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Exploration on Solvatochromic Sensing Probe of Phenol 
Blue for L-Lactic Acid Detection: Effective Strategy to 
Obtain Reliable Capacitive Sensor

Jungyoon Seo, Taehoon Hwang, Eun Ko, Seungtaek Oh, Dashdendev Tsogbayar, 
Md Rajibur Rahaman Khan, Jeong Ho Cho, Yeong Don Park,* and Hwa Sung Lee*

This study systematically investigates a capacitive sensor applied with phenol 
blue (PhB)-based sensing medium for detection of L-lactic acid (LA), as a 
health monitoring indicator. PhB is a substance with solvatochromic effect, 
inducing the change in capacitance by exposure to polar molecules. However, 
the capacitive LA sensor with a flat-structured PhB/polyvinylchloride (PVC) 
composite-sensing medium is observed to have a problem in that sensing 
capacitance variation saturate quickly with increasing the LA solution concen-
tration. This main cause can be analyzed that the interaction of proton from 
LA molecule with the lone pair electrons of the PhB molecule acts as a major 
factor on the sensing characteristics rather than the solvatochromic behavior 
of PhB molecule. Therefore, a strategy is adopted to introduce a porous 
structure to the PhB/PVC composite-sensing medium to maximize the 
interaction of PhB with protons, which is implemented through solvent and 
non-solvent exchange methods. Consequently, the sensitivity and linearity 
of the porous-structured LA sensor are 2.99 pF mm−1 and 0.966 over LA 
concentrations ranging from 0 to 100 mm, respectively, which is a significant 
improvement over that of the flat-structured one. Notably, the sensing per-
formance remained unchanged even after a month of storage under normal 
ambient conditions.
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1. Introduction

Organic active materials are gaining exten-
sive attention in various fields of flexible 
wearable electronic devices,[1–3] including 
radio-frequency identification tags,[4,5] flex-
ible displays,[6,7] and physical/chemical 
sensors owing to their advantages such as 
mechanical flexibility,[8–10] easy molecular 
design,[11–13] and solution processing.[14–16] 
Among various application fields, organic 
physical and chemical sensors are core 
elements of wearable devices for collecting 
information of biomechanical and physi-
ological data to diagnose a human disease 
or monitoring exercise status. A repre-
sentative indicator for monitoring health 
status is L-lactic acid (LA) concentration 
in blood or sweat. LA is an indicator of 
metabolic disorder status under anaerobic 
conditions and provides useful informa-
tion on various diseases or symptoms, 
such as tissue hypoxia, sepsis, acute heart 
disease, and metabolic acidosis, as well 
as exercise training status.[17,18] In addi-
tion, as the LA concentration in blood is 

reflected in the LA concentration of sweat, LA can be profiled 
indirectly through a non-invasive method.[19] Therefore, various 
types of organic chemical sensors, which can detect LA con-
centrations, have been developed such as electrochemical,[20] 
optical,[21] impedance,[22] capacitive,[23] and transistor-structured 
applications.[24]

One of the strategies for developing electrochemical LA sen-
sors is to use enzymes for LA molecule recognition.[20] L-lactate 
oxidase as a representative enzyme oxidizes L-lactate to pyru-
vate through the flavin mononucleotide reduction in the reduc-
tion half-reaction, and oxygen or artificial substance acts as an 
electron acceptor to re-oxidize the flavin mononucleotide to 
generate hydrogen peroxide in the oxidation half-reaction.[25] 
Hydrogen peroxide is detectable through a platinum electrode 
or a sensing medium such as Prussian blue.[26,27] The method 
using the enzymes has good selectivity and a high sensitivity 
for LA; however, it has limitations owing to low biological sta-
bility at room temperature and high manufacturing cost.[28] 
Therefore, to overcome these limitations, the study of non-
enzymatic LA sensors is becoming increasingly important.[29–33]
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Previously, we reported the LA-chemical sensor system using 
the solvatochromic behavior of a Nile red (NR, 9-diethylamino-
5-benzo[a]phenoxazinone) can solve the problems of having 
enzyme-based sensors.[23] The solvatochromic behavior is char-
acterized by a change in the bandgap energy according to the 
polarity of the surrounding molecules, which in turn changes 
the capacitance (C) of the solvatochromic material. This LA 
sensor is fabricated through a simple process of coating a 
composite film of NR and poly(vinyl chloride) (PVC) on an 
interdigitated electrode (IDE). When the NR/PVC composite-
sensing layer is exposed to LA, the C change is translated to a 
shift in the output phase by the circuit connected to the sensor, 
which allows the LA concentrations to be detected. The solva-
tochromism-based LA sensor showed excellent sensing linearity 
of 0.998, which was interpreted by correlating with the solva-
tochromic effect and twisted intramolecular charge transfer 
(TICT) behavior of NR to understand the operating principle 
of the sensor.[34] However, as a follow-up study was conducted, 
it was confirmed that there is a limit to fully understand the 
LA-sensing characteristics caused by these effects. For example, 
when Phenol blue (PhB, N,N-dimethylindoaniline) having 
solvatochromic property similar to that of NR was applied,[35] 
a bathochromic shift in which the C increased with exposure 
to various solvents with increased polarities, whereas the PhB 
showed hypsochromic shift indicating a decrease in the C 
exposed with LA solution in reality. These phenomena, as men-
tioned above, indicate the mechanism alone of detecting LA by 
solvatochromic and ICT behaviors is insufficient to understand 
the operating principle of the sensor.

Herein, PhB is a candidate for the expansion of solva-
tochromic materials capable of detecting LA and a capacitive LA 
sensor was prepared by applying PhB/PVC composite sensing 
medium on IDE. PhB shows a bathochromic shift in which 
absorption maxima increases in a polar solvent environment, 
such as NR, which is suitable for use as a sensing probe in an 
aqueous environment such as a LA solution owing to low solu-
bility in water. In this study, various spectroscopic analyses of 
the solutions containing PhB and LA were performed to ana-
lyze the interaction between PhB and LA, and a comparative 
study was conducted to elucidate the sensing principle of the 
PhB/PVC-sensing medium. Based on the results, we proposed 
an additional LA sensing mechanism along with the solva-
tochromic and ICT behaviors in PhB/PVC composite sensing 
medium. According to the proposed mechanism, the sensing 
performance was greatly improved by controlling the mor-
phology of the PhB/PVC-sensing medium in the sensor, which 
has led to developing a capacitive LA sensor with excellent sen-
sitivity, linearity, and reliability in the sensing performances.

2. Result and Discussion

To confirm the potentials of PhB as a solvatochromic-based 
LA sensing probe, we first simulated the molecular orbital 
structures and their energy levels of a gas-phase PhB visual-
ized through density functional theory (DFT) calculation with 
the approach of polar molecule. According to the DFT calcu-
lation results, the imine group of PhB molecule was twisted 
during the ICT process in which the charge was transferred 

from the dimethylamine group to the ketone group.[35–40] The 
planar state and twisted state resulted in the ICT behavior of 
PhB molecules are determined by the electrostatic repulsion in 
the molecule and the molecular-molecular interaction, which 
causes the polarity change of the PhB molecule. In particular, 
a molecule with an electron-donating group capable of mole-
cular geometry rotation, such as the dimethylamine group of 
PhB, could convert a twisted state. Owing to this ICT behavior, 
the band gap energy was 2.69 eV when the molecular structure 
is planar state, whereas the band gap energy was reduced to 
2.50 eV in the twisted state. Therefore, the PhB sensing probe 
is expected to present a bathochromic shift as the polarity of 
solvent increases and the bandgap energy decreases with the 
TICT behavior, resulting in the increase of C.[35–41] Figure  1b 
shows the ultraviolet-visible (UV-vis) spectroscopic results of 
40  µm  PhB solutions in various solvents to confirm the TICT 
characteristics of PhB molecules with the solvent polarity.[35–39] 
The absorption maxima ( max

absλ ) of various PhB solutions were 
observed at 551  nm for cyclohexane (CH), 570  nm for tol-
uene (Tol), 589  nm for dichloromethane (DCM), 594  nm for 
N,N-dimethylacetamide (DMAC), 593  nm for N,N-dimeth-
ylformaide (DMF), 606  nm for dimethyl sulfoxide (DMSO), 
605 nm for ethanol (EtOH), and 659 nm for the mixed solvent 
of 10  vol% EtOH and deionized (DI) water. The max

absλ  changes 
of the PhB solutions with various solvents can be seen in an 
obvious trend when compared with the Reichardt polarity 
function (ET(30)) shown in Table S1 (Supporting Information), 
which represents the degree of polarity. Figure 1c demonstrated 
the variations of the max

absλ  values as a function of ET(30) and a 
proportional relationship with considerable linearity between 
the two was observed. As expected from the DFT calculations, 
as the polarity of the solvent molecules increases, the max

absλ  of 
the PhB solution shows a bathochromic shift moving to the 
up-shift direction, and this behavior of the PhB molecules sug-
gests the potential as a sensing probe capable of detecting the 
polar LA molecules. Actually, the PhB solution is purple when 
dissolved in the nonpolar CH and blue when dissolved in the 
polar EtOH as shown in Figure  S2 (Supporting Information). 
These color changes were consistent with the variations in max

absλ  
values. More detailed information of max

absλ  and ET(30) is summa-
rized in Table S1 (Supporting Information).

The basic hypothesis of our system is that when LA mole-
cules are exposed to the solvatochromic PhB sensing medium, 
the sensing medium changes the bandgap energy according 
to the approach of the surrounding polar molecules and the 
C value changes owing to the interaction between the sensing 
medium and LA molecules, and this principle can be applied as 
a chemical sensor capable of detecting LA molecules or concen-
trations. We constructed a composite with hydrophobic PVC 
utilizing PhB as a sensing medium for LA detection. This PhB/
PVC composite film was coated on IDE to fabricate a capacitive 
LA sensor, as shown in Figure  1d. (Refer to the Experimental 
section and Figure  S3 (Supporting Information) for detailed 
device preparation process). In Figure  1f,g, the prepared PhB/
PVC film surface was confirmed to have a flat morphology 
with rms roughness of ≈1.19 nm and its σ value was obtained 
based on the Gaussian fitting of the height histogram and cal-
culated as 1.058  nm with superior roughness uniformity. The 
low rms roughness and morphological uniformity contribute to 
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the transparent properties of the PhB/PVC composite sensing 
medium shown in Figure 1d.
Figure  2 shows the sensing performance characteristics of 

our capacitive LA sensor with the PhB/PVC composite sensing 
medium for aqueous LA solutions with various concentrations 
from 0 to 100  mm. Hereinafter, the LA sensor with PhB/PVC 
composite sensing medium will be referred as PhB-sensor. 
During this experiment, while applying AC voltage of 1 V and 
10 kHz to the PhB-sensor, the LA solutions were injected onto 
the sensing area and then removed at regular intervals to test 
the LA sensing characteristics. A schematic diagram of such 
analysis system is shown in Figure  S4 (Supporting Informa-
tion). As shown in Figure  2a, the PhB-sensor shows stable 
repeatability with respect to exposure to the LA solutions, with 
an increase in C value upon exposure to an LA solution and a 
decrease in C value upon removal of the solution. These results 
could be explained by the TICT behavior that occurs when 
the PhB molecules are exposed to the polar LA solution, as 
described in our previous study,[23] inducing the decrease in the 
bandgap energy and the increase in C of the sensing medium.

Figure  2b–d and Table  S2 (Supporting Information) sum-
marize the results obtained from measuring five other devices 

prepared by the same process. The C values of the PhB-sensors 
were measured to be 4.74 ± 0.10 pF in air and 21.9 ± 0.12 pF in 
DI water, confirming that the C of the PhB sensor increased 
even when exposed to DI water. This is because of two reasons, 
one is that the DI water itself interposed between the IDEs 
and acted as an additional capacitor, and the other is that the 
high polarity of water molecules induces polarization in the 
sensing medium, which could be related to increase in C.[42] 
The PhB-sensors exposed to 0.01  mm  LA solution showed C 
variations of 21.3 ± 0.24 pF, almost similar to those of DI water 
exposure. However, with the increase in concentrations of the 
LA solutions to 0.1, 1.0, and 5.0  mm, the C values increased 
to 35.5  ±  0.63, 139.2  ±  2.01, and 214.3  ±  3.86  pF, respectively, 
which confirmed a somewhat constant trend in C variations. 
These trends can be confirmed in a graph in which the LA 
concentration change is expressed on a log-scale as shown in 
Figure  2b. However, the most serious drawback of our PhB-
sensor is that the sensing signal saturates too quickly as the 
LA concentration increases. In fact, the variation in C values 
does not show any meaningful results in the section over the 
concentration of 5 mm. In addition, the sensitivities and lineari-
ties were 37.0 pF mm−1 and 0.790 or 0.168 pF mm−1 and 0.628, 

Adv. Funct. Mater. 2023, 33, 2211253

Figure 1.  a–c) Structural and spectroscopic analysis of solvatochromic behavior of PhB molecules. a) The schematic diagram representing the cal-
culation of the difference in molecular orbital structure of PhB molecules according to conformational change and ICT behavior of the PhB molecule 
using the DFT function. b) UV–vis spectroscopic results of PhB solution using various solvents and c) The absorption maxima of b) sorted according 
to ET(30). d–f) A capacitive sensor based on a PhB/PVC composite film as a sensing layer. d) The photograph and the brief circuit diagram of the 
PhB-sensor. e) AFM image and height profile of the surface of the PhB/PVC composite film. f) Histogram of height distribution function based on e).
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respectively, in the sections of 0 ∼ 5  mm or the 10 ∼ 100  mm 
LA concentrations, indicating very low sensing reliability as a 
sensor performance, shown in Figure S5 (Supporting Informa-
tion). On the other hand, the response and recovery times of 
the PhB-sensor showed excellent results of less than 1.7 and 
0.6 s, respectively, in all concentration sections. (See Figure S6, 
Supporting Information for the definitions used to calculate the 
response and recovery times). Consequently, we confirmed the 
applicability of the PhB/PVC composite sensing medium as 
a probe for LA detection by repeatedly increasing the C when 
the PhB-sensors were exposed to an LA solution. However, 
the rapid sensing signal saturation and nonlinearity in the C 
values according to the LA concentration were identified as the 
thresholds to be overcome for applying as a sensor. Therefore, 
it is necessary to address these issues by more precisely inves-
tigating the interaction between PhB and LA molecules and 
understanding the mechanism to detect the LA molecules in 
the PhB-sensor.

To better understand the interaction between PhB and LA 
molecules, we performed spectroscopic analyses and inferred 
interesting facts from the obtained results. Figure  3a shows 
the results of UV-vis spectroscopy analyzed by adding var-
ious concentrations of LA solutions from 0 to 100  mm into 

10  vol% EtOH aqueous solution containing 40  µm  PhB. The 
max
absλ  s of the PhB solution were the same at 659 nm for 0 and 

0.01  mm  LA, but showed a hypsochromic shift tendency to 
586 nm at 0.1 mm LA and 568 nm at 1, 10, and 100 mm LA. This 
tendency suggests that the PhB molecules were in the twisted 
state at low-concentrated LA solution of 0 or 0.01 mm and in the 
planar state at high-concentrated LA solution of greater than 
1 mm. This result is contrary to the bathochromic shift caused 
by the TICT behavior previously described as a mechanism 
through which PhB/PVC-sensing medium in the PhB-sensor 
detects the LA molecules. In other words, the PhB molecule 
exhibits the TICT behavior owing to the solvatochromic effect 
induced by the surrounding polar molecule is confirmed; how-
ever, it is unable to fully explain the working principle of our 
sensor for the LA detection. Especially, considering the dis-
sociation process of a LA molecule in aqueous phase, a LA 
molecule is ionized into proton and lactate. Therefore, we need 
to confirm which one of them interacts dominantly with the 
PhB molecules. To determine whether the proton or lactate 
interacts significantly with the PhB molecule, we prepared a 
system that simulated the pH with concentrations of LA solu-
tions using HCl solution. Figure 3b shows the results of UV-vis 
spectroscopy when the pH-adjusted HCl solutions were added 

Adv. Funct. Mater. 2023, 33, 2211253

Figure 2.  Performance characteristics of PhB-sensors a) Capacitance as a function of the time of the PhB-sensor exposed to various 0 to 100 mm LA 
aqueous solutions. b) Capacitance variation as a function of concentration of LA from 0 to 100 mm. This plot had the saturated response region. Inset 
plot: x-axis of log scale. (n = 5) c) Response time variations as a function of concentration of LA from 0 to 100 mm. (n = 5) d) Recovery time variations 
as a function of the concentration of LA from 0 to 100 mm. (n = 5)
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to 10 vol% EtOH solution containing 40 µm PhB. As shown in 
the figure, the max

absλ  s were observed at 659 nm for the cases of 
pH 7 ∼ 4 range, 578 nm for the pH 3.5 case, and 568 nm for 
the cases of pH 3 and 2.5. Figure 3c is a result to clearly com-
pare the max

absλ  variations shown in Figure 3a,b, showing almost 
similar peak-shifting tendency, although not perfectly matched. 
In other words, we could expect that the PhB acts as a sensing 
medium owing to the elements that LA and HCl solutions have 
in common. Based on this comparison, the PhB molecule are 
expected to interact mainly with the protons rather than lac-
tate, causing TICT behavior from the twisted to planar states, 
because the PhB molecules cannot interact with negative ions 
due to repulsive interaction. Therefore, these results could 
be interpreted as being caused by the electrostatic interaction 
between the protons and the lone pair electrons in the ketone 
or imine groups of the PhB molecule.[43–45]

In addition, to check whether the interaction between PhB 
and LA molecules varies with time, a 10  vol% EtOH aqueous 
solution containing a relative high concentration of 100 mm LA 
and 40 µm PhB was stored for a long time of 80 h, and UV-vis 
spectrum analysis was performed over time. As a result, the 
absorbance of the solution decreases over time, suggesting 

that the interaction between PhB and protons inhibits the ICT 
behavior of the PhB molecules.[35,42] The color change in the 
solutions when stored at 4  °C for 80  h after mixing LA solu-
tions of various concentrations with 40  µm  PhB solution is 
shown in Figure  S7 (Supporting Information). To confirm 
whether these changes in the absorbance of UV-vis spectrum is 
a phenomenon caused by the chemical reaction (or interaction) 
between the LA and PhB molecules, Fourier transform infrared 
(FT-IR) spectroscopic analyzes were performed after 0, 24, 48, 
and 72  hrs by preparing the 100  mm  LA solutions containing 
40  µm  PhB shown in Figure  3e. As seen from the figure, the 
transmittances did not change with time, which leads to the 
conclusion that the chemical reaction (or interaction) between 
the PhB and LA molecules is not the reason for the variations 
presented in Figure  3(a–d). Therefore, the conclusion from 
these analyses is that the LA detection mechanism of the PhB-
sensor with PhB/PVC composite sensing medium is mainly 
owing to the interaction of the PhB molecule with protons and 
not the TICT behavior of the PhB molecules.

The spectroscopic analyses of the interaction between PhB 
and LA in the solution state were not a system consistent with 
the solid-state PhB/PVC composite-sensing medium proposed 

Adv. Funct. Mater. 2023, 33, 2211253

Figure 3.  a–e) Spectroscopic analysis to understand the interaction between PhB and LA a) UV-vis spectroscopic results of 10 vol% EtOH solution 
containing 0 to 100 mm LA and 40 µm PhB. b) UV-vis spectroscopic results of 10 vol% EtOH solution containing 40 µm PhB and pH adjusted using HCl 
c) max

absλ  in a,b) plots sorted according to the pH of the solution. d,e) After preparing a 10 vol% solution of EtOH containing 100 mm LA and 40 µm PhB. 
d) UV-vis spectroscopic results from 0 to 80 h. e) FT-IR spectroscopic results from 0 to 72 h. f) Summary of the surface energy, polar term, and disper-
sion term for the surface of a PVC film and a PhB/PVC composite film.
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in this study. Thus, UV–vis spectroscopic analysis was per-
formed following exposure of various concentrations of LA 
solution to solid-state PhB/PVC composite film as shown in 
Figure S8 (Supporting Information). No spectroscopic change, 
however, was observed in the PhB/PVC composite films, there-
fore, there is a limit to deriving a meaningful interpretation 
from these analyses. By comparing the surface energies of PVC 
only and PhB/PVC composite films, we were able to infer the 
effect of the LA on the PhB/PVC composite sensing layer. As 
shown in Figure 3f, the surface energies of the PVC only and 
PhB/PVC composite films were similar to 50.4 and 50.0 mJ m−2, 
respectively, but the polar term dramatically increased from 
0.8 to 5.9  mJ  m−2. The increase in the polar term is due to 
the exposed PhB on the surface of PhB/PVC composite film, 
where a strong interaction occurs between the exposed PhB and 
protons from the LA molecule. Therefore, the C value of the 
PhB-sensor increases with exposure to the LA solution mainly 
because of the adsorption of protons to PhB molecules on the 
surface of the sensing medium, inducing the polarization of 
PhB/PVC composite-sensing medium.[42,46] Based on these 
results, we can hypothesize that if the adsorption efficiency of 
the LA molecules to the PhB/PVC composite-sensing medium 
is increased, the sensing performances of our PhB-sensor can 
be dramatically improved by solving problems such as fast 
signal saturation and low linearity shown in Figure 2.

Based from the above results, a strategy was devised to 
improve the specific surface area of the PhB/PVC composite-
sensing medium for maximizing the effective interfacial area 
between PhB and LA molecules. Figure 4a shows a schematic 
diagram of the solvent and non-solvent exchange method for 
implementing the porous PhB/PVC (p-PhB/PVC) composite-
sensing medium. The aforementioned flat PhB/PVC composite-
sensing medium was prepared in a low-humidity environment 
of ≈20%. Whereas, when the film is dried in a high humidity 
condition of ≈60%, the DMAC solvent vapor in the film is 
exchanged with water, which is a non-solvent vapor, thereby 
inducing the formation of a porous structure in the PhB/PVC 
film.[47,48] Figure 4b,c show the images of the p-PhB/PVC com-
posite film prepared by this method by analyzing SEM and 
AFM, respectively, which is opaque unlike the flat PhB/PVC 
composite film shown in Figure  1d. As shown in the figures, 
numerous pores are observed to be formed on the surface with 
diameters of 3.8 ± 0.9 µm (n = 50) and depths of 7.0 ± 0.2 µm 
(n = 20). In particular, such porous structures were formed not 
only on the surface of the p-PhB/PVC composite film but also 
on the bulk region as shown in Figure 4(c), confirming that it is 
an effective approach that can dramatically improve the interfa-
cial area where PhB and LA molecules interact.
Figure  5 demonstrates the sensing characteristics of the 

capacitive LA sensor with the p-PhB/PVC composite-sensing 

Adv. Funct. Mater. 2023, 33, 2211253

Figure 4.  The p-PhB/PVC composite film fabricated by solvent exchange method. a) Schematic diagram of the fabrication process and porous struc-
ture formation mechanism of p-PhB/PVC composite film. b) A photograph of the p-PhB-sensor. Inset is SEM image of the surface of the p-PhB/PVC 
composite film (scale bar = 20 µm) c) AFM image and height profile of the surface of the p-PhB/PVC composite film.
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medium for aqueous LA solution with various concentrations 
from 0 to 100 mm. Hereinafter, the LA sensor with p-PhB/PVC 
composite sensing medium will be referred to as p-PhB-sensor. 
The C values are confirmed to repeatedly and reliably change 
in the p-PhB-sensor as it is exposed to various concentrations 
of LA solution, such as the flat PhB-sensor shown in Figure 2, 
although degree of change in C values varies to some extent in 
Figure  5a. In particular, the most striking difference between 
the p-PhB- and PhB-sensors is that the saturation problem does 
not appear even in the section with an LA concentration of 
5  mm or higher. Figure  5b shows the results of summarizing 
the average Cs and their standard deviation for 8 samples, and 
the detailed values are summarized in Table  S3 (Supporting 
Information). The sensing performances of the p-PhB-sensor 
from 0 to 100 mm LA aqueous solutions were calculated with 
a sensitivity of 2.99  pF  mm−1 and a linearity of 0.966, which 
were a dramatic improvement compared to that of the PhB-
sensor cases. However, the porous PVC-only film does not 
show any response to exposure to LA solutions. (Gray line in 
Figure 5b) These results could be attributed to the increase in 
surface exposure of PhB molecules and the contact efficiency of 
LA molecules owing to the porous structure of the p-PhB/PVA 
composite-sensing medium, suggesting that our strategy effec-
tively improves the LA-sensing performance and addresses the 

signal saturation problem in the capacitive LA p-PhB-sensor. 
However, although the performance of the p-PhB-sensor was 
improved compared to that of the PhB-sensor, some problems 
were still identified. A representative problem among these was 
the lack in discrimination of the sensing characteristics in a 
low concentration LA solution of less than 1 mm. As shown in 
Figure 5a,b, no significant difference was found in the C varia-
tion between exposure to pure DI water and 0.01 or 0.1 mm LA 
solutions. Therefore, we calculated the limit of detection 
(LOD) and limit of quantitation (LOQ) based on the results of 
Figure  5b, which were 0.49 and 1.61  mm, respectively. (Refer 
Figure S9, Supporting Information). These LOD and LOQ were 
obtained by the equation below,[49]

LOD
3 standard deviation at 0m MLA pF

sensitivity pF m
,

LOQ 3.3 LOD 3.3 LOD
M

1

[ ]=
×

⋅ 
= × = ×

− 	 (1)

The target application fields of our sensor are the wearable 
sensory systems that can be attached to the skin to evaluate 
the degree of fatiguability through the detection of LA con-
centration in the sweat. In general, human sweat contains ≈4 
to 25 mm of LA concentration in a stable state and more than 

Adv. Funct. Mater. 2023, 33, 2211253

Figure 5.  Performance characteristics of p-PhB-sensors a) Capacitance as a function of time of the p-PhB-sensor exposed to various 0 to 100 mm LA 
aqueous solutions. b) Capacitance variations as a function of the concentration of LA from 0 to 100 mm. Inset plot: 0 to 8 mm LA region magnification. 
(n = 8) c,d) After repeated exposure to 0 to 100 mm LA aqueous solution up to round 6, c) The capacitance and d) Sensitivity of the p-PhB-sensor in 
each round. e) Summary of sensitivity and linearity of the p-PhB-sensor stored in ambient atmosphere for a month.
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50 mm LA concentration during intense exercise state.[27] There-
fore, the LOD and LOQ of the developed capacitive LA p-PhB-
sensor is considered to be at a level that does not interfere with 
application of a skin-attachable sensory device. In addition, the 
sensitivity and linearity of p-PhB-sensors excluding the LOD 
range below 0.49 mm are calculated as 2.77 pF mm−1 and 0.972, 
respectively, which are excellent sensing performances for LA 
detection.

To evaluate the reliable stability of the p-PhB-sensor devel-
oped in this study, we measured the variations in C value 
when one device was repeatedly exposed six times to an LA 
aqueous solution at a concentration of 0 to 100 mm. As shown 
in Figure  5c, the C value changes were approximately similar 
for the six repeated measurements and the sensitivities cal-
culated from these results are summarized in Figure  5d. The 
sensitivity of the p-PhB-sensor during six repeated measure-
ments is within 6% of the error range, confirming the excellent 
stability and reliability of the sensor. Furthermore, as shown in 
Figure  5e, after being stored for a month under atmospheric 
conditions to confirm the long-term stability of the sensor, the 
p-PhB-sensor showed a sensitivity and linearity of 2.96 pF mm−1 
and 0.961, respectively, showing changes within the error ranges 
of 1% and 0.5%, respectively. These results verify that the capac-
itive LA p-PhB-sensor introduced in this study has sufficiently 

secured a sensitivity, reliability, and stability for the LA detec-
tion. Therefore, it can be proposed as a biosignal-detectable 
sensor applicable to wearable sensor systems in future.

Another problem with the aforementioned p-PhB-sensors 
developed in this study is that the response rate (or time) is 
delayed when exposed to LA solution. Figure  6a representa-
tively shows an enlarged view of a specific section obtained 
after exposure to LA solution of 60 mm concentration with nor-
malizing one of the signals. By superimposing the signals of 
the PhB- and p-PhB-sensors, the problem for the signal delay is 
clearly observed. The result of summarizing the response and 
recovery times of the p-PhB-sensor according to each LA con-
centration is presented in Figure  6b. In addition, the detailed 
response and recovery times are summarized in Table S3 (Sup-
porting Information). We could infer that the main reason 
for the delayed response time is that the LA aqueous solution 
needs time to sufficiently fill the air gaps in the numerous pores 
formed on the surface of the p-PhB/PVC composite-sensing 
medium as schemed in Figure  6c. This assumption can be 
supported by the analysis of the surface energy of the sensing 
medium through the measurement of the contact angle shown 
in Figure  6d–f. The water contact angle of the PVC-only sur-
face is 85.1°, whereas its angle for the PhB/PVC film surface 
is reduced to 70.1° owing to the polar PhB molecules. On the 

Figure 6.  a) Difference in capacitance with time in p-PhB- and PhB-sensors when exposed to 60 mm LA b) Response and recovery time variations as 
a function of LA concentration from 0 to 100 mm. c) Schematic diagram of the mechanism by which signal delay occurs in the p-PhB-sensor. d–f) CA 
comparison of DI water on each surface d) a PVC film, e) a PhB/PVC film, f) a p-PhB/PVC composite film.
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other hand, the contact angle for the p-PhB/PVC composite 
film is significantly increased to 85° due to the air trapped in 
the porous structure on the surface. This increased hydropho-
bicity of the surface may be the reason the LA aqueous solution 
takes time to sufficiently wet the p-PhB/PVC composite surface.

The significance of our study is that we confirmed that PhB 
could be used as a probe medium capable of sensing LA, and 
a strategy was suggested to solve the problems of our previous 
study of low sensitivity as a capacitive sensor by controlling 
the film morphology of the sensing medium. In addition, the 
strategy for improving the sensing characteristics using the 
porous sensing medium can be applied in various ways to 
maximize the contact-interfacial area, such as the application 
of the electrospun nanofiber sensing medium and is expected 
to greatly help the development of capacitive chemical sensors 
in the future.

3. Conclusion

In summary, we developed a capacitive sensor using the PhB/
PVC composite-sensing medium to strengthen the detec-
tion capability of LA. The original purpose of the study was 
to enhance a capacitive LA sensor performance based on the 
ICT behavior of PhB molecules in sensing medium to LA 
exposure. However, this PhB-sensor showed a problem that 
the sensing signal saturated quickly, such as the sensitivities 
of high 37.0  pF  mm−1 and low 0.168  pF  mm−1 in 0–5  mm and 
10 ∼ 100  mm  LA concentration regions, respectively. These 
results could be speculated that the solvatochromic behavior 
of the PhB molecule clearly affects the sensing characteristics 
of the LA molecule; however, the interaction of proton from 
LA molecule with the lone pair of electrons of the PhB mol-
ecule has a more important effect on the sensing character-
istics. Thus, a strategy to solve the signal saturation problem 
was newly devised as maximizing the effective interfacial area 
between PhB and LA molecules. Based on this strategy, the 
PhB/PVC composite-sensing medium was designed with a 
porous structure using the solvent and non-solvent exchange 
method to improve the specific surface area of the sensing 
medium. As a result, the sensitivity and linearity of the p-PhB-
sensor with porous PhB/PVC composite-sensing medium 
was 2.99 pF mm−1 and 0.966 over the LA concentrations from 
0 to 100  mm, respectively, which was significantly improved 
compared to that of the PhB-sensor. Notably, the sensing per-
formance remains almost the same even after a month of 
storage under normal ambient conditions. Our achievements 
are expected to contribute to the development of biosensors 
with excellent reliability as well as improved characteristics of 
detecting biosignal substances including lactic acid.

4. Experimental Section
Materials: PhB (97%), CH (anhydrous, 99.5%), Tol (anhydrous, 

99.8%), DCM (anhydrous, ≥99.8%), DMAC (spectrophotometric grade, 
≥99%), EtOH (200 proof, anhydrous, ≥99.5%), and PVC (High molecular 
weight) were purchased from Sigma–Aldrich without additional 
purifications. DMF (special grade, 99.5%), DMSO (extra pure, 99.0%), 
acetone (99.5%, Extra pure), 2-propanol (99.5%, anhydrous), and HCl 

(extra pure, 35.0∼37.0%) were purchased from Samchun Chemicals. 
Polyethylene terephthalate (PET) film was purchased from Film-Bank. LA 
(85%) was purchased from TCI.

Preparation of PhB/PVC Solution: PhB was dissolved in DMAC at a 
concentration of 5 mg mL−1. To dissolve the PhB solution, the solution 
was ultrasonicated for 15 min at room temperature. Then, 100 mg mL−1 
PVC was added to the prepared PhB solution and stirred at 60  °C for 
15 h. After the PhB and PVC were completely dissolved, the solution was 
left stirring until room temperature.

Fabrication of Capacitive LA Sensors: A188  µm-thick PET film as 
a substrate was cut to 2.5  ×  2.5  cm2, washed using acetone and 
2-propanol, and dried with nitrogen gas. An IDE was deposited on the 
PET to fabricate a capacitor with 3  nm-thick Cr layer and 70  nm-thick 
Au layer, thermally deposited under ≈10−7  torr at the deposition rates 
of 0.2 and 7  Å  s−1 using a shadow mask, respectively. The channel 
length and the width of IDE patterns were fixed to 200 and 26 000 µm, 
respectively, and the PhB/PVC sensing area was fixed to 5 × 5 mm2. To 
improve spreading property of PhB/PVC solution on the substrate, the 
IDE-patterned PET substrate surface was exposed to 257 nm UV-ozone 
cleaner. Prior to this exposure, the part of the electrode connected to 
the external terminal was covered with polyimide (PI) tape. The prepared 
PhB/PVC solution filtered with a PVDF 0.45  µm filter was spin-coated 
on IDE at 1500  rpm for 180  s. A PhB/PVC film with a flat surface was 
fabricated at ≈15% humidity and a PhB/PVC film with a porous surface 
structure was fabricated at ≈60% humidity. Subsequently, the sample 
was dried in ambient condition for 2  h and then additionally dried 
in a vacuum condition for 1  h. After finishing the drying process, the 
finished capacitive LA sensors were kept in vacuum desiccator at room 
temperature.

Spectroscopic and Structural Analysis: UV–vis absorption spectra were 
recorded using a UV-vis spectrophotometer (Lambda 365, PerkinElmer). 
To analyze the solvatochromic behavior of PhB molecules, the PhB 
was dissolved in various solvents at a fixed concentration of 40  µm: 
CH, Tol, DCM, DMAC, DMF, DMSO, EtOH, 10  vol% EtOH solution 
in distilled water (DI water). The 10  vol% EtOH solution was used to 
increase the solubility of PhB, because PhB has low solubility in DI 
water. The absorbance variation of a solution (10 vol% EtOH) containing 
100  mm  LA and 40  µm  PhB was analyzed after storing for various 
durations in the typical sealed cuvettes. Fourier-transform infrared 
spectroscopic analyses were performed using FT-IR 4600 spectrometer 
(JASCO) at 0, 24, 48, and 72  h by preparing the 100  mm  LA solutions 
containing 40 µm PhB.

The 3D molecular orbital structure of the PhB molecule was 
simulated by DFT calculation (B3LYP/6-311G++(2dp)) using GAMESS 
(2020-R2), and the PhB molecular structure was also optimized using 
DFT calculation (B3LYP/6-311G++(2dp)). wxMacMolPlt graphics 
program was used. The PhB/PVC film morphology was visualized by 
atomic force microscopy (AFM, Digital Instruments MultiMode) via 
ex situ tapping-mode, field-emission scanning electron microscopy 
(Hitachi S-4200, FE-SEM). In AFM analysis, the SiNx cantilever of the 
used Si tip has nominal constants and frequency values of 42  N  m−1 
and 320 kHz, respectively, and the tip radius was 10 nm. The PhB/PVC 
film thickness was measured using the alpha-step profilometer (Detak 
150, Veeco) and PhB/PVC composite film thickness was measured to be 
2.1 ± 0.3 µm. The surface energy (γs) of the PhB/PVC film was calculated 
using the below Owens-Wendt equation based on the contact angle (CA; 
θ) of the two probe liquids (DI water and diiodomethane) observed 
through a contact angle analyzer (Phoenix 300A, SEO Co., Inc.).

1 cos
2 2

1/2 1/2 1/2 1/2

s
d

lv
d

lv

s
p

lv
p

lv
θ

γ γ
γ

γ γ
γ

) )( () )( (
+ = + 	 (2)

Here, γs and γlv are the surface energies of the solid surface and the 
probe liquid, respectively, and the superscripts d and p indicate the 
dispersion and polar term of the surface energy, respectively.

Sensing Performance Characterization: The sensor capacitance was 
measured using an Agilent 4284 precision inductance–capacitance–
resistance (LCR) meter at 10  kHz and 1  V. The sensor and LCR meter 
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were contacted using silver paste on the insulated wire. A polypropylene 
cylindrical chamber was used as the measurement chamber and the LA 
aqueous solutions with various concentrations were injected or removed 
with syringes. This schematic diagram is presented in Figure  S4 
(Supporting Information).

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