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Gustation-Inspired Dual-Responsive Hydrogels for Taste

Sensing Enabled by Machine Learning

Ziyue Miao, Hongwei Tan, Lotta Gustavsson, Yang Zhou, Quan Xu, Olli Ikkala,*

and Bo Peng*

Human gustatory system recognizes salty/sour or sweet tastants based on
their different ionic or nonionic natures using two different signaling pathways.
This suggests that evolution has selected this detection dualism favorably.
Analogically, this work constructs herein bioinspired stimulus-responsive
hydrogels to recognize model salty/sour or sweet tastes based

on two different responses, that is, electrical and volumetric responsivities.
Different compositions of zwitter-ionic sulfobetainic N-(3-sulfopropyl)-N-
(methacryloxyethyl)-N, N-dimethylammonium betaine (DMAPS) and nonionic
2-hydroxyethyl methacrylate (HEMA) are co-polymerized to explore conditions
for gelation. The hydrogel responses upon adding model tastant molecules are
explored using electrical and visual de-swelling observations. Beyond challeng-
ing electrochemical impedance spectroscopy measurements, naive multimeter
electrical characterizations are performed, toward facile applicability. lonic
model molecules, for example, sodium chloride and acetic acid, interact electro-
statically with DMAPS groups, whereas nonionic molecules, for example, D(-
)fructose, interact by hydrogen bonding with HEMA. The model tastants induce
complex combinations of electrical and volumetric responses, which are then
introduced as inputs for machine learning algorithms. The fidelity of such a
trained dual response approach is tested for a more general taste identification.
This work envisages that the facile dual electric/volumetric hydrogel responses
combined with machine learning proposes a generic bioinspired avenue for fu-
ture bionic designs of artificial taste recognition, amply needed in applications.

1. Introduction

Tongue is a soft and sensitive gustatory
organ, secreting taste buds with protein
receptors and ion channels.!! In mam-
mals, five primary tastes, that is, sweet-
ness, sourness, saltiness, bitterness, and
umami are distinguished by the gusta-
tory system.[?l Among them, sweetness,
bitterness, and umami are perceived by
binding the water-soluble nonionic tastant
molecules to G-protein-coupled receptors
in the taste buds,** whereas the other
tastes are triggered by the reception of hy-
drogen ionsl®l and alkali metallicl®! (mainly
sodium) ions within ion channels.”) In
particular, sensing of sweetness, saltiness,
and sourness is of technological rele-
vance because they are associated with
nutritional values and correspond to the
palatability of food and beverage at weak
and medium concentrations but should
be avoided at strong concentrations.®

Designing artificial taste sensors has
so far been approached predominantly
based on complex electrical detection
based on potentiometry and voltamme-
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try by using engineered membranes and

electrodes.*1% Therein, a large amount
of electric data is required and analyzed with sophisticated algo-
rithms. On the other hand, different hydrogels can be consid-
ered as synthetic representatives of biological soft tissues.l'12] As
hydrogels allow different functionalizations for various stimuli-
responses, it is natural to consider whether hydrogels could al-
low bioinspired taste sensing, suggested by tongues.['*1*l Indeed,
recent progress has shown either specific taste recognition for
a single tastant!’'® or specific differentiation between bitter-
ness and astringency!**! by copolymeric hydrogels based on elec-
trical signals. However, allowing recognition of multiple tastes
with reasonable selectivity and sensitivity using solely electronic
detection of hydrogel is challenging.¥! By contrast, one could
ask whether the biological concept to recognize a wide range of
tastes using two different mechanisms could suggest construct-
ing hydrogels also with another response beyond the electrical
signal. Therein, a natural choice for the additional response be-
yond the electrical response could be the swelling/deswelling
of hydrogels, which has been explored extensively for other
stimuli.[17:18]

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Schematic illustration of biological gustation sensing and a bioinspired hydrogel dual-responsive sensor poly(DMAPS-co-HEMA), involving

both electrical and volumetric responses.

Therefore, inspired by gustatory principles, we propose a
bionic design of a copolymeric hydrogel with zwitter-ionic
and nonionic functional groups that enable the sensation
of sweetness, saltiness, and sourness by two responses,
that is, by electrical and volumetric changes (Figure 1).
The hydrogel is synthesized by co-polymerizing nonionic
monomer 2-hydroxyethyl methacrylate (HEMA) and zwitter-
ionic monomer N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-
dimethylammonium betaine (DMAPS), see Scheme 1. Analo-

m n
(@) @)
(0] 0]
2+
—N— OH
é HEMA
éo
S
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Scheme 1. Poly(HEMA-co-DMAPS) constructed with nonionic monomer
2-hydroxyethyl methacrylate (HEMA) and zwitter-ionic monomer N-(3-
sulfopropyl)-N-(methacryloxyethyl)-N, N-dimethylammonium betaine
(DMAPS).
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gous to protein receptors and ion channels in gustatory systems,
the HEMA units aim to interact with nonionic tastants, (e.g.,
sugar), while DMAPS associates with ionic tastants (e.g., NaCl
and acids). Density functional theory (DFT) simulations unravel
the molecular interactions. By having two input variables, that
is, the electrical and volumetric ones, enhances the feasible
identification of multi-/mixed tastes using machine learning.

2. Results and Discussion

2.1. Hydrogels and Their Characterization

We will first present the polymerization and characterization
of poly(DMAPS-co-HEMA). Poly(HEMA) is extensively used in
bio-related applications due to its biocompatibility.[1*2% It has
also been employed to promote water dispersibility of poorly
water-soluble drugs due to its interactions.?!*?) Herein, we ex-
pected HEMA to interact with nonionic tastants via hydrogen
bonds.!??*1 On the other hand, zwitter-ionic polymers, such as
poly(DMAPS) are known to interact with ions.[?>2% Therefore,
we expected these two comonomers to allow different bindings
for ionic and nonionic additives and therefore different stimulus
responses. Herein, the polymerization is made using free radi-
cal polymerization in water using their different mole fractions
from 75:25, 80:20, 86:14, 89:11, 91:0 to 100:0 mol:mol (for details
see Experimental Section). To allow gelation, the presence of the
HEMA component is needed as seen in Figure 2a for a ternary
phase diagram, also depicting the minimum solid aq. concentra-
tion to allow gelation at different poly(DMAPS-co-HEMA) com-
positions. Although the gelation takes place at the minimum
solid aq. concentration < 30 wt%, for the sake of easy implemen-
tation in the tastant detection, that is, to retain gelation during

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Characterization of poly(DMAPS-co-HEMA) hydrogels. a) Poly(DMAPS-co-HEMA) /water ternary phase diagram illustrating the compositions
leading to hydrogelation. b) magnified FTIR spectra of poly(DMAPS-co-HEMA) upon drying. c) A representative scanning electron microscopy image of
poly(DMAPS-co-HEMA) (75:25 mol:mol) freeze-dried with liquid propane and cross-sectionally cut by a focused ion beam. d) UV-vis transmission spec-
tra of hydrogels. e) Density functional theory optimized interactions of DMAPS-DMAPS, HEMA-HEMA and DMAPS-HEMA molecules. f~h) Compressive
stress-strain curves, tensile stress-strain curves, and elastic moduli of hydrogels at different compositions of poly(DMAPS-co-HEMA).

the immersion in tastant solution, 30 wt% of copolymers in wa-
ter was selected in the following experiments.

To explore the physicochemical properties, we first vary the
molar ratio of HEMA versus DMAPS. In Fourier-transform
infrared spectroscopy (FTIR) spectra of dried poly(DMAPS-co-
HEMA), the pattern intensity of the sulfonate group at 1043 cm™!
decreases by reducing the DMAPS molar fraction while the peak
at 1023 cm™! assigned to the hydroxyl groups of HEMA in-
creases, as shown in Figure 2b and Figure S1, Supporting In-
formation. The chemical composition of HEMA and DMAPS in
the hydrogels is also verified by solid-state nuclear magnetic res-
onance spectroscopy (Figure S2, Supporting Information). Upon
freeze-drying from liquid propane, the hydrogels show intercon-
nected porous structure with an average pore size of 3.1 ym and
wall thickness of 0.36 um for HEMA:DMAPS at 75:25 mol:mol
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(Figure 2c and Figure S3, Supporting Information). These length
scales facilitate broadband visible light scattering.[27:28]
Increasing the amount of HEMA leads to opaque hydrogel
(see Figure 2d), which is due to the phase separation of the
less hydrophilic HEMA units in water.?’! Quantitatively, the
transmittance of 5 mm-thick hydrogels in the wavelength range
of 300-800 nm is totally suppressed as the molar concentra-
tion of HEMA is increased up to 91% (Figure 2d). The inter-
molecular interactions studied by DFT reveal the in-depth rea-
son: the HEMA units are prone to interact with the other HEMA
units instead of with water (Figure S4, Supporting Information),
thus leading to aggregation. By contrast, DMAPS favors attrac-
tion to water (Figure S5, Supporting Information), which in-
creases the optical transparency. Figure 2e shows that the binding
energies of DMAPS-DMAPS and HEMA-HEMA are higher than

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Electrical and volumetric properties of poly(DMAPS-co-HEMA) hydrogels. a) Electrochemical impedance spectra of hydrogels made by different
molar ratio of HEMA/DMAPS (the inset is the equivalent circuit). b) Impedance spectra of hydrogels after immersion in NaCl solutions (0.17 m).
c) Total bulk resistance comparison of hydrogels with or without NaCl, calculated from the impedance data. d) The relative resistance-changes of
hydrogels with NaCl measured by AC and DC fields at a voltage of 1V. e,f) Dynamic resistance and volumetric response of hydrogels to NaCl solution,
measured with the DC field. Sample size n = 3 in d—f); error bars correspond to standard deviation, SD.

that of DMAPS-HEMA, indicating that there might be micro-
phase separation among hydrogels.

Notably, the poly(DMAPS-co-HEMA) composition grossly af-
fects the mechanical properties. In compression (Figure 2f),
all compositions show a linear region of elastic deformation at
strains up to x40%, with a rapid increase of stress at higher
strains due to densification.?*3!] The compressive elastic mod-
ulus increases for higher mole fraction of HEMA, which is also
observed in tensile measurements (Figure 2g,h).

2.2. Electrical and Volumetric Gustatory Responses

Next, we investigate the electrical performance of poly(DMAPS-
co-HEMA) hydrogels in response to different tastant molecules.
For an initial exploration, the hydrogels with different DMAPS
contents are immersed into NaCl 0.17 M aqueous solutions over
24 h to reach equilibrium. Electrical impedance spectroscopy is
applied to reveal the ionic transport (Figure 3a,b). At high fre-
quencies, the intercept of the semicircle at X-axis denotes the
equivalent series resistance (R,), and the diameter of semicircle
represents the charge transfer resistance (R,) between the elec-
trolyte and the electrode. However, at relatively low frequencies,
the non-vertical line is defined as the diffuse layer resistance. In
the equivalent circuit diagram acquired from Nyquist data, the
values of R, R, and a constant phase element CPE (accounts for
inhomogeneous or imperfect capacitance)*?] can be found. Here,
R, is chosen as the total bulk resistance of hydrogels. In compar-
ison to pristine poly(DMAPS-co-HEMA) hydrogels, their electri-
cal resistance decreases after immersion in a salt solution. As a
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larger fraction of DMAPS is copolymerized in the hydrogel net-
work, the resistance becomes pronounced (Figure 3c), indicating
the vital role of DMAPS in accommodating ions. This “salt-in” ef-
fect is due to the anti-polyelectrolyte effect,**] where DMAPS is
capable of binding ions through its cationic ammonium and an-
ionic sulfonate groups. Pure poly(HEMA) hydrogels have a low
conductivity with only a marginal effect on resistance upon im-
mersing in a NaCl solution. Thus, poly(HEMA) hydrogel is con-
sidered insensitive to NaClL.**]

Although electrochemical impedance spectroscopy allows in-
depth electrical characterization, it is fundamentally a complex
measurement setup. A quest exists, whether even simplistic volt-
meters using direct current (DC) measurement could be used,
allowing as a facile sensing for practical applications. As shown
in Figure 3d, the electrical resistance results of hydrogels mea-
sured using alternating current (AC) and DC (at a voltage of 1 V)
fields have been compared. In both cases, the relative resistance-
changes of hydrogels immersed in NaCl (0.17 M) decrease as
increasing the ratio between HEMA and DMAPS. Whereas, it
shows that in poly(DMAPS-co-HEMA) at 75:25 mol:mol using
NaCl (0.17 M) the two methods seem to qualitatively match. For
the sake of easy implementation and analysis subject to match-
ing between DC and AC results, the DC field is used exclusively
for hydrogels with a HEMA/DMAPS ratio of 75:25 mol:mol in
the following experiments.

Beyond the electrical response, the salty NaCl tastant also
affects the volume of poly(DMAPS-co-HEMA) hydrogels by
deswelling (Figure 3e,f). Therefore, we simultaneously monitor
the temporary variations of volume and resistance in hydrogels
upon immersing them into the NaCl solution (0.17 M). Both

© 2023 The Authors. Small published by Wiley-VCH GmbH
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resistance and volume changes are stabilized within 40 min of
immersion (Figure 3f), and are equilibrated within 3 days. The
variation after 1 day is very minor (<5%). To minimize this vari-
ation, we immersed the hydrogels overnight in solution. This
response is slower in contrast to human taste response, that is,
<1s.3%] Rapid response can be achieved via size reduction of the
sensor or the introduction of external stimuli to accelerate the
tastant diffusion.*®] Additionally, the stability of hydrogel sen-
sors sealed in Petri dishes at ambient temperature was tested
over 10 days (Figure S6a, Supporting Information). No signifi-
cant change in the sensitivity of hydrogels in response to NaCl
solution (0.17 M) was observed, indicating the durable stability of
hydrogels in sensing tastants. Furthermore, the hydrogel exhibits
nearly identical taste sensitivity at 5 °C, room temperature (RT),
and 40 °C (Figure S6b, Supporting Information), affirming the
temperature-independent stability of the hydrogel sensor.
Interestingly, the used poly(DMAPS-co-HEMA) hydrogels re-
spond differently to weakly ionic acetic acid and nonionic tas-
tants in contrast to the NaCl compounds. Therein, when the hy-
drogels are immersed with aqueous solutions of acetic acid or
D(-)fructose at different concentrations, the relative resistance-
change AR/R, increases as more tastants are used until reaching
a plateau (Figure 4a). This is also observed for salt solutions. It
seems there is a maximum capacity for hydrogel in accommo-
dating tastant molecules. Among tastants, they are slightly dif-
ferent, that is, —0.6 for NaCl, —0.8 for acetic acid, and —0.3 for
D(-)fructose in relative resistance-change AR/R,. Correspond-
ingly, the maximum capacity of tastants seems similar, that is,
about 0.2 mol L™, possibly caused by the discrepancy between

Small 2024, 20, 2305195
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HEMA and DMAPS in accommodating ionic and nonionic tas-
tant molecules. Beyond these thresholds, the relative resistance-
changes among tastants are distinct, facilitating the recogni-
tion of different tastes. Simultaneously, the volume changes are
also monitored (Figure S7, Supporting Information). The relative
volume-changes AV/V,, of hydrogels in D(-)fructose solution is
different from the other solutions (Figure 4b). In sweet solutions,
the swelling of hydrogels drops as increasing the concentration of
D(-)fructose to its minimum at ~#0.86 M. In contrast, the sour and
salty solutions make hydrogels less swollen with an order of sour
> salty. These observations might be related to the interactions
between polymer networks and tastants, which will be discussed
later. Furthermore, the ionic conductivity of hydrogels (Figure 4c)
is calculated based on the resistances and the volume of hydro-
gels (for details see the Experimental section). The conductivity of
the hydrogel is independent to D(-)fructose concentration, while
a slight increase is observed with the addition of acetic acid, and
it is highly correlated to the NaCl content.

To understand the responsiveness of the hydrogel, we applied
DFT simulations to understand the interactions between poly-
mer units and solutes. For the zwitter-ionic DMAPS units, anti-
parallel dipolar alignment is suggested due to the electrostatic
dipolar interactions (Figure 2f). The addition of NaCl drives these
coupled zwitter-ionic groups to be dissociated, that is, the sul-
fonate and amino groups attract sodium cations and chlorine
anions, respectively (Figure 4d and Figure S9, Supporting In-
formation). This expands the zwitter-ions, causing volume ex-
pansion of the hydrogel and thus increasing the conductivity
due to free ions. However, the zwitter-ionic polymer chains are

© 2023 The Authors. Small published by Wiley-VCH GmbH
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confined within the HEMA network, thus exhibiting a limited
swelling response in volume to the NaCl tastant. In contrast,
D(-)fructose, a nonionic molecule, has little effect on the relative
resistance change of the hydrogel. It shows a weaker attraction to
DMAPS than to HEMA, inserting into HEMA network and sig-
nificantly swelling the hydrogel (Figure 4d and Figure S7, Sup-
porting Information). As to acetic acid, it is calculated to be at-
tracted by DMAPS with a significant binding energy of —341.95
keal mol~! (Figure S9, Supporting Information). However, only
0.36% of acetic acid molecules are dissociated at the concen-
tration of 0.83 m (20 °C), releasing ~0.003 M hydrogen ions/*’!
(see Supporting Information). The non-ionized acetic acid in the
hydrogel is the dominant form, showing a favorable affinity to
HEMAS than to DMAPS, like D(-)fructose (Figure 4d). The co-
existence of non-ionized and ionized acetic acid in the hydro-
gels leads to resistance- and volume-changes between those of
D(-)fructose and NaCl (Figure S10, Supporting Information).

Atlarge, D(-)fructose, NaCl, and acetic acid represent three typ-
ical flavors: sweetness, saltiness, and sourness, respectively.*!
Poly(DMAPS-co-HEMA) hydrogels enable the recognition of
these three model tastants from the electrical response at a rela-
tively high concentration of tastants, for example, >0.2 M, while
differentiate in terms of volume variation at low tastant concen-
trations <0.8 M (see the highlighted regions in Figure 4a,b). This
behavior can be used in further developing a prototypical artificial
tongue.

Although the electric conductivity of D(-)fructose, NaCl, and
acetic acid solutions (Figure S8a, Supporting Information) is dis-
crepant, providing a possible way to discern them, marching
learning requires a large amount of data for accurate discern-
ment. The volumetric response data from hydrogel sensors of-
fers additional data as the secondary set of the input for machine
learning, facilitating accurate discernment of tastants, especially
with limited datasets. This will be discussed later.

To demonstrate the practical usefulness of this artificial bioin-
spired gustatory system, six commercial liquid food products,
thatis, orange juice, cola, pickled cucumber juice, seawater, white
vinegar, and lemon juice, purchased from a local supermarket
are analyzed with the hydrogel. The hydrogels are immersed in
each liquid overnight to reach equilibrium, and then their re-
sistance and volume variations are characterized. As depicted
in Figure 4e, all liquids can be coarsely divided into three taste
groups according to resistance response, that is, both the pickled
cucumber juice and seawater show the greatest change in resis-
tance like NaCl (0.17-1.71 M) regarded as saltiness; orange juice
and cola as sweetness; white vinegar and lemon juice as sourness.
The volume response falls in line with corresponding tastants
(Figure 4b) and conforms with the resistance-change (Figure 4e),
indicating the hydrogel’s ability to identify different dominant
tastes. For a further qualitative analysis in terms of complex com-
mercial tastes, a machine learning model will be used and dis-
cussed later.

The artificial sweeteners have been widely used in various
foods as substitutes for sugars.*”! The improper use of sweet-
eners might cause adverse bioeffects ranging from liver toxicity
to carcinogenicity.***!) Thus, facile detection of sweeteners is of
great practical impact. Notably, the present hydrogel responds dif-
ferently to an artificial sweetener sodium cyclamate than to the
natural sugar D(-)fructose as both the volumetric and resistance
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changes are distinct in Figure S11, Supporting Information, sug-
gesting a qualitative, yet promising way to discern natural sugar
and artificial sweetener.

2.3. Machine Learning

For a step further toward a more generic sensation, we intro-
duce machine learning,[*?! intending for generic analysis of the
tastants.[** The recent progress in machine learning has al-
lowed, for example, image processing,[*’! tactile recognition,*!
and neuromorphic computing.[*’] Here, a deep neural network
(multilayer perceptron) is used to deal with both resistance and
volume responses as the feature inputs, and nine outputs are de-
fined, that is, weak, medium, and strong concentrations in sweet-
ness, saltiness, and sourness (Figure 5a). The dataset is collected
from Figure 4a,b. In our case, we define the concentration of
salty NaCl tastants above 0.17 as high saltness, between 0.17 and
0.086 M as the medium saltness, and below 0.086 M as weak salti-
ness. Similarly, we define for both sweetness and sourness, the
tastants’ concentration is > 0.086 as the weak taste, between 0.086
and 0.51 as the medium taste, and between 0.51 and 1.71 as the
strong taste. Three hidden layers, each with 15, 25, and 20 nodes,
are identified to precisely describe the relationship between the
input and output data. In machine learning, the predictive ac-
curacy increases significantly after ~5 cycles of training which
stabilizes thereafter (Figure S13, Supporting Information), indi-
cating a training process. For the present limited dataset, it is a
grand challenge to gain high accuracy. In our case, the accuracy is
improved, and a lower prediction error is observed once both in-
put signals of the resistance and the volume are used in contrast
to when the resistance input signals are used only (Figures S13
and S14, Supporting Information). Consequently, the predicted
concentrations are in concert with the actual concentrations of
the resistance and volume signals collected from the hydrogels
(Figure 5b), which is verified by the low errors between the pre-
diction and reality (Figure 5c and Figure S12, Supporting Infor-
mation), indicating a high accuracy in differentiating flavors.

Next, we analyze the signals from commercial beverages and
foods (Figure 4e) based on this model. Surprisingly, the neu-
ral network not only recognizes all types of tastants and semi-
quantifies the major tastant, but also identifies the mixed tastes
in the product, for example, orange juice (Figure 4c). This signi-
fies the further usage in discerning mixed tastant.

For mixed tastes, for example, sweetness and sourness, we
again use a multilayer perceptron algorithm with three optimized
hidden layers of 15, 25, and 15 nodes (Figure 5d). The concentra-
tion of each taste is graded into four categories, that is, weak,
medium, strong, and super-strong concentrations, >0.086 M,
0.086 t0 0.17 M, 0.17 to 0.51 M, and >0.51 M, respectively, in the
complex mixed type. The neural network trained on the collected
data (Figure 5e) can identify the concentrations of mixed sweet-
ness and sourness in the solution with prediction probabilities
higher than 58% (Figure 5f and Figure S15, Supporting Informa-
tion). It increases the statistical reliability of detecting unknown
tastes, even at mixed states.

Additionally, due to the hydrogel's temperature-insensitive
characteristics in the detection of tastants (Figure S6b, Support-
ing Information) and the robustness of Deep Neural Networks

© 2023 The Authors. Small published by Wiley-VCH GmbH

2SUDIT suowwio)) dAnear)) ajqeorjdde oy £q pausoaoS aIe safonIe V() sn JO So[NI 10§ A1eIqIT AUl AS[IA\ UO (SUOTIPUOD-PUE-SULI}/ W0 Ao 1m KTeiqi[aur[uo//:sdiy) suonipuo)) pue suia ], oy 998 “[$70g/1/11] uo Areiqry auruQ L[ip ‘ANSIOAIUN 0)eY AQ S6TSOETOT TTWS/Z00T 0 1/10p/wiod Kofim AreIqrjaurjuoy/:sdiy woij papeojumod ‘L ‘4707 ‘6789€191


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

Probability
a C
1 sourw Sweets|ENEXEN o o o o
2 Sour-m Sweetm| 0 0 0 0 0 0
3 _Sour-s Sweetw| 0 0 0 0 0 0
4 _Salty-w Ity- i .
AR/ Ro ppeisediel Salty-s| 0 0 0.01 JeX-rg 0 0
e = Salty-m| 0 0 0 0 0 0
AV I Vo 6 _Salty-s
N _Sweet-w Salty-w| 0.16 0.05 0 0 0.03 0.02
8 Sweet-m Sours| 0 0 044 031 O 0
9_Sweet-s Sour-m| 0 o [0Sy oot 001 002
Sour-w| 0 0 0 0
Input layer Hidden layer Output layer Orangs Cola) Pickled Sea) WWhite: Lemony
juice cucumberwater vinegar juice
juice
d e ARIR,F 2 Probability
506 076 o0 02
Sweet E 070 E
c 064 ¢ - 04
A 2 058 .=0.
AR/Ro Sour 5 504 051 ® 06
wong B/ B 045 E ‘
= . : c= ey StoNg” gng @ 039 8.,
: : S0P S £02 032 ¢ 0.8
8, R, 10 3 AV ]V, o
AV /' Vo O/) () 0 Q
© 2 0.03 20.0
£00 ﬁ goa &> 10
Input layer Hidden layer Output layer g 0.0 0.2 0.4 06 GH g 0.0 02 04 06
‘o" Acetic acid concentration (mol/L) 5" Acetic acid concentration (mol/L)

Figure 5. Machine learning-assisted taste recognition. a) Scheme of multilayer perception for three tastants. The “w,” “m,” and “s” refer to qualitative
weak, medium, and strong levels of each flavor, respectively. b) Prediction graph —the axes show the relative resistance-change, relative volume-change,
and corresponding predicted tastants. c) Predictions of samples in six beverages and food corresponding to different degrees of sweetness, sourness,
or saltiness, obtained from the model with a multilayer perceptron. d) Scheme of multilayer perceptron for mixed tastes (sweetness and sourness).
e) Resistance- and volume-response of hydrogels in mixed solutions of D(-)fructose and acetic acid at different concentrations. f) Predictive accuracy of
samples in mixed solutions — the axes show the D(-)fructose concentration, acetic acid concentration, and corresponding predicted probability.

(DNNs) in handling slight variations, it can be inferred that the
constructed model is resistant to minor temperature changes. We
aim to investigate the impact of temperature in future research.

3. Conclusion

In summary, inspired by the bio-gustation system, a copolymeric
hydrogel with tastant-responsiveness was developed by integrat-
ing nonionic HEMA and zwitter-ionic sulfobetainic DMAPS
units into hydrogels. Varying the molar ratio between two units
results in hydrogels with tunable optical, mechanical, and elec-
trical properties. Markedly, the hydrogel responds to ionic and
nonionic compounds differently, signaling electrical resistance
and volume variations as the outcome. Taking both variations
as the dual-input feature into machining learning allows for the
semi-quantitative sensing of sweetness, saltiness, and sourness.
It practically enables the identification of specific tastes in com-
mercial foods and is further capable of the recognition of mixed
tastes. This work suggests a promising strategy in the design of
artificial tongues.

4. Experimental Section

Materials:  [2-(Methacryloyloxy)ethyl] ~dimethyl-(3-sulfopropyl) am-
monium hydroxide (DMAPS), 2-hydroxyethyl methacrylate (HEMA),
N,N,N’,N’-tetramethyl ethylenediamine, ammonium persulfate (APS),
sodium chloride (NaCl), D(-)fructose, acetic acid and sodium cyclamate
were purchased from Sigma-Aldrich. All chemicals were analytical grade
and were used as received. Ultrapure water obtained by Direct-Q 3 UV
water purification system was used throughout experiments.
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Preparation of Poly(DMAPS-co-HEMA) Hydrogels: Copolymer hydro-
gels were prepared by free-radical co-polymerization of DMAPS and HEMA
monomers in deionized water. The molar ratios between HEMA and
DMAPS varied from 75:25, 80:20, 86:14, 89:11, 91:0 to 100:0 with a fixed
solid concentration of 30 wt%. The polymerization was proceeded with the
initiator APS and the accelerator TEMED (both 0.2% of the total monomer
molar ratio) in an oven at 70 °C for 6 h. Then, the hydrogel was washed
five times with ultrapure water to remove unreacted chemical residues and
further immersed in ultrapure water for 3 days to reach an equilibrium
swelling ratio (Figure S16, Supporting Information).

Analytical Techniques: The focused ion beam-cut (FIB-cut) scanning
electron microscopy (SEM) images of the hydrogel cross-section were ac-
quired by a JEOL ]IB-4700F FIB-SEM microscope. Fourier transform in-
frared (FTIR) spectra were recorded by PerkinElmer FTIR with Attenu-
ated total reflection (ATR). Percent ultraviolet (UV) transmittance spectra
were measured by a Cary 5000 UV-vis-NIR spectrophotometer with 5 mm-
thickness hydrogels. Solid-state 1*C nuclear magnetic resonance (NMR)
was recorded by an Agilent 600 M spectrometer.

Mechanical Tests: The compression properties of poly(DMAPS-co-
HEMA) hydrogels were measured by a mechanical testing apparatus (In-
stron 5567) at the uniaxial rate of 1 mm min~". The tunable hydrogel sam-
ples were prepared in cylindrical shapes with a diameter of 30 mm and a
height of 10 mm. The tests ended when the compression reached 20% of
the original height.

Electrical Measurements: Impedance data were measured with an Au-
tolab electrochemical workstation (Metrohm Autolab PGSTAT302N po-
tentiostat) at an alternating voltage of 0.1V and a frequency sweep from
100 Hz to 1 MHz. Resistance signals were measured on a Keithley 2634B
system source meter at a direct voltage of 1V. All these characterizations
were performed under normal ambient conditions.

The hydrogel was first cut into a cuboid, where the side length of the
bottom square was ~20 mm, and the height was ~5 mm. It was sand-
wiched between two conductive thin copper plates, connected to conduc-
tive wires. The impedance data were analyzed using Nova 2.1 software,
and the resistance values were obtained from the Nyquist plot. The ionic
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conductivity o of the hydrogel can be calculated according to the following
formula:

o == (M

where, [ is the thickness of the hydrogel, R the electrical resistance of
the hydrogel, A the contact area between hydrogel and copper plates.

Density Functional Theory Calculations: The interactions among
DMAPS, HEMA, NaCl, acetic acid, D(-)fructose and their complexes were
investigated using the Gaussian 16 package with DFT method[*®] at the
®B97XD/6-311G (d,p) level.[**] The Berny geometries optimizations were
carried out in vacuum and water, respectively, using the SMD solvent
model.’%! The harmonic frequency was calculated to verify there was no
imaginary frequency. Then, the single-point energies of each system were
calculated with the consideration of basis set superposition error (BSSE).
All energies were corrected for zero-point vibrational energy.

The interaction energy of each system E was calculated with the
following equation:

interaction

Einteraction = Eag — (Ea + E) + Egsse (2)

where E, and Eg represent the energies of A and B components, respec-
tively. The Eggse is the BSSE corrected energy of each interaction pattern,
and Ejpieraction 1S the total energy required for binding A and B, where a
negative value of Ej eraction indicates that the process is an exothermic
reaction, hinting a stable product.

Artificial Neural Network:  The classification network had an input layer
with 2 input neurons, corresponding to inputs of the sensor resistance and
volume, three hidden layers with 15, 25, and 20 neurons, respectively, as
well as an output layer with 9 output neurons, corresponding to 9 tastes.
The feature input was collected from 3 samples, with each sample consist-
ing of 22 experimental datasets. Therefore, there is a total of 66 experimen-
tal datasets, each containing a value of resistance and a value of volume.
To train the classification network, 11 000 datasets were generated (6600
for training, 2200 for validating, 2200 for testing) by adding 10% Gaussian
noise to experimental dataset. The network was trained with a batch size
of 21, epoch of 40. The test accuracy reaches 83.4% after training. Samples
of mixed tastes were trained according to the same procedure, with three
hidden layers (20 neurons in each layer).

Statistical Analysis: The software Microsoft Excel for Windows (Mi-
crosoft Office, 2020) was used for statistical calculations. All results were
expressed as mean + standard deviation (SD), sample size n = 3, error
bars correspond to SD.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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