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Determination of Specific Volume Fractions in
Multicomponent Liquids Using
Hydrogel-Functionalized Plasmonic Sensors
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Abstract—Plasmonic sensors based on nanostructured
metal substrates offer a promising solution for on-site imple-
mentation and continuous monitoring of process liquids due
to their compact design, cost-effectiveness, and rapid sensor
response. The sensors are qualified for the functionalization
with biological recognition elements and thus for biosens-
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nation of specific substances in complex solutions. However,
challenges arise in accurately interpreting the sensor signals
due to the nonlinearity between the swelling curve of the
hydrogel and the sensor signal and due to interferences from
nontarget substances. An important objective of this study is
to develop a methodology to accurately determine the concentration of a target substance in a multicomponent solution,
eliminating the influence of interfering substances. For this, it is imperative to enhance the comprehension of the system,
elucidating the impact of the hydrogel’s swelling state and the composition on the sensor signal. An analytical model
is presented, conveying a linear relationship between the sensor signal and the volume fraction of each constituent
in the hydrogel. Based on the proposed model, a novel difference method is established to eliminate the influence
of interfering substances, particularly at low concentrations of interfering substances. In a proof-of-concept, using an
ethanol-sensitive hydrogel for detection of ethanol in aqueous ethanol-glucose solution, the method was validated,
showing a negligible impact of glucose concentration on the resulit.
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PPLICATIONS in fields such as pharmacy, biotechnol-

ogy, food industry, or environmental engineering require
continuous determination of specific substances in complex
multicomponent solutions. This is important in order: 1) to
comply with limit values in the manufacturing process; 2) to
ensure product quality; and 3) to control the process in general.
Often, continuous process monitoring is a required feature
for process automation. On-site sensors fulfilling criteria such
as cost-efficiency, high accuracy, continuous operation, and
real-time response are highly desirable for effective monitoring
in these applications.

The state of the art for the selective determination of
individual substances in multicomponent samples is the use
of chromatographs in various setups—gas chromatography,
chromatography—mass spectrometry, and (high-performance)
liquid chromatography [1], [2], [3], [4]. Such measurement
methods allow highly precise determination of substance
concentrations, even of multiple substances simultaneously.
However, these are costly, time-consuming, centralized analy-
sis methods, unsuitable for continuous determination of fluid
constituents.
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In the field of scientific research, various sensors for
fluid process monitoring are under exploration, each at
different stages of applicability. For instance, certain electro-
chemical sensors demonstrate potential as on-site monitoring
tools [5], [6], [7], while others are especially promising
for selective determination of individual substances [8], [9].
Microwave sensors are suitable for simultaneous determi-
nation of different liquid volume fractions [10], [11], but
require complex data evaluation. In addition, optical meth-
ods, including near-infrared spectroscopy [12], [13], [14]
and colorimetric techniques [15], [16], alongside plasmonic
sensors, contribute to this field. Near-infrared spectroscopy
allows for rapid and simultaneous determination of sub-
stances but necessitates complex and costly spectrometers.
Colorimetric methods, on the other hand, offer simplic-
ity but lack the capability for continuous determination of
liquid composition. Plasmonic sensors generally offer fast
on-site detection with compact setups and high sensitivity
while giving the possibility of simultaneous data acquisition
and multiplexing. These include surface-enhanced Raman
spectroscopy methods [17], [18], optical fiber-based surface
plasmon resonance sensors [19], [20], [21], such as WaveFlex
biosensors [22], [23], and plasmonic sensors using nanos-
tructured sensor surfaces [24], [25]. Each of the systems
mentioned above pose promising approaches for fluid process
monitoring.

We aim to contribute to this field by developing a simple
and cost-efficient sensor system capable to continuously and
selectively determine the fluid constituents in an unknown
process fluid, directly at the site of operation and in real-
time. To achieve this objective, we propose a nanostructured
plasmonic sensor system that is functionalized with stimulus-
responsive hydrogels.

Plasmonic sensor systems sensitive to the changes in
refractive index operate on the principle of surface plasmon
resonance. Surface plasmons are collective electron oscilla-
tions induced at the interface between a dielectric and a metal
by electromagnetic waves. These can be excited without com-
plex optics using nanostructured plasmonic sensor surfaces,
such as gold-coated nanopillars with dimensions smaller than
those of the incident light. This enables very compact and
simple, as well as low-cost sensor setups, which are suitable
for on-site implementations. Moreover, it is possible to apply
them in a compact readout platform using double photodiodes
for very simple signal evaluation, further reducing the cost and
complexity of the sensor setup [26], [27]. To selectively detect
the concentration of a single substance using plasmonically
active, refractive-index-sensitive sensor systems, a chemical
functionalization of the sensor surface is necessary. For this
aim, stimulus-responsive hydrogels are suitable, as demon-
strated in previous works [25], [28].

Hydrogels are complex 3-D polymer networks capable
of absorbing and retaining large amounts of liquid in the
interstitial void between their polymer chains. Certain
hydrogels respond to the presence of a specific stimulus (e.g.,
temperature, pH, specific molecules) with a volume phase
transition, e.g., an uptake or release of water. The degree of
the volume change correlates to the intensity of the respective

stimulus. This characteristic finds application in various sensor
setups [25], [28], [29], [30]. Stimuli-responsive hydrogels offer
some desirable properties for the application in chemical and
biological sensors, as they are biocompatible, cost-effective to
manufacture, and readily modifiable to enhance the specificity
for a targeted stimulus. In the realm of hydrogel-based
sensor applications, understanding the swelling kinetics and
underlying mechanisms is paramount. Numerical models offer
the capability to simulate the complex processes and physical
phenomena occurring within the hydrogel. This enables the
investigation of the influence of individual parameters or
effects on the overall system, without the need for experimen-
tal effort or errors associated with conducting experiments.
Continuum approaches such as poromechanical models [31],
[32], [33], [34], the multifield theory [35], or models based on
the theory of porous media [36], [37] contribute significantly
to this field, providing a deeper insight into hydrogel-based
systems.

To advance the development of the proposed hydrogel-based
plasmonic sensor, it is crucial to comprehend how the swelling
behavior of the hydrogel, dependent of the target molecule,
affects the optical sensor signal. This aspect was investigated
in an earlier work [38], wherein an ethanol-sensitive hydrogel
was used to analyze aqueous ethanol solutions. It was discov-
ered that the relationship between the ethanol concentration
and the optical sensor signal is nonlinear and exhibits an
unexpected relationship to the swelling curve of the ethanol-
sensitive hydrogel. Due to these challenges and the lack of
understanding of the hydrogel-based system, the determination
of ethanol concentration was not feasible. This underscores the
necessity for a deeper understanding of the intricate interplay
between the hydrogel swelling behavior and its impact on the
optical sensor signal, particularly in the context of determining
a target substance.

Another obstacle encountered in hydrogel-based optical sen-
sor systems arises from the presence of interfering substances
within the liquid. Real-world process liquids are typically com-
plex multicomponent fluids containing a manifold of different
substances. Upon stimulus-induced swelling of the hydrogel,
all the constituents of the liquid will be absorbed into the
hydrogel, thereby altering the refractive index of the hydrogel-
functionalized surface. As the plasmonic resonance frequency
depends, among other parameters, on the near-field refractive
index of the surrounding medium (here: the hydrogel) [39], the
optical sensor signal is affected by all the constituents of the
hydrogel and their respective volume fractions. Consequently,
the sensor signal may be impacted by a multitude of interfering
substances.

In this study, an important objective is to understand the
intricate relationship between the swelling behavior of the
hydrogel and the resulting optical sensor signal. In addition,
we aim to comprehensively grasp the impact of interfering
substances on this signal. With this knowledge, our subsequent
endeavor involves the development of a robust methodology
geared toward eliminating the influence of interfering sub-
stances on the sensor signal. Through this approach, we aim to
accurately determine the concentration of the target substance
amidst the presence of interfering substances.
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To achieve this, we propose an analytical framework to
determine the volume fractions of the respective constituents in
the hydrogel and the fluid based on the current swelling state
of the hydrogel. Using this framework, a linear relationship
between the respective volume fractions and the resulting
optical sensor signal is obtained.

The proposed analytical description is translated into a
difference method, using the refractive index of the fluid and
the hydrogel as input signals. The difference in both the signals
shows a negligible influence regarding interfering substances,
enabling accurate determination of the concentration of the
target substance within an unknown fluid.

The proposed method is validated in a proof-of-concept
involving simple three-component liquids comprising water,
ethanol, and glucose. Here, ethanol acts as the target substance,
while glucose represents the entirety of all the interfering
and non-cross-sensitive substances in a multicomponent liquid.
To functionalize the plasmonic sensor surface, an ethanol-
sensitive hydrogel is used. The swelling behavior of the used
ethanol-sensitive polyacrylamide hydrogel depends intrinsi-
cally on its solubility in the surrounding solvent. As a
hydrophilic polymer, polyacrylamide attracts water molecules
due to hydrophilic interactions (particularly dipole interac-
tions) with its amide groups. This attraction results in the
absorption of water. Conversely, ethanol, with lower polarity
than water, does not interact as strongly with the amide groups.
This leads to the expulsion of water from the hydrogel, causing
a collapse of the polymer network. The presence of glucose
neither impacts the solubility of polyacrylamide nor does it
interact with the polymer network’s functional groups.

By simultaneously measuring the refractive indices ny and
ng of the hydrogel and the liquid, the presented difference
method demonstrates the ability to reliably and selectively
determine the ethanol concentration with virtually negligible
influence of glucose.

Il. SENSOR SYSTEM

The measurement principle of the used sensor system is
based on a plasmonic sensor substrate comprising hexagonally
arranged, subwavelength-dimensioned gold nanopillars, which
are fabricated by nanoimprinting and sputtering; see Fig. 1.
When the electromagnetic field of the incident light of the
near-infrared LED matches that of the oscillating electrons
on the surface of the nanostructure, wavelength-selective
energy absorption occurs. Using a transmission setup, the
light transmitted through the nanostructure shows a dip in
the detected spectrum. The position of the intensity minimum,
the so-called resonance wavelength A, also depends on the
near-surface refractive index n of the surrounding medium of
the nanostructured substrate. When the chemical and physical
properties of the surrounding medium change, this also leads
to a change in the near-surface refractive index; consequently,
the resonance wavelength shifts proportionally to the change
in refractive index.

The sensor setup from Fig. 1 features fluidic and optical
components. A foil-based sensor substrate including two flu-
idic channels and four nanostructured, plasmonically active
sensor areas are used for simultaneous detection of the

refractive-index-sensitive sensor signals. To determine the
refractive index ny of the hydrogel, one of the optically
sensitive areas in the fluidic channels was functionalized with
a microstructured ethanol-sensitive hydrogel. Furthermore,
a nonfunctionalized reference area was established in the same
fluid channel for detection of the fluid refractive index ng. The
reference area can also serve to compensate for temperature
fluctuations and other environmental factors equally affecting
both the areas.

The described sensor system was used to continuously
analyze flowing aqueous ethanol—glucose solutions by auto-
matically determining the resonance wavelengths of the
hydrogel and reference area, which were plotted in a sensor-
gram over time. From the recorded sensorgrams, the resonance
wavelength shifts for various ethanol-glucose—water solutions
were determined by referencing the specific resonance wave-
lengths of the individual two-component aqueous solutions
(ethanol: 0-100 vol %; glucose: 0—4 vol % in double-deionized
water) to a baseline (double-deionized water). More details of
the used sensor setup were published in a previous work [38].

[1l. METHODS
A. Synthesis and Determination of the Swelling Degree
of the Ethanol-Sensitive Hydrogel

For hydrogel synthesis, the monomer acrylamide
(15 vol %) and the cross-linker N,N’-methylenebisacrylamide
(0.44 mol %) were dissolved in double-deionized water,
and lithium phenyl-2,4,6-trimethylbenzoyl  phosphinate
(0.44 mol %) was added as photoinitiator. The polymerization
was initiated with UV light. For more details regarding the
hydrogel synthesis, refer to [38].

For analyzing the swelling behavior of the ethanol-
sensitive hydrogel, the swelling curve of a macroscopic
(650 um x 15 mm x 15 mm) gel covalently bonded to a
substrate was determined. For this, the macroscopic, cubic gel
sample was placed in ethanol-water solutions with varying
ethanol concentrations ranging from 0 to 100 vol % with steps
of 10 vol %. At each step, the sample was equilibrated for
24 h. After equilibration, the volume change was measured
by optical quantification of height and surface area change in
the sample. With this, the swelling degree ¢ was obtained as
a function of the ethanol volume fraction in the solution using
the relationship

\%
= — 1
1= (1)
where V and Vj denote the current and the initial hydrogel
volumes, respectively. For more information, refer to [38].

B. Determination of Refractive Indices of Hydrogel and
Fluid

For calculation of the corresponding refractive indices from
the resonance wavelength shifts A, the bulk sensitivity
S of the nanostructured surfaces has to be known. This is
determined from the slope of the resonance wavelength shift
of the reference area over the refractive indices n of the
investigated solutions determined by a refractometer (DR201-
95, A. KRUSS Optronic GmbH, Hamburg, Germany); see
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Fig. 1, and using the relationship

A>\I’CS
S = —_— 2
An 2)
With the calculated sensitivity S and the analyzed resonance
wavelength . of hydrogel and reference area, the respective
refractive index changes ny and ng of the hydrogel and the
fluid can be determined.

C. Analytical Model for Refractive Indices of the
Hydrogel-Fluid System

The simplest method to calculate the refractive index of an
ideal multicomponent mixture, here the hydrogel-fluid system,
is the application of the Arago—Biot equation [40], [41]. With
this approach, the refractive index n, of the total mixture can
be approximated by the sum of the refractive index of each
constituent multiplied with their respective volume fraction

Mot = Z”i ‘Z;t = Znivi 3)

where #; is the refractive index and V; is the volume of compo-
nent i. Vi is the total volume of the mixture, and v; = V;/ Vit
is the corresponding volume fraction. For nonideal mixtures,
this model cannot be applied, since molecular interactions lead
to nonlinear effects. This applies—among others—to mixtures
of water and ethanol; see Fig. 2. This typical curve of the
refractive index of aqueous ethanol solutions is due to the
concentration-dependent interactions of molecules and thus
due to anomalies of water—ethanol (WE) mixtures [42]. Here,
we assume that the refractive index of a water (W)—ethanol
(E)-glucose (G) mixture can be determined by application
of (3) and treatment of the WE mixture as one component
of the solution

F F
NWEG = NWE Uwg + NG Vg- €]

Here, the superscript F denotes the fluid. It must be noted that
using this approach, nwg is a (known) function of ethanol con-
centration, rather than a constant value. The volume fraction
of WE in the fluid can be evaluated using the relationship

v{:,\,E = vg, + vg. &)
Analogously to (4), the refractive index of a hydrogel H,
consisting of a polymer matrix P, swollen in WE-glucose
solution WEG, can be described by

H H
ng = NWEG Vwgg T 1P Up

= NWE v{?{VE + ng vg + np v? (6)
with

Vg = U + v (7

IV. RESULTS AND DISCUSSION
A. Swelling Behavior of the Ethanol-Sensitive Hydrogel

To gain a better understanding of the influence of interfering
constituents on the refractive index, the volume fractions of
each constituent in the hydrogel and the fluid are analyzed.
To evaluate (3), the swelling behavior of the ethanol-sensitive
hydrogel needs to be known.

The results of the measurements of the swelling degree g
as a function of ethanol are depicted in Fig. 3. The curve
exhibits three distinct regions: In the first region, approxi-
mately from 0 to 30 vol% ethanol, a decrease in volume
is observed with a slope of approximately —0.014 (vol %)~
Between 30 and 50 vol% the main volume phase transi-
tion of the gel takes place with a slope of approximately
—0.024 (vol %)~!. For concentrations larger than 50 vol %,
only minor volume changes occur.

For the evaluation of (3), the volume fractions vf and vf! of
the polymer and the fluid in the hydrogel have to be known.
It is assumed that the hydrogel in a pure ethanol bath is
completely dehydrated, i.e., the hydrogel comprises no fluid
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Fig. 2. Refractive index nwg of WE solutions measured with a reference
refractometer.

and, therefore, vll;l = 1 [43]. Using this assumption, the volume
fractions searched for are expressed by the relationships

= 2 ®)
vl =1—vf 9)

with gjp0 denoting the value of the swelling degree ¢ in
pure ethanol solution (v§ = 100 vol %). For the investigation
of the volume fractions in multicomponent systems (here:
the aqueous WE solution), it is assumed that there are no
cross-sensitivities toward nontarget substances (here: glucose)
and ¢ is only a function of the targeted substance concentration
(here: ethanol). Using these assumptions, the volume fractions
vl and v of the WE and glucose in the hydrogel can be
obtained by

v = v olf (10)
Vg = vg Vg (11)

In general, the sum of the volume fractions of all the con-
stituents in the fluid and the hydrogel equals one, i.e.,

H_ H H H_
E v =Up +uyg +ug =1
i

F_ .F F _
E v, = vyg +ug = 1.
i

After the determination of the swelling degree ¢ and using the
relationships of (8), (9), and (11)—(13), all the relevant volume
fractions for the WE—glucose system can be calculated; com-
pare Fig. 4. Within the frame of this work, only solutions with
up to 4 vol % glucose are considered. This investigation shows
that the volume fraction of the fluid in the hydrogel vl changes
only slightly in the region between O and 30 vol % ethanol
and exhibits an almost linear behavior in the region between
30 and 80 vol % ethanol. It is important to note that the main
volume phase transition of the hydrogel occurs at different
ethanol concentrations than the major changes in vfl and vil;
compare Figs. 3 and 4. The volume fractions of WE vl and
glucose v within the hydrogel show a stronger influence on
the glucose concentration for low ethanol concentrations. For

(12)

(13)

ethanol volume fraction vf (vol %)

Fig. 3. Measured swelling degree q = V/ W, of the hydrogel for different
ethanol concentrations.
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Fig. 4. Volume fractions vﬁ* of the individual constituents of the hydrogel
as a function of ethanol concentration v'E in the fluid. The arrows
indicate increasing glucose volume fractions vg Investigated glucose
concentrations are vg ={0.1,2,3,4} vol %.

higher ethanol concentrations, the volume fractions vi; and
v are basically independent of the glucose concentration,
since the volume fraction of the fluid vfl in the hydrogel
network is very small.

It has to be noted that the accuracy of the measured swelling
curve has a strong impact on the obtained volume fractions in
the hydrogel. At higher ethanol volume fractions, the swelling
degree ¢ becomes small, resulting in a high sensitivity of v}l

and vl toward measurement errors in ¢; compare (8).

B. Difference Method for Eliminating the Influence of
Interfering Substances

The objective of this work is to create a sensor system which
is able to determine the ethanol concentration in unknown
mixtures comprising water, ethanol, and glucose. It is a proof-
of-concept for more complex multicomponent systems and,
potentially, also for the measurement of components other
than ethanol. For a selective determination of individual con-
stituents in multicomponent solutions, the influence of other
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Fig. 5. Obtained refractive indices of the hydrogel ny (blue) and the
fluid ne_(red). The investigations were performed for glucose concentra-
tions vg = {0,1,2,3,4} vol%. The increase in glucose concentration
is indicated with arrows and also marked using different line styles as
given in the legend.

substances in the fluid on the refractive-index-sensitive sensor
signal needs to be eliminated or at least reduced significantly.

The refractive indices of the hydrogel and the fluid are
calculated from the measured resonance wavelength shifts,
as described in Section III-C. The results for ng and ny are
depicted in Fig. 5.

The solubility of glucose in ethanol-water solutions is
limited for higher ethanol volume fractions. Therefore, it was
not possible to determine ng and ny for vf, # 0 vol % together
with UE > 80 vol %.

It is observed that ny and np increase with increasing
glucose concentrations and—as described by (4)—the different
nr curves for the investigated glucose concentrations vf, =
{0, 1, 2, 3,4} vol % glucose are parallel-shifted to each other.
Similar to nwg, the refractive index ng shows increases with
increasing ethanol concentrations until an ethanol concentra-
tion of around 70 vol % and then decreases with increasing
ethanol concentration; compare Figs. 2 and 5.

The refractive index ny shows a different trend with respect
to glucose concentration. For low ethanol concentrations (vg <
30 vol %), the graphs are also parallel-shifted for increasing
glucose concentrations, exhibiting a similar behavior like ng.
But for ethanol concentration above 30 vol %, the slope
increases and the distance between the different curves of
ny decreases. Due to limited solubility of glucose in ethanol,
above 80 vol % ethanol, we were only able to determine ny
for vg = 0 vol%. For these high ethanol concentrations,
a decrease of ny is observed.

It must be emphasized that for low ethanol concentrations
(vg < 30 vol %), the change in the refractive indices ny and
ng is almost equal and shows that the refractive index of
the hydrogel behaves like the refractive index of the fluid in
this range. This is due to the fact that the fluid fraction in
the hydrogel vl dominates in this range; see Fig. 4. Above
30 vol% ethanol, the volume fraction v of the polymer
in the hydrogel increases, and therefore, the polymer has a
stronger influence on the overall refractive index, resulting in

a steeper slope of ny. The decreasing volume fraction vfl with
increasing ethanol concentration (30 vol % < vg < 80 vol %)
also reduces the influence of glucose.

Based on the obtained values for ng = nwgg and evaluation
of (4), a refractive index ng =& 1.55 for glucose is obtained.
To determine the concentration of ethanol, the influence of
glucose on the measurement signal of ny should be elimi-
nated or the signal should be reduced to the ethanol-induced
swelling degree q. Here, we propose to use the difference
ngige = ny — np of the refractive indices of the hydrogel and
the fluid as input signal. The corresponding curve is depicted
in Fig. 6. Using (4) and (6), we obtain

ndiff = NWE (U%{VE - U\I;IE) + n(}(véI - Ug) + npv]? (14)

showing the relationship between ng and the individual
volume fractions and refractive indices of the respective con-
stituents. It is assumed that nwg, (viyg — vig), ng, np, and
vl are independent of glucose concentration. Therefore, the
influence of glucose on nggr is small if (v§ — v) is small.
This term is almost zero in the range of 0-30 vol % and
marginal between 30 and 70 vol % ethanol. For higher ethanol
concentrations (vg > 80 vol %), the influence of glucose is not
reduced, but the influence of glucose on the refractive index
of the hydrogel is small, since v} becomes very small. In the
range of 40-70 vol % ethanol, a linear relationship between
naiee and v, can be assumed
ndiff%mvg—i—n. (15)
Therefore, ngi can be used to infer ethanol concentration

F__ hdgiff —n

AN — 16

Vg . (16)

with m = 0.0026(vol%)™' and n = —0.0836.
For the range of 40-80 vol %, a polynomial fit

ngit ~ ap + ayvy, + a (UE)Z (17)

suits the respective data. Therefore, ethanol concentration can
be obtained by

2
F ap a; ay — ndiff
~N——+ [ & - —F 18
Ve 2613 \/(4&% as ) ( )
with a; = —0.1262, a; = 0.0041 (vol%)~!, and a3 =

—1.6062 - 1073 (vol %) 2.

As can be concluded from Fig. 6, the working range
for ethanol is limited to 40-80 vol%. Below 40 vol %,
ngife is nearly constant, while above 80 vol %, ngi is not
monotonously increasing anymore. Here, multiple values of
v]}; are assigned to one value of ngg leading to nonunique

results for the determined ethanol concentration.

C. Validation of Difference Method for Selective Ethanol
Determination

With the findings discussed in Section IV-B, the sensor
system was calibrated by applying the difference method
for selective determination of ethanol concentration. For this
purpose, calibration curves for 40-80 vol % aqueous ethanol
solutions were determined from the difference in resonance
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Fig. 6. Difference in obtained refractive indices of hydrogel and fluid

ny — ng. The respective measurements were performed for glucose
concentrations v§ = {0, 1,2, 3,4} vol %.

H
res
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For the determination of the calibration curve, Mg Wwas
determined by averaging five successive measurements of each
data point between 40 and 80 vol %. Here, it should be
emphasized that the resonance wavelength shifts A)\gs and
AXE | are proportional to the formally used refractive indices
ng and ny. The calibration of the system is conducted using a
polynomial fit for the A\ curve for an ethanol concentration
range of 40-80 vol %; see Fig. 7. To demonstrate the usability
of the proposed difference method, the ethanol volume fraction
vE is determined for different ethanol-water—glucose solutions.
For performance evaluation, the determined ethanol values are
compared against the real ethanol concentrations of the fluid;
see Fig. 8. The respective errors and standard deviations of
these investigations are listed in Table I. For the used system,
the mean absolute deviation in ethanol concentration deter-
mination is smaller than 2 vol % for ethanol concentrations
between 40 and 70 vol %. It must be noted that the maximum
working range is restricted to ethanol concentrations between
30 and 80 vol %. Below this range, the volume fraction of
the polymer vfl in the hydrogel changes only marginally;
compare Fig. 4. This leads to an almost equal change in the
refractive index of the hydrogel ny and the fluid ng for low
ethanol concentrations. Thus, ngir is almost constant and the
determination of the corresponding ethanol concentration is
not feasible with the used hydrogel. For ethanol concentrations
above 80 vol %, the prediction accuracy for the ethanol con-
centration reduces significantly for multicomponent solutions.
According to Fig. 4, only a very small liquid fraction remains
in the gel at higher ethanol concentrations. The volume frac-
tion vg of glucose in the hydrogel becomes much smaller than
vg, and the glucose-dependent term (v —vf) is not negligible
anymore. As a result, the error between the predicted and real
ethanol concentrations in the liquid becomes larger. Therefore,
for this proof-of-concept, the difference method should not be

25

O measurements
polynominal fit

v,

Al /nm = —44.73 + 1.46 2 — 0.0078( o )2

40 50 60 70 80
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Fig. 7. Mean values and standard deviations for the resonance wave-
length shift A)gi and the respective polynomial fit used as calibration
curve for the selective determination of ethanol concentration.
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Fig. 8.  Approximation of the ethanol concentration VE based on a
polynomial fit.

TABLE |
PREDICTION ERRORS AND STANDARD DEVIATIONS FROM THE
DETERMINATION OF THE ETHANOL VOLUME FRACTION vE IN AQUEOUS
ETHANOL—GLUCOSE SOLUTIONS

'UE mean absolute error  mean relative error  standard deviation
(vol %) (vol %) (%) (vol %)

40 -0.58 -1.46 0.67

50 0.11 0.22 1.26

60 -0.47 -0.78 1.34

70 -1.95 -2.78 2.51

applied for ethanol concentrations above 70 vol % or below
30 vol %.

V. CONCLUSION AND OUTLOOK
Based on recent advancements in hydrogel-based plasmonic
sensor technology, this study describes the development of a
method to reliably determine the concentration of a specific
target substance in complex liquid environments without being
influenced by interfering substances. In the context of a
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proof-of-concept, the selective determination of the ethanol
concentration in aqueous ethanol-glucose solutions using a
plasmonically active sensor substrate functionalized with an
ethanol-sensitive hydrogel was performed. To obtain ethanol
concentration of the fluid, a difference method is developed
and applied, with the simultaneously measured resonance
wavelength shifts of the fluid (reference area) and the hydrogel
(hydrogel-functionalized area) as input.

A major objective of this research was to develop and
validate this difference method as a reliable means of deter-
mining the concentration of a target substance in complex
liquid environments without being influenced by interfering
substances. We confirmed its applicability by quantifying the
ethanol concentration amidst the presence of the interfering
substance glucose within the solution.

The independence of the result regarding glucose was inves-
tigated through analytical modeling of the refractive index of
the hydrogel and the liquid, based on the assumptions of the
Arago and Biot model [40]. The developed model accounts for
the volume fractions of water, ethanol, glucose, and polymer
within the hydrogel, requiring knowledge of the hydrogel’s
swelling curve.

Our analytical and experimental results confirm that at low
glucose concentrations, the impact of glucose on the difference
in the refractive indices ngyr or the proportional resonance
wavelength shifts (Agir) is negligible, making it a reliable
indicator of ethanol concentration.

This independence of A upon glucose results if the
volume fraction of the interfering substances (here: glucose)
is equal in the fluid and the hydrogel. For the investigated
system, this requirement is fulfilled for low ethanol concen-
trations (below 30 vol %). For ethanol concentrations above
30 vol% and below 70 vol %, the dependence on glucose
is still significantly reduced. It is shown that by applying
the difference method in the working range between 30 and
70 vol%, the ethanol concentration of aqueous ethanol-glucose
solutions could be reliably determined.

At ethanol concentrations below 30 vol %, the refractive
index of the hydrogel behaves similar to the refractive index
of the fluid, since the volume fractions of fluid and polymer
in the hydrogel do not change significantly. For this reason,
lower ethanol concentrations cannot be determined with the
here used ethanol-sensitive hydrogel. Furthermore, this also
means that the limitation of the working range for low ethanol
volume fractions below 30 vol % is not due to the difference
method, but to the swelling behavior of the hydrogel used.
This finding refuted our previous assumption in [38] that the
limitation of the working range was due to the near-surface
sensitivity, with significant source defects being detectable
only above 40 vol %. The ethanol-sensitive hydrogel can easily
be chemically modified. It might be possible to create a
similar system to detect a lower ethanol concentration if the
composition of monomer, cross-linker, and photo-initiator is
changed.

In summary, the presented sensor system combined with the
proposed difference method shows a working range of 40—
70 vol % ethanol for selective determination of ethanol. Here,
we tested the system with small concentrations of interfering

substances. Therefore, the method should be analyzed regard-
ing its performance for higher concentrations of interfering
nontarget constituents.

Further research efforts should focus on validating the
proposed difference method using a diverse range of multi-
component solutions, spanning various fluid compositions and
constituent concentrations. In addition, investigating different
stimuli-responsive hydrogels and their compatibility with the
sensor system is essential. In addition, incorporating two or
more distinct hydrogels within the system presents a realistic
opportunity for enabling simultaneous detection of multiple
target substances. This approach could significantly enhance
the sensor’s versatility and broaden its applicability across a
wide range of monitoring scenarios.

To assess the sensor’s performance, it is necessary to
conduct thorough examinations of accuracy, reproducibility,
and long-term stability, considering various factors such as the
influence of environmental conditions, potential degradation of
sensor components over time, and the occurrence of drift in
sensor readings. These further investigations are required to
ensure reliable and consistent sensor operation over extended
periods and under varying operating conditions. Additional
detailed analysis of the sensor response to different stimuli
and its ability to maintain accuracy and reproducibility across
a range of operating conditions will provide more reliable
statements on sensor’s effectiveness and suitability for real-
world applications.
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