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Abstract: Hydrogels containing redox-sensitive colorimetric nanoparticles (NPs) have been used to
sense ambient pH in many fields owing to their simple and fast visualization capabilities. However,
real-time pH monitoring still has limitations due to its poor response rate and irreversibility. Herein,
we developed a fast responsive colorimetric hydrogel called ferrocene adsorption colorimetric hy-
drogel (FACH). Ferrocene, an organometallic compound, plays a vital role as an electron transfer
mediator (i.e., redox catalyst) within the hydrogel network. FACH shows fast color change perfor-
mance with high reactivity and penetrability to ambient pH changes. In detail, FACH shows distinct
color change within 2 min under various pH conditions from four to eight, with good reliability. The
speed for color change of FACH is approximately six times faster than that of previously developed
colorimetric hydrogels, suggesting the fastest hydrogel-based colorimetric pH sensor. Furthermore,
FACH shows reversibility and repeatability of the redox process, indicating scalable utility as a
sustainable pH monitoring platform.

Keywords: polyaniline; hydrogel; ferrocene; pH monitoring; colorimetric nanoparticle; fast
response; reversibility

1. Introduction

pH is a representative indicator of the concentration of hydrogen ions in a solution
and is used in a wide range of applications, including biosensors [1–4], food waste [5,6],
pharmaceutical [7–9], biomedical [10,11], and environment [12–14]. Furthermore, vari-
ous types of pH sensors have been developed, such as electrodes [15], transistors [16],
cellulose paper [17,18], and optical devices [19,20]. Recently, hydrogels have attracted
considerable attention in various application fields, including pH detection, due to their
sensitive swelling property [21,22], flexibility [23], biodegradability [24–26], and biocompat-
ibility [27–30]. In particular, research on colorimetric pH sensing using a hydrogel complex
with colorimetric nanoparticles is being actively conducted. For example, Tamayol et al.
combined alginate with nanobeads to measure the pH of the epidermis using flexible
pH-sensing hydrogel fibers [31]. Liu et al. measured the pH of buffer solutions using chi-
tosan hydrogel film composed of gold nanoparticle dimers [32]. Furthermore, Thakur et al.
measured the pH of bacterial metabolism by fabricating a hydrogel film combining agarose
hydrogel with polyaniline nanoparticles (PAni-NPs) [33]. Recently, Lee et al. advanced
the PAni-NP-embedded hydrogels with high-throughput and large-area to measure the
ambient pH of the cancer cells [34]. The aforementioned studies highlight the merits of the
structural bonding of colorimetric NPs with polymeric hydrogel networks. This means that
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the manufacturing method is simple, the color change is intuitive, and it is easily adaptable
to a variety of environments.

Despite these advantages, the pH sensing performance of hydrogel-based colorimetric
sensors suffers from the low control stability and low responsiveness of the hydrogel [35].
For example, when a hydrogel is fabricated with a low concentration of polymer, the
ionic transport rate of the hydrogel increases while its physical and mechanical stability
reduces [36]. On the other hand, in the case of a high-density hydrogel, it is not possible
to induce a uniform and fast response to changes in the ambient pH because the chemical
reaction inside and outside the hydrogel is different [37]. In order to address this issue, it is
suggested to use a redox catalyst that can improve the colorimetric reaction by mediating
electron transfer [1]. Ferrocene, for example, can act as an effective redox catalyst through
its intrinsic fast electron transfer rate and reversible redox reaction [38–41]. Based on
these characteristics, ferrocene has been widely applied in various fields, such as optical
devices [42], batteries [43], sensing [44], catalysts [45], and medicine [46]. In particular, it
has already been used as a catalyst to improve colorimetric performance in redox-sensitive
PAni-NPs-based sensors [1]. The role of ferrocene is to assist the proton-induced doping/de-
doping process of PAni-NPs inside the hydrogel. PAni-NPs inside the hydrogel respond to
the presence of H+ ions and exhibit colorimetric properties based on the doping/de-doping
process. Since the H+ ion is a single cation, its gain and loss within the molecular structure
of conductive polymer are directly related to the electron transfer (i.e., redox reaction). It
has already been proven that ferrocene promotes electron transfer [38–41]. When the pH
around the hydrogel decreases, the external H+ ion concentration increases, causing doping
of PAni-NPs by internal diffusion of H+ ion. Conversely, when the pH increases, de-doping
occurs in which H+ inside the PAni-NPs molecular structure escapes. In these processes,
ferrocene can help electron transfer and promote doping/de-doping of PAni-NPs according
to ambient pH.

In this study, we demonstrate the fabrication of a PAni-NP-hydrogel complex-based
colorimetric pH monitoring platform with improved mechanical strength and rapid and re-
versible colorimetric response to ambient pH. The stability of the hydrogel was advanced by
optimizing the fabrication conditions of the hydrogel. In addition, ferrocene was diffused
into the hydrogel complex to prepare a ferrocene adsorption colorimetric hydrogel (FACH).
The results show that the FACH exhibits rapid color change performance, high reactivity,
and reversibility in response to the surrounding pH. We believe this advanced colorimet-
ric hydrogel sensor (i.e., FACH) will be widely used in various industries, particularly
biomedical and/or environmental, as an excellent pH monitoring platform.

2. Materials and Methods
2.1. Materials

Agarose, ammonium persulfate (APS), aniline (99%), distilled water (DW), ferrocene
(98%), hydrochloric acid (HCl, 37%), pectin (extracted from apples, product number: 93854),
phosphate-buffered saline (PBS), pure ethyl alcohol (99.5%), and Whatman 41 filter paper
(grade 41) were purchased from Sigma-Aldrich (Burlington, MA, USA).

2.2. Synthesis of the PAni-NPs

The PAni-NPs were synthesized according to a previously reported method [34]. A
base solution of 1.8 g pectin, 9 mL HCl (37%), 0.9 g aniline, and 50 mL of DW was prepared
and then stirred at 23 ◦C. In order to produce uniform PAni-NPs, 25 mL of APS solution
(91.2 mg/mL) was added dropwise to the base solution and then stirred for 4 h. After
mixing 50% ethyl alcohol solution and PAni-NP solution, it was filtered with a desiccator
and Whatman 41 filter paper to obtain PAni-NP of uniform size. The prepared PAni-NPs
were diluted to 20 mg/mL for experiments.
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2.3. Fabrication of the PAni-NP-Hydrogel Complex (PNHC)

In order to fabricate emeraldine salt (ES) state hydrogel complex, agarose was diluted
in DW (pH 3) at a ratio of 5% and stirred at 23 ◦C. Then, it was put in a microwave oven and
heated to dissolve the agarose completely. During this process, an appropriate temperature
was maintained so that the agarose solution did not boil over. After cooling the completely
dissolved agarose solution at 23 ◦C for 2 min, PAni-NP solution (pH 3, 20 mg/mL) was
added in a 5:1 ratio and mixed by shaking. PAni-NPs-contained agarose solution (1 mL)
was dispensed into a 6-well plate or petri dish (35 mm in diameter) to make 1 mm-thick
PNHC. Finally, the solution was cured by cooling at 23 ◦C for 10 min on a flat surface to
fabricate PNHC.

2.4. Fabrication of the FACH

In order to make a fast, responsive colorimetric hydrogel complex (i.e., FACH), 1 mL of
ferrocene (4.5 mg/mL, pure ethyl alcohol) was dispensed on the completely cured PNHC
surface and incubated for 30 s. After removing the ferrocene solution, 1 mL of PBS (pH 3)
was dispensed, and the ferrocene residue on the PNHC surface was vigorously washed
5 times with a pipette. The same washing method was repeated 2 times. Then, the ferrocene
residue on the wall of the well was carefully removed with an experimental cotton swab.
The experiment was performed in a fume hood using 6-well plates.

2.5. Characterization

Images of PAni-NP solution, PNHC, and FACH were captured using a smartphone
(Galaxy S21, Samsung, Korea), and their absorbance was analyzed using a hybrid multi-
mode reader (Synergy H1, Agilent, Santa Clara, CA, USA). The pH of PAni-NPs solution,
DW, and PBS was adjusted using a pH meter (Orion Star A211, Thermo Fisher Scientific,
Waltham, MA, USA).

3. Results and Discussion
3.1. Fabrication of Hydrogel Complex

The hydrogel complex was fabricated by following the protocol established in a
previous study [34]. Briefly, PNHC was prepared by mixing the PAni-NP solution and
agarose solution. The size of PAni-NPs was 84.0 ± 2.2 nm (mean ± standard deviation),
which was measured by atomic force microscopy. Subsequently, PNHC was incubated
in ferrocene solution for 30 s to produce a fast, responsive hydrogel complex (i.e., FACH)
(Figure 1a). Within FACH, ferrocene act as a mediator of redox reactions to transfer electrons
within the hydrogel meshes to PAni-NPs (Figure 1b). This effect of ferrocene to increase the
electron transfer efficiency plays a vital role in the process of color change in FACH. Our
hydrogel complex based on PAni-NPs visually informs the changes in ambient pH based
on two representative colors, green (ES) and blue (emeraldine base, EB), in a specific pH
range. In order to compare the color changes of PNHC and FACH over time, both types
of hydrogels were treated with high pH solution for 2 min (Figure 1c). At the given time,
FACH showed a distinct color change to blue (EB), whereas PNHC remained green (ES).

3.2. Optical Properties of PAni-NP Solution

In order to investigate the colorimetric properties of PAni-NP solution as a function of
pH level, optical images were taken for visual color comparison. It was confirmed that the
color of the Pani-NP solution gradually changed from green (ES state) to blue (EB state) as
pH increased (Figure 2a). The color of the Pani-NP solution for each pH is vivid enough to
be visually distinguished, which is consistent with the color change of Pani-NPs reported
previously [34].
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Figure 1. (a) Schematic illustration of PNHC and FACH fabrication processes and working principle.
(b) The role of ferrocene as an electron transfer mediator, accelerating the change color of hydrogel
complex. (c) Comparison of color change between PNHC and FACH after high pH treatment within
2 min.
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Figure 2. (a) Real image of Pani-NP solution by pH in a 96-well plate. (b) Absorbance spectra of
Pani-NP solutions at different pH values.

Figure 2b shows the absorbance of the Pani-NP solution for each pH level. The
absorbance peak corresponding to the π–π* transition of the benzenoid ring and the polaron
band was analyzed using a spectrophotometer. Pani-NP solutions were prepared at various
pH levels (from 4 to 9). As the pH increased, the absorbance at 430 nm tended to decrease,
and the absorbance at 600 nm increased. These features of the absorbance spectra indicate
the high quality of Pani-NPs, which is consistent with the previous study [34].
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3.3. Optimization of the PNHC and Fabrication of the FACH

To seek the optimal condition for satisfying both the mechanical stability and colori-
metric response ability of PNHC, nine different types of PNHC were created by combining
various agarose concentrations (1, 3, and 5%) and thicknesses (1, 3, and 5 mm). The green
PNHC (ES state) was uniformly cut to a size of 1 × 1 cm2, and the color change was
observed by aliquoting PBS (pH 10) (Figure 3a). As a result, the 1 mm-thick PNHC lost its
shape due to low gel stability except for 5% agarose concentration, making it unsuitable
for additional experiments. In the case of 3 mm and 5 mm thick PNHC, it was confirmed
that the color inside the hydrogel did not wholly change to blue at all gel concentrations
for a given time (15 min) and remained green (ES state). These nonuniform colorimetric
properties are attributable to low penetration ability due to the hydrogel thickness, which
is unsuitable for a rapidly responsive colorimetric hydrogel platform. Therefore, among the
nine different types of Pani-NP-hydrogel complexes, PNHC with an agarose concentration
of 5% and a thickness of 1 mm was finally selected in terms of the highest stability and
colorimetric response-ability (Figure 3b). In the subsequent experiments, the hydrogel
volume was carefully calculated to keep the identical thickness of 1 mm (see Section 2.3),
and then, FACH was newly fabricated by adsorbing ferrocene to the optimized PNHC (see
Section 2.4).
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Figure 3. (a) Real images of ES state and EB state PNHC according to thickness and agarose con-
centration. The hydrogel images in the right panel were taken after 15 min treatment with a PBS
solution (pH 10). (b) PNHC optimization table considering stability and penetration ability (1 mm of
thickness and 5% of agarose concentration were optimized).

3.4. Comparison of Colorimetric Response and Sensitivity between PHNC and FACH

To observe the effect of ferrocene treatment on PNHC from various perspectives,
we investigated the relationship between colorimetric response and penetration rate of
ferrocene according to the ferrocene treatment time (5, 30, 60, 120, and 300 s). Figure S2
shows no difference in the reaction rate of FACH according to the ferrocene treatment time
from 5 to 120 s. This means that the penetration of ferrocene took place within 5 s. When
the treatment time was over 120 s, the reaction rate was somewhat decreased, possibly due
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to the hydrogels’ blocking pores by ferrocene residues. The color of the FACH was hardly
changed with ferrocene treatment for up to 120 s. However, it turned slightly yellow when
processed for 300 s. This is because ferrocene residues were left on the hydrogel surface and
network due to long-term treatment, and they were not removed even by strong washing.
Therefore, in order to maintain the transparency of the FACH, it is recommended to treat
the ferrocene within 120 s. As such, by controlling the concentration and treatment time of
ferrocene, PNHCs with various shapes and sizes can be fabricated into FACHs.

In order to compare the performance of PNHC and FACH as pH monitoring platforms,
colorimetric responses were identified at each pH level. In particular, the actual color
of PNHC was obtained in the pH 4 to 8 range. PNHC showed cyan at low pH and
blue at high pH, but the color change was relatively insignificant compared to the PAni-
NP solution (as shown in Figure 2a). The color change of these PNHCs was quantified
by spectrophotometric analysis. As a result, the increase or decrease in the absorbance
spectrum according to pH was not apparent, and it was difficult to distinguish the spectrum
in a given pH range (Figure 4a). This is due to the slight color change of PNHC with the
pH change caused by slow electron transfer in the absence of ferrocene molecules.
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Figure 4. PNHC and FACH were fabricated with 1 mm-thick 5% agarose gels and treated with PBS
solution (pH 4, 5, 6, 7 and 8) for a sufficient time (1 h) for chemical reactions to occur, respectively.
FACH was fabricated by adsorbing ferrocene to PNHC. Colors of (a) PNHC and (b) FACH according
to pH and the corresponding absorbance spectra are presented. (c) Absorbance ratio (λ600/λ900)
of PNHC and FACH with pH levels. The data were obtained by quadruplicate measruements
(Mean ± SD). (d) Comparison of HillSlope and 1/IC50 between PNHC and FACH.

In contrast with PNHC, FACH exhibits a more apparent color change for each pH,
and so do the corresponding absorbance spectra (Figure 4b). The quantification method for



Nanomaterials 2022, 12, 4081 7 of 11

evaluating the FACH’s performance was the same as that of PNHC, and as a result, FACH
showed a bright green color at low pH and a vivid blue color at high pH. In summary,
the colorimetric responses of FACH were much more distinctive than those of PNHC. A
similar trend was observed in the absorbance spectrum of FACH: as the pH increased,
the absorbance intensity increased at the 600 nm wavelength but decreased at the 900 nm
wavelength. The spectral properties of FACH according to pH are relatively worse than
that of the PAni-NP solution, which is attributed to the enormous light scattering on the
hydrogel in spectrophotometry.

Next, we measured the color change efficiency of PHNC and FACH according to the
pH and compared the absorbance ratio (λ600/λ900) (Figure 4c and Supplementary Infor-
mation Figure S1). The absorbance ratio for both PNHC and FACH showed a sigmoidal
conformation for pH levels from 3 to 8 and was fitted to the sigmoidal model below.

Absorbance ratio (λ600/λ900) = Bottom+
(Top − Bottom)

1 + 10(LogIC50−pH)×HillSlope
(1)

where the Top and Bottom are the plateaus in the same units as Y. HillSlope denotes the
steepness of the curve family. IC50 is the half maximal inhibitory concentration, indicating
the pH value required to bring the curve down to a point halfway between the Top and
Bottom plateaus of the curve. For R2, both PNHC and FACH were excellent (R2 = 0.998). We
then compared 1/IC50 and HillSlope of PNHC and FACH (Figure 4d). These two values are
related to the sensitivity of the colorimetric hydrogels: the sensitivity is proportional to the
values of HillSlope and 1/IC50. The HillSlope of PNHC and FACH were 0.880 and 0.980,
respectively, which improved by only 11% in FACH. The 1/IC50 for PNHC and FACH
was 1.8 × 10−7 and 2.1 × 10−7, respectively, indicating that FACH was approximately 17%
more sensitive than PNHC. The colorimetric efficiency of FACH has slightly improved
compared to PNHC. However, the colorimetric responses for PNHC and FACH were
similar for a long-term chemical reaction (1 h). It is reasonable because the same type
of NPs (i.e., polyaniline) was embedded in both PNHC and FACH. It also implies that
the addition of ferrocene does not affect the colorimetric properties of the NPs inside the
hydrogel complex. It is questionable how the color change of FACH is more distinct than
that of PNHC.

3.5. Colorimetric Kinetics of FACH in pH Sensing

To investigate the colorimetric kinetics of FACH and PNCH, we measured the col-
orimetric response times. Colorimetric kinetics is defined as a color shift over a relatively
short period under rapid changes in the ambient pH level. To this end, pH 3-conditioned
PNHC and FACH were treated with a high pH solution (2 mL, pH 8, PBS), and absorbance
over time was measured using a spectrophotometer. As a result, in the case of FACH, the
reaction was almost completed within 2 min (tau = 91.98), and at the end of the reaction,
the absorbance ratio (λ600/λ900) of PNHC and FACH reached 1.23 and 1.32, respectively
(Figure 5a). The values 1.23 and 1.32 can be converted into pH 6.66 and 7.14 by following
the PNHC model established in Figure 4c. The discrepancy between the saturated pH
level and the treated pH level is due to the dilution of the H+ concentration as the solution
inside the hydrogel complex mixed with the externally supplied solution. We calculated
the rate constant (K = τ−1) values of PNHC and FACH by fitting the exponential equation
to both kinetic curves. In the case of the kinetic curve of PNHC does not appear to have
reached saturation, but it fits the exponential model equation well, and its rate constants
were calculated from curve fitting and displayed in Figure 5b. This indicates that there are
sufficient data points for the kinetics of PNHC and that more data points at longer times are
not essential. The K value (mean, 95% confidence interval) of FACH (0.0108, 0.0093–0.0127)
was found to be approximately six times higher than that of PNHC (0.0018, 0.0016–0.0022)
(Figure 5b). As a result, it was confirmed that FACH responds faster and more sensitively
to changes in pH than the conventional PNHC.
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3.6. Reversible Test Using FACH and Its Applications

A reversible test was conducted to investigate the possibility of using FACH as a pH
monitoring platform. Changes in the absorbance ratio (λ600/λ900) of FACH were measured
at 10 min intervals by treating low-pH PBS and high-pH PBS (2 mL in volume). The starting
FACH was conditioned in a pH 3 state. As shown in Figure 6a, a reversible colorimetric
response of FACH was confirmed. The absorbance ratio of FACH responds to the treated
solution and changes repeatedly and rapidly over time. However, the magnitude of the
absorbance ratio tends to decrease after the first cycle, which is due to the property that the
FACH retains water therein and is an explainable phenomenon. In detail, the reversible
test started with a FACH (1 mL) having pH 3. Subsequently, we treated 2 mL of a pH 8
solution on the FACH. During the reaction, the solution inside the FACH meets the external
solution, resulting in a change in the final pH of the solution inside the FACH. This could
be described by the following calculation process based on algebra, and the result is similar
to the pH value we measured, as follow:

Hydrogel (pH) =
pH 3
1 mL

+

(
pH 8
1 mL

+
pH 8
1 mL

)
=

pH 6.33
1 mL

≈ pH 6.6 (measured) (2)

Afterward, we treated 2 mL of a pH 3 solution on the FACH (pH 6.6 and 1 mL). By the
same mechanism, the pH of the hydrogel is determined.

Hydrogel (pH) =
pH 6.6
1 mL

+

(
pH 3
1 mL

+
pH 3
1 mL

)
=

pH 4.2
1 mL

≈ pH 4.1 (measured) (3)

The slight discrepancy between predicted pH and measured pH is from the difference
between the doping and de-doping rate of the PAni-NPs in hydrogels. In detail, this is
due to the difference in required energies for the doping/de-doping state of PAni-NPs
in the hydrogels. At low pH conditions, the H+ ion binds to the PAni-NPs (i.e., doping
state). However, at high pH conditions, the H+ ions desorb from PAni-NPs (i.e., de-doping
state). At this time, the de-doping process occurs slowly compared to the doping process.
This is because the energy required to break the existing ionic bond between H+ ions
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and PAni-NPs is greater than the energy required for H+ ions to bind to PAni-NPs. This
interpretation can explain why the hydrogel takes longer to reach an equilibrium state
when the ambient pH increases than when it decreases. In this way, the redox reaction of
FACH is repeated in the reversible test. However, a small loss of ferrocene inside FACH
is accumulated during the repeat experiments. This implicates improvement of FACH is
needed, including covalent bonding of ferrocene on the hydrogel networks.
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FACH is a stable hydrogel-based biosensor that can visually confirm the color change
according to the pH level just by adhering to human skin or using it as a bacterial culture
solid medium [34]. In addition, the colorimetric reaction can be confirmed even in an
aquatic environment such as a sewage treatment plant or a river. Based on these results,
we propose that FACH can be applied to various fields requiring pH monitoring, such
as healthcare, biosensing, sewage, and the ecosystem (Figure 6b). It would be useful to
photograph or record the FACH over time to analyze the color change. Furthermore, more
accurate pH sensing performance can be expected by applying machine learning to analyze
the color of FACH.

4. Conclusions

In this study, we optimized the physical stability, penetrability, and reactivity of
colorimetric NP-hydrogel complexes for pH detection and monitoring. In detail, we
developed a fast, responsive, reversible colorimetric hydrogel complex (called FACH) by
adsorbing ferrocene on the PNHC. FACH showed an excellent color change at various pH
levels (from 4 to 8). For long-term (1 h) reactions, the colorimetric responses for FACH were
similar to those of the PNHC. This indicates the effect of redox-sensitive PAni-NPs as well
as the stability of the redox reaction in the hydrogel complex in the absence and presence
of ferrocene. Importantly, FACH showed an approximately 6-fold increase in response rate
than PNHC in colorimetric kinetics. In addition, it was found that FACH has reversibility
and repeatability. Finally, this advanced pH monitoring platform based on FACH can be
used in many applications, including in biomedical and environmental industries.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12224081/s1, Figure S1. Absorbance ratio (λ600/λ900) in-
cluding pH 0 and 14 conditions of (a) PNHC and (b) FACH. Hy-drogels were treated with various
pH solutions for a sufficient time (1 h) for chemical reactions; Figure S2. Measurement of FACH
reaction rate according to ferrocene treatment time (5, 30, 60, 120, and 300 s). To the pH 3 hydrogels
treated with ferrocene for different times, 2 mL of PBS (pH 8) was added, and the absorbance ratio
(λ600/λ900) was observed for 30 min.

Author Contributions: Conceptualization, Y.K., T.L. and M.K.; methodology, S.P. and Y.K.; validation,
T.L. and M.K.; data curation, S.P., J.H. and K.L.; writing—original draft preparation, Y.K. and T.L.;
writing—review and editing, I.P., Y.H. and G.L.; visualization, M.K., J.H. and K.L.; supervision, I.P.,
Y.H. and G.L.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the project from the Korea Institute of Machinery and Ma-
terials (KIMM) (NK232D, NK238D, NK239E), the National Research Foundation of Korea grant
supported by the Korean government (NRF-2021R1C1C1012822, NRF-2022R1I1A1A01072687, NRF-
2021R1A4A1028969, and NRF-2020R1A2C2102262). This work was supported by a Korea Medical De-
vice Development Fund (KMDF) grant received from the Korean government (MSIP)
(No. KMDF_PR_20200901_0127). This study was also supported by a Korea University Grant and the
BK21 FOUR (Fostering Outstanding Universities for Research).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lee, T.; Kim, I.; Cheong, D.Y.; Roh, S.; Jung, H.G.; Lee, S.W.; Kim, H.S.; Yoon, D.S.; Hong, Y.; Lee, G. Selective colorimetric urine

glucose detection by paper sensor functionalized with polyaniline nanoparticles and cell membrane. Anal. Chim. Acta 2021,
1158, 338387. [CrossRef] [PubMed]

2. Emami, F.S.; Puddu, V.; Berry, R.J.; Varshney, V.; Patwardhan, S.V.; Perry, C.C.; Heinz, H. Prediction of Specific Biomolecule
Adsorption on Silica Surfaces as a Function of pH and Particle Size. Chem. Mater. 2014, 26, 5725–5734. [CrossRef]

3. Kurzawa, C.; Hengstenberg, A.A.; Schuhmann, W. Immobilization Method for the Preparation of Biosensors Based on pH
Shift-Induced Deposition of Biomolecule-Containing Polymer Films. Anal. Chem. 2001, 74, 355–361. [CrossRef] [PubMed]

4. Choi, J.; Hong, Y.; Lee, E.; Kim, M.-H.; Yoon, D.S.; Suh, J.-S.; Huh, Y.; Haam, S.; Yang, J. Redox-sensitive colorimetric polyaniline
nanoprobes synthesized by a solvent-shift process. Nano Res. 2013, 6, 356–364. [CrossRef]

5. Chu, C.-F.; Li, Y.-Y.; Xu, K.; Ebie, Y.; Inamori, Y.; Kong, H.-N. A pH- and temperature-phased two-stage process for hydrogen and
methane production from food waste. Int. J. Hydrog. 2008, 33, 4739–4746. [CrossRef]

6. Kim, D.-H.; Kim, S.-H.; Jung, K.-W.; Kim, M.-S.; Shin, H.-S. Effect of initial pH independent of operational pH on hydrogen
fermentation of food waste. Bioresour. Technol. 2011, 102, 8646–8652. [CrossRef]

7. Charman, W.N.; Porter, C.J.H.; Mithani, S.; Dressman, J.B. Physicochemical and Physiological Mechanisms for the Effects of Food
on Drug Absorption: The Role of Lipids and pH. J. Pharm. Sci. 1997, 86, 269–282. [CrossRef]

8. Mitra, A.; Kesisoglou, F. Impaired Drug Absorption Due to High Stomach pH: A Review of Strategies for Mitigation of Such
Effect to Enable Pharmaceutical Product Development. Mol. Pharm. 2013, 10, 3970–3979. [CrossRef]

9. Sawant, R.M.; Hurley, J.P.; Salmaso, S.; Kale, A.; Tolcheva, E.; Levchenko, T.S.; Torchilin, V.P. “SMART” Drug Delivery Systems:
Double-Targeted pH-Responsive Pharmaceutical Nanocarriers. Bioconjug. Chem. 2006, 17, 943–949. [CrossRef]

10. Hong, Y.; Cho, W.; Kim, J.; Hwng, S.; Lee, E.; Heo, D.; Ku, M.; Suh, J.-S.; Yang, J.; Kim, J.H. Photothermal ablation of cancer cells
using self-doped polyaniline nanoparticles. Nanotechnology 2016, 27, 185104. [CrossRef]

11. Yang, J.; Choi, J.; Bang, D.; Kim, E.; Lim, E.-K.; Park, H.; Suh, J.-S.; Lee, K.; Yoo, K.-H.; Huh, Y.-M.; et al. Convertible Organic
Nanoparticles for Near-Infrared Photothermal Ablation of Cancer Cells. Angew. Chem. Int. Ed. 2010, 50, 441–444. [CrossRef]

12. Carbonell-Barrachina, A.; Jugsujinda, A.; Burlo, F.; Delaune, R.; Patrick, W. Arsenic chemistry in municipal sewage sludge as
affected by redox potential and pH. Water Res. 2000, 34, 216–224. [CrossRef]

13. Liu, H.; Wang, J.; Liu, X.; Fu, B.; Chen, J.; Yu, H.-Q. Acidogenic fermentation of proteinaceous sewage sludge: Effect of pH. Water
Res. 2012, 46, 799–807. [CrossRef] [PubMed]

14. Hong, Y.; Hwang, S.; Yoon, D.S.; Yang, J. Scattering analysis of single polyaniline nanoparticles for acidic environmental sensing.
Sens. Actuators B Chem. 2015, 218, 31–36. [CrossRef]

15. Yoon, J.H.; Hong, S.B.; Yun, S.-O.; Lee, S.J.; Lee, T.J.; Lee, K.G.; Choi, B.G. High performance flexible pH sensor based on
polyaniline nanopillar array electrode. J. Colloid Interface Sci. 2017, 490, 53–58. [CrossRef]

16. Pfattner, R.; Foudeh, A.M.; Chen, S.; Niu, W.; Matthews, J.R.; He, M.; Bao, Z. Dual-Gate Organic Field-Effect Transistor for pH
Sensors with Tunable Sensitivity. Adv. Electron. Mater. 2019, 5, 1800381. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12224081/s1
https://www.mdpi.com/article/10.3390/nano12224081/s1
http://doi.org/10.1016/j.aca.2021.338387
http://www.ncbi.nlm.nih.gov/pubmed/33863418
http://doi.org/10.1021/cm5026987
http://doi.org/10.1021/ac010830a
http://www.ncbi.nlm.nih.gov/pubmed/11811408
http://doi.org/10.1007/s12274-013-0312-z
http://doi.org/10.1016/j.ijhydene.2008.06.060
http://doi.org/10.1016/j.biortech.2011.03.030
http://doi.org/10.1021/js960085v
http://doi.org/10.1021/mp400256h
http://doi.org/10.1021/bc060080h
http://doi.org/10.1088/0957-4484/27/18/185104
http://doi.org/10.1002/anie.201005075
http://doi.org/10.1016/S0043-1354(99)00127-X
http://doi.org/10.1016/j.watres.2011.11.047
http://www.ncbi.nlm.nih.gov/pubmed/22176743
http://doi.org/10.1016/j.snb.2015.04.098
http://doi.org/10.1016/j.jcis.2016.11.033
http://doi.org/10.1002/aelm.201800381


Nanomaterials 2022, 12, 4081 11 of 11

17. Abdollahi, A.; Mouraki, A.; Sharifian, M.H.; Mahdavian, A.R. Photochromic properties of stimuli-responsive cellulosic papers
modified by spiropyran-acrylic copolymer in reusable pH-sensors. Carbohydr. Polym. 2018, 200, 583–594. [CrossRef] [PubMed]

18. Kim, J.-H.; Mun, S.; Ko, H.-U.; Yun, G.-Y.; Kim, J. Disposable chemical sensors and biosensors made on cellulose paper.
Nanotechnology 2014, 25, 092001. [CrossRef]

19. Jin, Z.; Su, Y.; Duan, Y. An improved optical pH sensor based on polyaniline. Sens. Actuators B Chem. 2000, 71, 118–122. [CrossRef]
20. Zhang, J.; Zhou, L. Preparation and Optimization of Optical pH Sensor Based on Sol-Gel. Sensors 2018, 18, 3195. [CrossRef]
21. Lee, K.; Asher, S.A. Photonic Crystal Chemical Sensors: pH and Ionic Strength. J. Am. Chem. Soc. 2000, 122, 9534–9537. [CrossRef]
22. Richter, A.; Bund, A.; Keller, M.; Arndt, K.-F. Characterization of a microgravimetric sensor based on pH sensitive hydrogels.

Sens. Actuators B Chem. 2004, 99, 579–585. [CrossRef]
23. Huang, W.-D.; Cao, H.; Deb, S.; Chiao, M.; Chiao, J. A flexible pH sensor based on the iridium oxide sensing film. Sensors Actuators

A: Phys. 2011, 169, 1–11. [CrossRef]
24. Nguyen, M.K.; Lee, D.S. Injectable Biodegradable Hydrogels. Macromol. Biosci. 2010, 10, 563–579. [CrossRef] [PubMed]
25. Xue, Y.; Zhang, J.; Chen, X.; Zhang, J.; Chen, G.; Zhang, K.; Lin, J.; Guo, C.; Liu, J. Trigger-Detachable Hydrogel Adhesives for

Bioelectronic Interfaces. Adv. Funct. Mater. 2021, 31, 2106446. [CrossRef]
26. Zhang, K.; Chen, X.; Xue, Y.; Lin, J.; Liang, X.; Zhang, J.; Zhang, J.; Chen, G.; Cai, C.; Liu, J. Tough Hydrogel Bioadhesives for

Sutureless Wound Sealing, Hemostasis and Biointerfaces. Adv. Funct. Mater. 2022, 32, 2111465. [CrossRef]
27. Liu, T.-Y.; Lin, Y.-L. Novel pH-sensitive chitosan-based hydrogel for encapsulating poorly water-soluble drugs. Acta Biomater.

2010, 6, 1423–1429. [CrossRef]
28. Liang, X.; Chen, G.; Lin, S.; Zhang, J.; Wang, L.; Zhang, P.; Wang, Z.; Wang, Z.; Lan, Y.; Ge, Q.; et al. Anisotropically Fatigue-

Resistant Hydrogels. Adv. Mater. 2021, 33, 2102011. [CrossRef]
29. Liang, X.; Chen, G.; Lin, S.; Zhang, J.; Wang, L.; Zhang, P.; Lan, Y.; Liu, J. Bioinspired 2D Isotropically Fatigue-Resistant Hydrogels.

Adv. Mater. 2022, 34, 2107106. [CrossRef]
30. Chen, X.; Zhang, J.; Chen, G.; Xue, Y.; Zhang, J.; Liang, X.; Lei, I.M.; Lin, J.; Bin Xu, B.; Liu, J. Hydrogel Bioadhesives with Extreme

Acid-Tolerance for Gastric Perforation Repairing. Adv. Funct. Mater. 2022, 32, 2202285. [CrossRef]
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