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ABSTRACT: In this work, a fluorescent probe with a thiophene tail named TBT-Po was developed for monitoring the
polarity in water and powder injections. It had the planar thiophene subunit as a rotatable tail instead of the previously
reported multiple chains. In the EtOH-in-water solution system, the fluorescence intensity at 551 nm increased along
with the EtOH proportion (lower polarity) under excitation at 446 nm, while the absorbance varied simultaneously.
TBT-Po showed rapid and stable performance in polarity detection, while the monitoring system was sensitive to pH
conditions. The fluorescence response with TBT-Po was not obviously affected by the solutes. Most significantly, using
dexmedetomidine as a representative, the recovery of the established approach with TBT-Po in both the water and
powder injections was stable. The findings of this work are useful for developing further strategies for the production,
storage, and utilization of the injections.
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INTRODUCTION

In both emergency treatment and outpatient services,
injections are essential and require strict preparation
processes and storage conditions [1, 2]. Commonly
prepared in water- or powder-based forms, the in-
jections are drug formulations in which the drugs
are refined, dissolved in a sterile solution, and then
loaded into a container for intravenous, intramuscular,
and other injection uses [3, 4]. Oral medications are
affected by digestion with their efficacy reduced, while
injections directly enter human tissues and quickly
produce an effect [5, 6]. Typically, the quality control
of the injections focuses on the accurate content of
drug ingredients [7]. It is closely associated with
patient safety and health. The key factors include
dust particles, microorganisms, pressure differences,
humidity, and so on [8]. In particular, the water con-
tent (or humidity, polarity) affects the systemic status
of the injections [9]. For example, in the ethanol-
water system, the increase of the water content meant
the increase of the polarity; while in the air-water
system, the increase of the water content meant the
increase of the humidity. In chemical and biological
investigations, polarity is more suitable for the descrip-
tion. In addition to water (H2O), other solvent species
in the injections included ethanol (EtOH), propylene
glycol, polyethylene glycol, glycerol, benzyl benzoate,
and dimethylacetamide [10]. Thus, with the above-
mentioned organic solvents as components of the sol-
vent system, the polarity increases accordingly as the
water content increases. EtOH is a typical represen-

tative solvent used in combination with water, and the
EtOH proportion in the injections is important [11, 12].
Furthermore, during clinical utilization, the sophisti-
cated procedures involving the drug prescribing and
pharmaceutical dispensing may introduce extra risks
in addition to those associated with production and
storage [13, 14]. During this period, the absolute
content of the drug and packaging raw materials no
longer changes remarkably. Correspondingly, the po-
larity affects the relative drug content. As a special
subdivision in clinical affairs, anesthesia places higher
requirements on injections than conventional anti-
infective and anti-inflammatory treatments [15]. The
injections are mainly used for intravenous anesthe-
sia, while the commercially available drugs include
dexmedetomidine, propofol, remifentanil, ketamine,
and so on [16, 17]. When water is the basic solvent in
injection systems used for anesthesia, polarity is crucial
for both efficacy and safety. If any organic solvent is
added, it should be annotated. Therefore, monitoring
polarity is of significance in the production, storage,
and utilization of the injections.

The current methods for monitoring polarity in-
clude electrochemical detection, high-performance liq-
uid chromatography (HPLC), infrared spectroscopy,
and so on [18, 19]. They have been optimized to
improve the convenience of signal reporting, whereas
the accuracy and sample preparation remain limita-
tions. The fluorescence analysis is a non-invasive,
well-operative, and highly sensitive approach for real-
time and in situ tracking of the biological and phys-
iological processes [20, 21]. Several investigations
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Fig. 1 The design of the fluorescent probe TBT-Po for monitoring
polarity in water and powder injections.

on the fluorescent probes for monitoring the polarity
have been conducted [22–24], while some other re-
ports demonstrated the cooperation with interpolymer
complexes [25, 26]. As a possible index, the polarity
can be considered together with other molecular in-
dicators such as hydrogen sulfide (H2S), peroxynitrite
(ONOO–), and nitroreductase [27–29]. In the specific
field of the injections, it can also be the calibration
index of the drug content. After the construction of the
various monitoring approaches, the analysis in drug
management, specific medicinal therapies, physiolog-
ical dynamics, and nursing matters may be combined
in a comprehensive system.

In this work, a fluorescent probe with a thiophene
tail was developed for monitoring the polarity in the in-
jections, both water- and powder-based ones (Fig. 1).
The prepared probe was named TBT-Po from the struc-
tural subunits of thiophene and benzothiazole as well
as the the abbreviation for polarity. The previous
fluorescent probes for the polarity detection indicated
the typical pattern consisting of a highly conjugated
head and a rotatable tail. The most commonly reported
rotatable tails contain multiple chains, while in this
work the planar thiophene subunit acted as the tail
to introduce a challenging trial. The tails of chains
terminated themselves, while the rotor of thiophene
might connect to another thiophene [30, 31] and limit
the internal twisting angles of the probe. Stacking
thiophene did not increase the oxidative stress and
showed the potential of introducing the red-shift of
the emission wavelength. It was also beneficial for
reducing the effect of viscosity. The benzothiazole
moiety was frequently used as the highly conjugated
subunit in developing the fluorescent probes [32]. The
fluorescent responses were analyzed together with the
absorption signal. The effects of various solvents and
viscosity were checked. Then, the water and powder
injection samples were tested to evaluate the perfor-
mance of TBT-Po. It was expected that the probe might
enable polarity monitoring in this specific context.

MATERIALS AND METHODS

General information

The chemicals and solvents were purchased from
Sigma-Aldrich (Shanghai) Trading Co., Ltd. (China).
The nuclear magnetic resonance (NMR) data were

recorded on a Bruker DRX-600 spectrometer (Ger-
many) and analyzed with MestReNova software
(Spain). The high-resolution mass spectrum (HRMS)
was obtained using an AB SCIEX Triple-TOF 4600
(USA). The absorption spectra were recorded on Shi-
madzu UV2450 spectrometer (Japan). The fluores-
cence properties were conducted using a Hitachi F-
7000 fluorescence spectrophotometer (Japan). The
pH was measured using a Shanghai Leici PHS-25 pH
meter (China). The pure water for preparing the
injections was produced using a Merck Milli-Q System
(Germany). The calibration of the polarity (water
content) was performed using directly readable values
from a Bruker Alpha II Fourier transform-infrared (FT-
IR) spectrometer. The test paper patch photos were
taken with a Redmi K40 smartphone (China).

The solution system for the polarity tests was
constructed with various proportions (0–90%) of EtOH
in water. Here, a higher EtOH proportion meant
lower polarity. Because the water-soluble ions were
tested to check their effects, the system retained at
least 10% water. In the fluorescence tests, unless
otherwise noted, the working conditions were set as
follows: photomultiplier voltage, 600 V; excitation and
emission slit widths, 5 nm×5 nm; excitation wave-
length, 446 nm; incubation time, 5 min; pH 7.4; and
incubation temperature, 25 °C. Dexmedetomidine was
selected as a representative anesthetic to prepare both
the water and powder injections at a concentration of
100 µg/ml with various proportions of EtOH. In partic-
ular, dexmedetomidine is frequently used in the form
of injections in anesthesiology, and dexmedetomidine
injection is also a common clinical preparation [33].

Determination of fluorescence quantum yields

In consideration of both the absorption and fluores-
cence data, the reference method with rhodamine B in
EtOH was used to determine the fluorescence quantum
yield (FQY) values herein. Water was regarded as
the solvent with a refractive index of 1.33, while the
combination of EtOH and TBT-Po was regarded as the
solute. Accordingly, the FQY values of TBT-Po in water
and 90% EtOH were 0.12 and 0.69, respectively.

Computational method

The ground geometries and electronic transitions of
the title compounds were investigated using the Gaus-
sian 09 program. The ground state (S0) geome-
tries were fully optimized without constraints at the
PBE1PBE/6-31G(d) level, and all the local minima
were confirmed by vibrational frequency analysis. On
the basis of the optimized structures of the S0 states,
the TDDFT calculation using the PBE1PBE/6-31+G(d)
method was performed to compute the lowest unoccu-
pied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) energies of the title com-
pounds. All calculations were performed in the gas
phase.
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Fig. 2 The synthetic process of the probe TBT-Po with a thio-
phene tail.

Chemical synthesis protocol

The synthetic route of the probe TBT-Po was depicted
in Fig. 2. The reaction conditions were modified from
the previous report [34]. In a 50 ml round-bottom
flask, 2-thiophenecarboxaldehyde (0.17 g, 1.5 mmol)
and benzothiazole-2-acetonitrile (0.26 g, 1.5 mmol)
were dissolved in 20 ml of anhydrous ethanol. Then,
0.5 ml of piperidine was added to the mixture drop-
wise, and the reaction was continued at room tem-
perature for 1 h. Afterwards, thin-layer chromatog-
raphy (TLC) was used to check the completion of
the reaction. Then, the mixture was adjusted to the
neutral conditions, and the precipitate was collected.
After the recrystallization with anhydrous ethanol, the
purified product was freeze-dried. The probe TBT-Po
was obtained as a yellow solid (yield 68.4%). 1H NMR
(600 MHz, CDCl3) δ 8.35 (s, 1H), 7.99 (d, J = 8.2 Hz,
1H), 7.83 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 3.6 Hz,
1H), 7.66 (d, J = 4.9 Hz, 1H), 7.46 (t, J = 7.3 Hz,
1H), 7.36 (t, J = 7.3 Hz, 1H), 7.16 (t, J = 4.8 Hz, 1H).
13C NMR (151 MHz, CDCl3) δ 162.39, 153.60, 138.90,
136.89, 135.61, 134.96, 133.41, 128.54, 126.99,
125.86, 123.33, 121.72, 116.70, 102.03. HRMS (Q-
TOF m/z): calculated for [C14H9N2S2]

+: 269.0207,
found: 269.0208.

RESULTS AND DISCUSSION

Synthesis of the probe TBT-Po

The synthesis of the probe TBT-Po, modified from
previous reports [30–32], was performed in one step,
as shown in Fig. 2. It was a condensation reaction
between the methylene and aldehyde groups. Accord-
ingly, the benzothiazole and acetonitrile acted as the
highly conjugated head, while the thiophene patch
acted as the rotatable tail. The probe TBT-Po did not
contain an oxygen atom and thus avoided the risk
of introducing free oxygen. Meanwhile, when the
chain terminal was replaced with the planar patch,
the repeating structural subunits might be stacked
continuously to provide further benefits for optical
performance. In brief, the possible advantages of
the structural modification included the avoidance of
higher oxidative stress and the red-shift of emission
wavelength. The structural features were verified by
the NMR and HRMS data (Fig. S1–Fig. S3, Supporting
Information). No isomerism was observed in the NMR
data, and the signal suggested that the probe TBT-Po
was in the trans-conformation.

Systematic tests on optical performance

The most significant capability in this work was the
fluorescence response to polarity, while the absorption
variation was also taken into consideration for the
calibration. After the construction of the solution
system with various EtOH-in-water proportions (0–
90%), the fluorescence response of the probe TBT-Po
to polarity was investigated. Then, the correlation
between the fluorescence intensity and the polarity
was investigated. As shown in Fig. 3a, under excita-
tion at 446 nm, the probe TBT-Po was almost non-
fluorescent in water, while the increase of the EtOH-
in-water proportion (also lower polarity) caused the
enhancement of the fluorescence intensity at 551 nm.
In particular, as shown in Fig. 3b, the fluorescence
intensity at 551 nm and the EtOH-in-water proportion
showed a linear correlation (Y = 14.14X + 30.26),
while the Pearson’s r value was 0.9999. Thus, the
polarity was successfully represented by the fluores-
cence intensity in the above system. On the other
hand, regarding the absorption variation, as shown
in Fig. 3c, the absorbance of TBT-Po itself was low,
close to the baseline, while the increase in the EtOH-
in-water proportion led to the corresponding increase
of the absorbance. In Fig. 3d, it was found that the ab-
sorbance and the EtOH-in-water proportion showed a
linear correlation (Y = 0.00242X +0.0262), while the
Pearson’s r value was 0.9999. Accordingly, when the
polarity varied, the fluorescence intensity at 551 nm
and the absorbance showed simultaneous responses.
The FQY values of TBT-Po in water and 90% EtOH
were 0.12 and 0.69, respectively. Both fluorescence
and absorbance showed turn-off responses to polarity.
In brief, TBT-Po exhibited preliminary applicability for
monitoring polarity. Compared with the absorbance,
the fluorescence variation exhibited larger gradients
and smaller standard errors. Therefore, the fluores-
cence was chosen as the reporting signal, and the
absorbance was used for the calibration.

Many commercially available drugs are formu-
lated in aqueous solvent systems, and the EtOH-
water solvent system is one of the most common
ones in clinical trials. To consider a wider range of
pharmaceutical formulations and matrices, the solva-
tochromic analysis was conducted to check the fluo-
rescence spectra (Fig. S4). Except for EtOH, the tested
solvents included acetone, dichloromethane (DCM),
N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), ethyl acetate (EA), acetonitrile (MeCN),
tetrahydrofuran (THF), and toluene. In the solvents
with relatively high polarity (DMSO, DMF, and MeCN),
the fluorescence intensity was lower than that in EtOH.
The intensity in acetone was close to that in EtOH. In
the solvents with quite low polarity (EA, THF, DCM,
and toluene), the fluorescence intensity was quite low,
which agreed with the previous report [35].

The response mechanism was preliminarily stud-
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(a) (b)

(c) (d)

Fig. 3 (a) The fluorescence spectra of TBT-Po (10 µM) with various proportions of EtOH in water (0–90%); (b) The correlation
between the fluorescence intensity at 551 nm and the proportions of EtOH in water (0–90%); (c) The absorption spectra of TBT-Po
(10 µM) with various proportions of EtOH in water (0–90%); (d) The correlation between the absorbance and the proportions of EtOH
in water (0–90%). Working conditions: photomultiplier voltage, 600 V; excitation and emission slit widths, 5 nm×5 nm; excitation
wavelength, 446 nm; incubation time, 5 min; pH 7.4; incubation temperature, 25 °C.

ied using density functional theory (DFT) simulations
(Fig. S5). In comparison with the typical rotors of mul-
tiple chains or aryl-modified chains [36, 37], the modi-
fied structure in this work showed a feasible HOMO-
LUMO gap (3.7043 eV). Accordingly, the response
mechanism was based on intramolecular charge trans-
fer (ICT) pattern. In combination with the rotat-
able tail, the probe exhibited a twisted intramolecular
charge transfer (TICT) mechanism. When the polarity
increased, TBT-Po adopted the ground-state conforma-
tion through the TICT mechanism. In contrast, when
the polarity decreased, the rotation was limited and
the TICT-blocking mechanism led to the fluorescence-
emission conformation. Upon further observation of
the electron density of the HOMO and LUMO, the
pattern in this work was more homogeneous than
that in the previous reports [36, 37]. This result was
beneficial for limiting the rotation and reducing the
effect of viscosity [38–40]. Thus, the glycerol-in-water
solvent system was constructed (Fig. S6). As a result,
TBT-Po was not sensitive to variations in viscosity.
Therefore, viscosity might show negligible interference
with polarity detection.

Tests on working conditions

Subsequently, the effects of the working conditions
were studied. In this section, a test paper patch was
sufficiently incubated with a TBT-Po (10 µM) solu-
tion and dried. Then, the prepared test paper patch
was floated on the surface of a 90% EtOH-in-water

solution. During the gradual infiltration, a notable
fluorescence response was observed. As shown in
Fig. 4a, the total process of infiltration and response
took 14 s, which was quite a short period. For both
full completion of the response and convenience, the
common incubation time was set at 5 min. Un-
like small molecular indicators, polarity was a micro-
environmental index which might be seriously affected
by the working conditions. In Fig. 4b, the fluores-
cence intensity at 551 nm increased as the pH value
of the solution increased over the tested range from
3.0 to 12.0. Meanwhile, as shown in Fig. S7, the
absorbance also increased along with the increase in
the pH value. Thus, regarding the pH condition, the
fluorescence response can also be calibrated with the
absorbance. Furthermore, the temperature was tested
over the range of 25–45 °C. As shown in Fig. 4c, the
fluorescence intensity at 551 nm after the response was
stable over the entire tested range, which indicated the
weak impact of the temperature condition. For mon-
itoring the polarity, TBT-Po showed rapid and stable
performance, while the system was sensitive to the pH
conditions.

Tests on solute and injections

Subsequently, the effect of the solutes was investigated.
The solutes included the commonly used components
in the injection scenarios. As shown in Fig. 5a, most
of the anions (F–, Cl–, Br–, I–, SO2–

4 , NO–
2, NO–

3, HCO–
3,

CO2–
3 , and PO3–

4 ), cations (Na+, K+, Ca2+, and Al3+),
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(a)

(b) (c)

Fig. 4 (a) The photographs of the test paper patch during infiltration by 90% EtOH-in-water solution under 365 nm UV light at
the time points of 0, 2, 4, 6, 8, 10, 12, and 14 s; (b) The fluorescence intensity at 551 nm of TBT-Po (10 µM) with different pH
conditions (3.0–12.0); (c) The fluorescence intensity at 551 nm of TBT-Po (10 µM) with different temperature conditions (25–45 °C).
Working conditions unless otherwise noted: photomultiplier voltage, 600 V; excitation and emission slit widths, 5 nm×5 nm; excitation
wavelength, 446 nm; incubation time, 5 min; pH 7.4; incubation temperature, 25 °C.

EtOH-in-water proportion (%) EtOH-in-water proportion (%)

Fig. 5 (a) The fluorescence intensity at 551 nm of TBT-Po (10 µM) with different analytes; (b) The absorbance of TBT-Po (10 µM) with
different analytes; (c) The recovery of dexmedetomidine (100 µg/ml) water injections with different EtOH-in-water proportion (10–
50%) at 25 °C and 37 °C; (d) The recovery of dexmedetomidine (100 µg/ml) powder injections with different EtOH-in-water proportion
((10–50%) at 25 °C and 37 °C. Concentration of the analytes: 100 µM. Working conditions unless otherwise noted: photomultiplier
voltage, 600 V; excitation and emission slit widths, 5 nm×5 nm; excitation wavelength, 446 nm; incubation time, 5 min; pH 7.4;
incubation temperature, 25 °C.
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glucose, glutathione, and cefoperazone did not affect
the fluorescence intensity at 551 nm from a 90% EtOH-
in-water solution with TBT-Po (10 µM), while SCN–

and Ac– led to a slight decrease in intensity. Similarly,
as shown in Fig. 5b, the effect of the above-mentioned
solutes on the absorbance was similar to that on the
fluorescence intensity. The two modes showed simul-
taneous responses.

Moreover, dexmedetomidine, as a specific solute,
was selected as a representative commercially avail-
able anesthetic to prepare both the water and powder
injections for the recovery test. The concentration of
dexmedetomidine was set at 100 µg/ml; the EtOH-
in-water proportion was set at 10%, 20%, 30%, 40%,
and 50% according to the commonly used conditions in
the preparation of the injections; and the temperature
conditions were set at 25 °C and 37 °C to cover the
room temperature and physiological condition. The
recovery was calculated by comparing the result ob-
tained using the fluorescence approach with that ob-
tained using the FT-IR method. As shown in Fig. 5c, the
recovery in the water injections varied in the range of
96.93%–100.1%. The temperature conditions did not
obviously interfere with the recovery. There were also
no remarkable differences in the groups with different
EtOH-in-water proportions. As shown in Fig. 5d, the
recovery in the powder injections varied in the range of
95.21%–99.62%. It was also not obviously affected by
the temperature conditions. When the EtOH-in-water
proportion increased, the recovery exhibited a slight
increase. Furthermore, when the water and powder
injections were compared, the fluctuation of the recov-
ery in the water injections was smaller. Therefore, TBT-
Po was applicable to monitoring polarity in both water
and powder injections.

CONCLUSION

To conclude, a fluorescent probe with a thiophene tail
named TBT-Po was developed for monitoring polar-
ity in water and powder injections. Unlike previous
fluorescent probes with multiple chains as rotatable
tails, this work selected the planar thiophene subunit.
Structurally, TBT-Po avoided the risk of introducing
free oxygen and retained the possibility of stacking
repeating subunits such as thiophene. In particular,
stacking the second thiophene was an ideal approach
for introducing the possible red-shift of the emission
wavelength. In the solution system with various EtOH-
in-water proportions (0–90%), the fluorescence inten-
sity at 551 nm increased along with the EtOH propor-
tion under excitation at 446 nm, while the absorbance
showed the simultaneous response. Both the fluores-
cence and absorbance correlations were linear, while
the FQY values of TBT-Po in water and 90% EtOH were
0.12 and 0.69, respectively. On the basis of the DFT
simulation, the fluorescence response mechanism was
probably TICT. The response was not seriously affected
by viscosity. TBT-Po showed rapid and stable per-

formance for polarity detection, while pH conditions
affected the response to a certain extent. Most of the
tested solutes did not obviously affect the fluorescence
and absorbance responses. Most significantly, using
dexmedetomidine as a representative, the recovery of
the established approach with TBT-Po in both the water
and powder injections was stable. These findings may
facilitate the development of further strategies for the
production, storage, and utilization of injections.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2026.
086.
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Appendix A. Supplementary data

Fig. S1 1H NMR of the probe TBT-Po (600 MHz in CDCl3).

Fig. S2 13C NMR of the probe TBT-Po (151 MHz in CDCl3).
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Fig. S3 HRMS spectrum of the probe TBT-Po in methanol.

Solvents

Fig. S4 The fluorescence spectra of the probe TBT-Po in various solvents. Conditions: photomultiplier voltage, 600 V; excitation
and emission slit widths, 5 nm×5 nm; excitation wavelength, 446 nm; incubation time, 5 min; incubation temperature, 25 °C.
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Fig. S5 The HOMO and LUMO of TBT-Po calculated with DFT at the PBE1PBE/6-31G(d) level using the Gaussian 09 program.

Glycerol-in-water proportion

Fig. S6 The fluorescence spectra of TBT-Po (10 µM) with various proportions of glycerol in water (0–90%). Conditions:
photomultiplier voltage, 600 V; excitation and emission slit widths, 5 nm×5 nm; excitation wavelength, 446 nm; incubation
time, 5 min; pH 7.4; incubation temperature, 25 °C.

Fig. S7 The absorbance variation of TBT-Po (10 µM) with different pH conditions (3.0–12.0). Working conditions: incubation
time, 5 min; incubation temperature, 25 °C.
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