. We acquired 16
1D spectra, with 16 scans/experiment.
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4.3 VOC concentration determination

For determining the VOC concentration, 3,5-dinitrobenzoic
acid was used as an internal standard. For measurement accu-
racy, the standard was dissolved in deuterated DMSO at a con-
centration of 0.1 ¢ mL™" and 10 pL was added to the sample.
The volume of the sample was fixed at 0.6 mL, and the volume
of the desiccator was 23.5 L. As the exact concentration of the
standard was known, the VOC concentration was quantified by
comparing the integrated intensity of the standard protons (&
=9.1-8.8 ppm, 3 H) with those of the VOC protons of benzene
(6 = 7.37-7.34 ppm, 6 H), toluene without methyl protons (5 =
7.30-7.10 ppm, 5 H), o-xylene without methyl protons (6 =
7.15-7.00 ppm, 4 H), m-xylene without methyl protons (6 =
7.20-6.90 ppm, 4 H), and p-xylene without methyl protons (6 =
7.06-7.03 ppm, 4 H). All the VOCs were vaporized in the desic-
cator by 1121 pmol. The added amounts of neat VOC solvent
are as follows: benzene (99.9 pL), toluene (119.1 pL), o-xylene
(135.4 pL), m-xylene (138.4 pL), and p-xylene (138.2 uL).

4.4 Rheological measurements

Rheological experiments were performed on a DHR-2 rhe-
ometer (TA Instruments) using a 4° cone plate with a diameter
of 20 mm. The rheometer was equipped with a Peltier heating
system containing an environmental enclosure for temperature
control. Viscosity measurements were performed at a constant
shear rate of 100 s~ and temperature of 25 °C, with a measur-
ing time of 5 s per point. A frequency sweep was conducted at
frequencies ranging from 0.1 to 40 rad s™' and temperatures
ranging from 10 to 60 °C at a strain of 1%.

4.5 SEM observations

To prepare samples for SEM analysis, the ionic gel was rapidly
frozen in liquid nitrogen and freeze-dried at a temperature of
—50 °C and pressure of 0.1 Pa for 3 days using a freeze dryer
(HyperCOOL HC3055, GYROZEN). Before SEM observations,
the surfaces of the freeze-dried PEC hydrogels were coated by
platinum (PT) sputtering. The internal and interface structures
of the freeze-dried ionic gel were observed using SEM
(JSM-7800F Prime, JEOL Ltd) at an accelerating voltage of 15
kv.

4.6 Real-time VOC detection

For real-time VOC detection, we used a custom-made gas-
sensing system consisting of a vapor generator, mass flow con-
troller (MFC), and sensing chamber. The vapor generator was
a stainless-steel cylinder with an internal volume of 20
L. Initially, the cylinder was filled with a small amount, for
example, 50-100 pL, of VOC solvent and air up to 1 bar of total
cylinder pressure; the amount of the VOC solvent determined
the partial pressure of the input vapor. The MFC (MF-200C,
MFC FLOW) provides a VOC-laden air flow to the sensing
chamber at 100 sccm. We designed and 3D-printed the
sensing chamber with an internal volume of approximately
11000 cm®. At the top of the chamber, a circular nylon mem-
brane filter (7402-004, Whatman, Schleicher & Schuell) with a
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diameter of 9 mm and pore widths of 200 nm delivered the
VOC molecules to the sensor. A commercial alcohol sensor
(MQ-3, Hanwei Electronics) measured the concentration of the
VOC based on the change in the output voltage. At the high
temperature generated by the internal heating coil, oxygen was
adsorbed on the SnO, surface of the alcohol sensor. This
adsorption creates an electron depletion layer on the SnO,
surface so that the output voltage drops. As soon as the
alcohol molecules come in, they react the oxygen away and
lower the potential barrier. Therefore, the output voltage
increases. Thus, AV indicates the difference between voltage
output with and without the blowing gas. We added 10 pL of
DMSO or ionic gel to the membrane filter to enable the VOC
molecules to transfer through the matrices prior to reaching
the MQ-3 sensor. The voltage response of the air-only input
acted as a reference value when compared with that of
1000 ppm of ethanol vapor in the same organic layer. A data
acquisition system measured data every 0.5 s, and we evaluated
a time-averaged response every 3 s for approximately 3 min.
The noise of the voltage response data fluctuated within
10 mV. To avoid a false-positive evaluation owing to the data
fluctuation, we considered relative voltage responses over
30 mV as valid data, corresponding to the signal-to-noise ratio
of 3.
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