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KEYWORDS Abstract A novel visual volume-type hydrogel sensor like thermometer for pH response was
Hydrogel; developed. The multifunctional stimuli-responsive fluorescent hydrogel was fabricated by
Sensor; employing 5, 6-dicarboxylic fluorescein crosslinked partially ammoniated polyacrylamide
pH; (PAM). The polymer hydrogel was characterized with fluorescent inverted microscope (FIM)
Volume; and scanning electron microscope (SEM), as well as N, adsorption—desorption analysis. The
Thermometer polymer hydrogel emitted fluorescence and exhibited volume phase transition (VPT) in response

to pH in aqueous solution. The intelligent response hydrogel was put into an elaborately altered
shower-like pipette with uniform holes in which the water can pass through without the swelling
hydrogel. A visual thermometer style hydrogel sensor combination of chemical reaction, separa-
tion and detection was designed. It was accurately measure the volume of hydrogel instead of
the pH value when response to different pH solution by reading the graduation with naked eye.
Therefore, the challenge for direct measurement of hydrogel volume was overcome. Meanwhile,
a scale bar was also designed to indicate pH according to the volume. We can directly read the
pH from the bar, similar to a thermometer in daily life. The volume-type sensor paves the way
for VPT hydrogel sensors with convenience, visualization, low-cost, portable, smartness and ease
of operation.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding authors. Materials, information and energy are the three pillars that
E-mail address: hftffc@163.com (R. Wu). underpin the edifice of human civilization. Substances are the
Peer review under responsibility of King Saud University. material basis of the improvement in all the production and

living standards of human beings. They also supports the pro-
gress of other new technologies and symbolize human civiliza-
tion. As an important branch of the chemical discipline,
materials such as hydrogel play significant role in scientific
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research. The field of chemistry has become increasingly
dependent on novel materials, including polymer hydrogels
and nanomaterials (Ibrahim et al., 2019; Viran and Manish,
2016; Zhu et al., 2010; Askim et al., 2013; Markus et al.,
2016; Shimanovich and Gedanken, 2016; Zhen et al., 2019;
Si et al., 2019).

Hydrogel is multivariate polymer system with a three-
dimensional crosslinked network structure and is used in
modern sensing systems with superior performance (Chen
et al., 2019; Shao et al., 2014). Similar to living creatures
responding to environmental changes, polymer hydrogel
can undergo conformational changes in response to external
stimuli, showing great promise in developing intelligent or
smart materials. Hydrogel have also received considerable
attention as superabsorbent agents, sensors, actuators, tissue
engineering scaffolds and drug delivery systems due to their
unique advantages, including softness, smartness, flexibility,
biocompatibility, and sensitive response (Wang et al., 2018;
Zhu et al., 2016; Kehr, 2014; Gao et al.,, 2014; Wang
et al., 2016; Carmen et al., 2019; Héloise et al., 2013;
Seddiki and Aliouche, 2017). If the polymer endowed with
functional groups such as amino, carboxyl, thiol and fluo-
rophore moieties, the hydrogel becomes responsive to phys-
ical, chemical or biochemical stimuli, including pH, ion
concentration, temperature, light, or electromagnetic field,
and a corresponding change occurs, such as swelling or
shrinkage (Kuang et al., 2018; Jae et al., 2016; Cui et al.,
2018; Sebastian et al., 2016).

Inspired by natural creatures, researchers have designed
hydrogel sensors based on VPT in response to external stimuli
(Li et al., 2015; Coukouma and Asher, 2018; Cheng et al.,
2016; Cai et al., 2016; Su et al., 2017). To achieve greater flex-
ibility for their applications, the current design trend in
stimuli-responsive hydrogel which is towards the measurement
of volume, namely, greater than a hundredfold changes in vol-
ume, based on absorption or release of solution accompanied
by considerable swelling forces. However, there is a challenge
associated with volume measurement. Hydrogels are different
from liquids or solids with irregular morphology. Thus, it is
difficult to directly measure the volume of hydrogel. Most
hydrogel sensors rely on an accompanying instrument to indi-
rectly measure an optoelectronic signal with smart transducer.
In the present work, an elaborate graduated pipette similar to
a thermometer is obtained. The volume of the hydrogel was
readout with a sophisticated pipette by the naked eye. There-
fore, a thermometer hydrogel sensor based on VPT in response
to pH was designed.

As a typical polymer, PAM and fluorescein as a raw mate-
rial for hydrogel synthesis were explored for pH-responsive
sensors due to VPT (Gong et al., 2016; Wang et al., 2014.
Yu et al., 2018; Deng et al., 2018; Mistlberger et al., 2015;
Sun et al., 2016; Satyendra and Banshi, 2013). The introduc-
tion of carboxylic and amino groups in fluorescein units in
the polymer chain may confer the hydrogel with pH sensitiv-
ity through protonation/deprotonation. The polymer hydro-
gel responded to pH, accompanied with a change in
volume. The synthesis of hydrogel include three steps
(Scheme 1). The frame of the whole paper as follow
(Scheme 2).

2. Material and methods

2.1. Material

Acrylamide (C3HsNO), glycol (PEG), sodium hydroxide
(NaOH), hydrochloric acid (HCl) and sodium hypochlorite
(NaClO) were purchased Tianjin Kemiou Chemical Reagent
Co., Ltd. Pyromellitic acid (C;oH¢Og), Potassium persulfate
(KPS), were produced from Xi’an Chemical Reagent Factory.
Anhydrous ethanol (EtOH), acetic anhydride (Ac,0), m-
dihydroxybenzene (CsH¢O,), were purchased from Sinopharm
Chemical Reagent Co., Ltd. All chemicals were analytical
grade. Ultrapure water was prepared by a Millipore water
purification system.

2.2. Synthesis of polymer hydrogel and parameter optimization

Acrylamide (AAM) is an excellent raw material for the synthe-
sis of hydrogel. A total of 5.67 g of AAM, 0.1088 g of potas-
sium persulfate (SBS) and 0.56 g of polyethylene glycol-6000
(PEG-6000) were mixed with 120 mL of ultrapure water to
react for 2 h in a 250 mL beaker with stirring at 65 °C. Then,
the obtained colloids were poured into anhydrous ethanol
and washed three times. PAM was obtained as a white powder.

The amide groups in PAM can be converted to amino
groups under certain conditions. Firstly, 2.2 g of NaOH was
dissolved in NaClO solution in water, shaken strongly, and
cooled at —10 °C~-0 °C. Then, PAM was added to the solu-
tion and kept for 6 h. Ethanol was added to the mixture. A
white colloidal precipitate appeared and was dissolved with
6 M of HCI. Ethanol was added again, and caky solids began
to float on the water. The solid was dried to a constant weight
at 50 °C in a vacuum oven.

Next, 1.2 g of the obtained solid was mixed with 30 mL of
ethylene glycol and gradually heated to 110 °C, then 60 mg of
5,6-dicarboxyl fluorescein was added. Furthermore, the tem-
perature was increased to 180 °C and maintained for 30 min.
Then, the solid was placed in 1 M NaOH solution at 100 °C
for 2 h. After that, it was washed with ethanol to remove free
fluorescein. A fluorescent hydrogel was obtained and dried
under a vacuum oven.

2.3. Character assay

The dry hydrogel was ground into powder. The structure and
morphology of the hydrogel were analysed with a fluorescent
inverted microscope (FIM) and scanning electron microscope
(SEM) at a voltage of 200 kV to investigate its properties.
The swelling, adsorption, regeneration and reusability perfor-
mances are significant factors for hydrogel. The swelling rate
of the hydrogel in terms of weight was measured. Nitrogen
adsorption—desorption isotherms for hydrogel were measured
by using a Quantachrome ASIQ gas sorption model at 77 K.
Before the adsorption measurements, all hydrogel were dried
and out-gassed for 6 h at 200 °‘C in the degas port of the
adsorption instrument. The degassing was performed at
200 °C for 3 h. Nitrogen is widely employed as an adsorbate
because of its inert nature.
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Scheme 1

Because of the difficulty in measuring the volumes of a 3D
irregularly dried or fully swelled hydrogel, the apparent swel-
ling rate was measured according to the subsequent pH sensor
establishment. A certain amount of dry hydrogel was weighed
accurately, placed into a 10 mL pipette with a number of small
holes uniform on the wall and immersed in distilled water.
After several minutes, the pipette was removed and weighed
to calculate the swelling rate. The hydrogel was also investi-
gated for fluorescence behaviour.

2.4. The fabrication of a fluorescent polymer hydrogel sensor for
pH detection

To measure the change in volume that occurred in response to
pH, a thermometer-type pH sensor was developed. A 5mL
pipette with a number of uniform holes on the wall made by
laser engraving was used, and the bottom of the pipette was
sealed with cotton. The pipette was 0.5 cm in diameter and
the minimum scale of the pipette was 50 uL.. Water can pene-
trate the holes with a diameter of 0.8 mm freely, but the swel-
ling hydrogel kept in the pipette. The solution of the sample
consisted of hydrochloric acid and sodium hydroxide, and
the pH range from 3 to 10. After 10 min, we can accurately
and conveniently record the volume change based on the grad-

(1) HO-CH,CH,-OH, 180 °C, 1 h Polymer

>

(2) 1.0 mol/L NaOH, 100°C, 3 h

Hydrogel

The synthesis of hydrogel.

uation of the pipette with the naked eye. Following the same
procedure, different pH values of the solution were
investigated.

2.5. The fabrication of a scale bar

Convenience, visualization and smartness are popular pursuits
for sensor. The ability to directly read the pH sensor with the
naked eye instead of the volume would be a welcome develop-
ment. For this purpose, a scale bar was prepared by translating
the volume graduations into pH. The scale of the graduated
pipette not only shows the volume of the hydrogel but also rep-
resents the corresponding pH value. Each scale was marked
with a pH value similar to a thermometer.

3. Results

3.1. Synthesis and optimization of parameters

The fluorescent hydrogel was synthesized with 5,6-dicarboxyl
fluorescein and partially ammoniated PAM. The dried and
water-swelled hydrogels are shown (Fig. 1). The dried hydrogel
particles were golden yellow under ultraviolet light. The
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Fig. 1 The hydrogel under ultraviolet light; (A) dried and (B)

swelling hydrogel in water.

The design of the hydrogel sensor and application.

swelled hydrogel was kelly green. The parameters for the syn-
thesis temperature and time were discussed (Fig. 2). The results
indicated that the best parameters for temperature and time
were 180 °C and 60 min, respectively.

3.2. Characterization

Fluorescence spectra of the hydrogel are shown in (Fig. 3). The
hydrogel displayed maximal excitation and emission wave-
lengths at 471 nm and 556 nm, respectively. The structure of
the hydrogel used for SEM imaging is shown in (Fig. 4 a),
highlighting the presence of pores in the size range between 5
and 15 um and exhibiting discontinuous macropores with an
interconnected 3D  network structure. The lumpy-
looking structure endows the hydrogel with the ability to
absorb and hold water. The hydrogel emitted yellow-green flu-
orescence under an FIM, as shown in (Fig. 4 b). The two
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Fig. 2 The synthesis temperature (A) and time (B).
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Fig. 3  Fluorescence spectra of the hydrogel.

results coincide with each other. The hydrogel was performed
camel imaged by a normal microscope, as shown in (Fig. 5).

3.3. N, Adsorption and desorption

Nitrogen adsorption—desorption isotherms were utilized to
investigate the structure of the hydrogel. Fig. 6 depicts the
characteristics of the hydrogel with macropores. The result
coincided with the SEM results.

3.4. Swelling rate

The performance of hydrogel depends on the amount of water
absorbed, which in turn affects the stimuli-responsiveness of
the hydrogel. Water, as a common carrier of analytes, makes
it easy for them to penetrate into hydrogels. Therefore, quan-
titative measurement of swelling can be a significance basis for
assessing hydrogel performance. Weight and volume measure-
ments are two common methods for measuring the swelling
rate. The formula for swelling rate was as follows.

Wi —W

Sg = * % 100% (1)

S
According to the equation above, the swelling rate is 680%
in weight. The presence of pores in the hydrogel enable water
absorption and storage. Furthermore, these results indicated
that the hydrogel has great potential as a chemical sensors
due to its VTP.

3.5. Sensor construction and measurement procedure

As shown in (Fig. 7), when the sensor was applied to the sam-
ple, an equal amount of hydrogel was loaded into the pipette
and packed compactly with up-and-down shaking. Then, the
pipette was immersed into solutions with different pH values
in a 100 mL graduated cylinder. Importantly, along with the
convenience of being instrument free, a calibration of the vol-
ume change of the hydrogel (Av) against pH over a wide range

Fig. 4

Images of the fluorescent hydrogel acquired by SEM (a) and FIM (b).
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Fig. 5 Images of the hydrogel under a microscope.
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Fig. 6 Nitrogen adsorption—desorption isotherms of the
hydrogel.

was established. As shown in (Fig. 8), the volume variation in
the hydrogel was highly sensitive to pH. The best swelling per-
formance of the obtained fluorescent hydrogel was at pH 8. By
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Fig. 8 Sensor calibration curve of response to pH from 2 to 9
(insets are the linear plots of the volume response vs pH in the
range of 4 to 8).

contrast, the volume change in the fluorescent hydrogel was
almost negligible at pH 3. In the pH range from 3 to 8§, the
degree of swelling increased with increasing pH. When the
pH of the solution was higher than 8, the degree of swelling
decreased. The results demonstrated that in the range from 4
to 8, the volume change in the hydrogel had a linear correla-
tion with pH. The developed sensor exhibited direct- reading
ability, repeatability, viability, robustness, and portability,
which allowed detection without any complicated processes
or requisite analytical apparatus.

3.6. Scale bar

The scale bar is shown in (Fig. 9). A and B are the divided sec-
tions of a scale bar. The larger purple figures (1.5, 2.0, 2.5, 3.0)
on the left side of the scale bar are the volume graduations of
the pipette. The dark figures (5.76, 5.89...7.74) represent the
pH value corresponding to the volume. The larger red figures
(4.5, 5.0,...6.0) along the scale bar are the pH values corre-
sponding to the volume in section B. The dark figures (0.54,
0.62...1.68) denote the volume. With the aid of the scale
bar, pH could be directly and quantitatively determined with
the naked eye.

Fig. 7 The fabrication of fluorescent hydrogels towards pH detection. (A, laser engraving; B, hydrogel under fluorescence; C, pipette
with its end sealed with cotton; D, fully water-swelled hydrogel used to fill the pipette; E, full of hydrogel in pipette ; F, naked eye for

readout).
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Fig. 9 Scale bar and its use for direct pH readout.

4. Discussion

pH-sensitive polymer hydrogel sensor are classified into two
groups: anionic and cationic. Anionic hydrogels have a car-
boxylic or sulfonic acid group, and cationic hydrogels have
amines. The mechanism for the pH-dependent hydrogel vol-
ume change is illustrated in (scheme 3). The 5,6-dicarboxyl flu-
orescein molecules played an important role in the VPT and in
the introduction of functionalization groups, such as amino
and carboxyl groups.

When the pH was increased, the hydroxyl group on the
xanthene ring began to ionize, and the fluorescence intensity
was further enhanced. Similarly, the hydrogel volume was also
greatly affected by pH. When the pH was less than 3, the
amino group in the hydrogel molecular chain was protonated
and became positively charged. Therefore, the electrostatic
repulsion between the chains was enhanced. As a result, the
hydrogel gradually swelled. In the pH range from 3 to 8, amino
group protonation reduced the electrostatic repulsion between
the molecular chains. However, due to the increase in
hydrophobic interactions between the chains and the gradual
transformation of -COOH to -COOQO", when the pH was fur-
ther increased, the electrostatic repulsion between the molecu-
lar chains was gradually enhanced. The effect of this increase
was greater than that of the weakening, so the degree of swel-
ling in this range increased with the pH. When the pH of the
solution exceeded 8, the -COO™ groups in the chain enhanced
the electrostatic repulsion. Due to the large number of -NH,
groups under alkaline conditions, a strong interaction with
Na™ was induced by NaOH ionization. This effect made the
hydrogel polymer chains hydrophobic at the microscale and
made them swell poorly at the macroscale. As a result, a pH
sensor was developed.

5. Conclusions

A thermometer-type hydrogel sensor based on volume
change was reported for pH response. When the sensor
was applied to different pH solutions, a volume change in
hydrogel occurred due to the carboxylic and amine groups
in the polymer chain. The volume change was recorded with
an elaborate graduated pipette similar to a thermometer.
Compared with the VPT hydrogel sensors reported previ-
ously, our sensor benefited from the approach that we
developed to measure the three-dimensional volume of the
hydrogel. This smart thermometer-type fluorescent sensor
opened up a new route towards VPT hydrogels. The system
is proposed as a competent instrument-free and lowcost,
portable platform enables quantitative and sensitive assays
on the scene.

®o0n o.w

Scheme 3  The influence of pH on fluorescein.
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