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Caffeic acid, a natural extract, as an activatable
molecular probe for viscosity detection in a liquid
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Liquids, functioning as nutrients and energy systems, regulate various functions during storage programs.
Microenvironmental viscosity is one of the most important physical parameters associated with the
extent of deterioration, and it is crucial to monitor the mutation of viscosity at a molecular level. Herein,
we utilized caffeic acid (CaC), a natural product extracted from thistles, as a molecular probe for
viscosity sensing. CaC contains phenol hydroxyl (electron-donor) and carboxyl (electron-acceptor)
groups, with both moieties connected by conjugated single and double bonds, forming a typical twisted
intramolecular charge transfer system. The fluorescent probe CaC, obtained from a natural product
without any chemical processing, exhibits high sensitivity (x = 0.43) toward viscosity, with an obvious

visualized turn-on signal. Moreover, it displays good photostability, selectivity, and wide universality in
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Accepted 13th November 2023 commercial liquids. Utilizing CaC, we have successfully visualized viscosity enhancement during the

spoilage process, liquid
microenvironmental viscosity. Thus, this study will provide a convenient and efficient molecular probe

with a positive correlation between the degree of spoilage and
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Introduction

Viscosity, a vital physical parameter for liquids, is closely related
to the dynamic changes in the microenvironment during the
spoilage process, including transduction, metabolism, and
apoptosis.’? Liquids comprise additives such as various ions,
amino acids, and vitamins and play a key role in the mainte-
nance of nutrients and energy supplements; however, they also
afford the growth of bacteria, causing deterioration of liquid
food.* As a stress response and homeostasis mechanism,
a change in the microenvironment may cause the movement of
substances in a liquid food,** and the viscosity of fresh liquids
(fruit juice, broth, or fresh liquids rich in nutrients) may be
enhanced to a certain extent during the development of dete-
rioration.*” Abnormal changes in microenvironmental viscosity
may provide a physical indicator during the deterioration
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for food safety inspection across the boundaries of traditional biological applications.

process of some kinds of liquids (especially in the first couple of
days), which is essential for early perception using a molecular
probe in a sensitive, green, and in situ pathway.

Several traditional analytical methods based on several kinds
of viscometers have been established.®*" When utilizing
viscometers, large volumes of liquid foods are required, and the
microscopic-scale molecular level cannot be measured.”* In
contrast, fluorescent techniques have enabled to transform the
chemical and physical information into an optical signal,
allowing the visualization of changes that occur in a liquid.
Commonly, conjugated multifunctional molecular probes play
a key role in the optical method as they offer unique advantages
of rotational characteristics, remarkable sensitivity,
invasiveness, simple pretreatment, and in situ features.
Currently, numerous reported probes have been developed by
connecting electron donors and acceptors to form a twisted
intramolecular charge transfer (TICT) system. These probes have
various applications, such as tracking mitochondrial viscosity,"”
investigating lysosomal viscosity,"® and sensing changes in
physiological viscosity'®>>* (as collected in Table S1, ESIT). These
fluorophores are mainly constructed via chemical synthesis
methods, where a large number of organic solvents are
consumed during the synthesis process. At present, low-carbon
environmental protection has become the most popular devel-
opment trend, and luminescent probes obtained from natural
sources have attracted research interest. So far, several kinds of
plant extracts have various applications, such as in Chinese
Medicine, biological agents, and oral liquids.**** Food spoilage
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Scheme 1 Viscosity sensing and spoilage detection mechanism of
CaC.

tracking has been studied based on the detection of substances
such as toxic volatile amines,* allergens,*® metal and ions*”*®
However, with the increasing concern about the evolution of
sustainable long-term development, natural, green, and eco-
friendly molecular probes urgently need to be exploited, and
there is still large potential for their development in other fields
(especially from the physical point of view).

In response to these considerations, herein, a natural
molecular probe, caffeic acid (CaC), is extracted from thistles. It
contains phenolic hydroxyl and carboxyl groups, which can act
as an electron-donor (D) moiety and an electron-acceptor (A)
moiety. The molecular probe can possibly be inhibited in
a highly viscous microenvironmental liquid system, and the
fluorescence signal can be released through the dissipative
channel changing from nonradiative to radiative,** as dis-
played in Scheme 1. A D-1-A chemical structure is formed. The
changes in viscous condition may afford the conversion of the
excited state of CaC from the TICT state to the intramolecular
charge transfer (ICT) state, which holds great potential for
microenvironmental viscosity detection. Subsequently, with
increasing viscosity, a maximum emission peak is exhibited at
~400 nm, and a “turn-on” mode is accompanied by a coefficient
of x = 0.43. Additionally, CaC displays wide adaptability, good
photostability, and excellent specificity toward viscosity change
in commercial liquids. A suitable Stokes shift and high sensi-
tivity coefficient can ensure its capability of real-time in situ
tracking of the deterioration process. Compared with previous
studies, CaC is extracted from a natural plant, avoiding complex
design and synthesis processes and eliminating the need for
any chemical modification procedure. The molecular probe CaC
can not only track viscosity fluctuation during the spoilage
process but also provide an opportunity for multifunctional
molecular probes for interdisciplinary research.

Experimental sections
Materials and methods

The chemical reagents used in this study were obtained from
Macklin Biotechnology (Shanghai) Co., Ltd, Anhui Energy
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Chemical Reagent Co., Ltd, and Shanghai Taitan Technology Co.,
Ltd. All the reagents and solvents were used without any further
purification. Triple distilled water was used in the experiments.
The reagents and instruments are described in the ESL}

Extraction of natural product caffeic acid (molecular probe
CaC)

Thistle was placed in an oven for 3 days. The dried plant was
broken up and powdered. A sample typically containing 50 g of
dried powder was placed in a Soxhlet extraction setup for 36
hours to extract caffeic acid. A green oil was obtained after storing
the extracted oil for two or three days, and this oil was separated
with the addition of KOH solution (10 M). The samples were
filtered as required before the investigation of the chemical
structure. Proton nuclear magnetic resonance ("H NMR) (400
MHz, dimethylsulfoxide [DMSO]) ¢ 12.05 (s, 1H), 9.27 (d, J =
155.3 Hz, 2H), 7.43 (d, ] = 15.9 Hz, 1H), 7.04 (s, 1H), 6.97 (d, ] =
8.1 Hz, 1H), 6.77 (d, ] = 8.1 Hz, 1H), 6.18 (d, J = 15.9 Hz, 1H). MS
(ESI): m/z 179.03315 [M-H]", caled for CoHgO, 180.04226.

Investigation of optical properties

An accurate weight of 1.8 mg of CaC was prepared in DMSO
solution, and the stock concentration of CaC was controlled at
1 mM. Before the experiment, the stock solution was stored in
the dark at low temperature. In the optical test, the concentra-
tion of CaC was diluted to 10 uM, and the CaC probe was added
into systems with different viscosities which were made from
mixtures of glycerol (0% to 99%) and distilled water, and the
emission spectra were performed in these mixed systems.
Absorption spectra were taken in glycerol and distilled water,
respectively. A viscometer was also utilized to determine the
viscous value. To estimate solvent adaptability, six representa-
tive liquid with varied polarities were selected: toluene, tetra-
hydrofuran, acetonitrile, N,N-dimethylformamide, DMSO, and
water; the absorption and emission properties of CaC in the
complex solvent environment were obtained. CaC was freshly
prepared and added to every sample. To investigate the speci-
ficity of the complex environment in the liquid food, various
analytes (including cations, anions, food additives, and glucose)
were prepared as stock solutions, and CaC was added before the
test. The detailed spectra and fluorescent intensities were
recorded. Three representative temperatures were selected to
test the effects of temperature on viscosity, 37 °C, 5 °C, and 25 °©
C, and each sample was contained in CaC solution with 1%
DMSO. In a thickening experiment, three representative thick-
eners (from 1 g kg™" to 5 g kg™ ') were dissolved in water to
prepare viscous media: xanthan gum (XG), pectin (Pec), and
sodium carboxymethyl cellulose (SCC). Before recording the
spectra, the mixtures were stored at room temperature to
eliminate bubbles. All optical properties were combined with
the natural CaC and then transferred to a quartz cell, and an
excitation wavelength of 320 nm was used.

Viscosity checking process

Two representative commercial liquids, kumgquat and

mandarin juices, were stored at 25 °C and 5 °C, respectively. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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storage process was recorded with digital images and fluores-
cence spectra. Then, the relationship between the fluorescence
signal intensity and viscosity enhancement was established:
(M = Mo)mo ~ (Fy — Fo)/Fo, where F, and F, represent the fluo-
rescence intensity at day n and day 0, respectively, and 1, and 7,
represent the viscosity value at day n and day 0, respectively.

Theoretical calculation of the molecular probe

Theoretical calculations were operated using the Gaussian 09
program with the B3LYP/6-31G(d) level of theory, and the
chemical structure of the natural molecular probe CaC was
optimized at 0° and 90°, respectively. The energy gap and
oscillator strength f.,, were calculated.

Results and discussion
Molecular probe design and selected strategy

Recently, natural extracts have become a research topic, due to
their degradable, sustainable, and reproducible features and rich
resources. Fluorescence imaging technology can transform the
chemical and physical signals into fluorescence intensities,
allowing the visualization of microenvironmental fluctuations
and viscosity changes. We found that O-diphenol can be dis-
played as an electron-donor (D) moiety and carboxyl as an
acceptor (A) moiety. Coincidentally, both groups were hosted in
the CaC natural molecule. A typical ICT structure was formed.
We expected a free rotation phenomenon to occur between the O-
diphenol and carboxyl groups, and the excited dye can be relaxed
in a nonradiative pathway, which can lead to quenching of
fluorescence. In contrast, the relaxation pathway can be affected
when the microenvironmental viscosity increases; thus, the
molecular rotation may be inhibited in the viscous condition. In
this case, the excited state may be converted into a radiation
transition pathway, which may increase the possibility of its state
changing from TICT to ICT; thus, the fluorescence intensity may
be increased. Consequently, the natural molecular probe exhibits
an obvious spectral response toward viscosity, and the high-
viscosity media can be discriminated from the lower-viscosity
ones (in Scheme 1). The extracted CaC was adequately charac-
terized by '"H NMR and high-resolution mass spectrometry,
which have been provided in Fig. S1-S3 (ESI).t

Optical properties toward viscosity

With this natural molecular probe in hand, corresponding
optical properties of CaC in low-viscosity water and high-
viscosity glycerol were tested to confirm whether it can
respond efficiently to viscosity. Detailed spectra were shown in
Fig. 1a and b, where it can be found that CaC displayed a slightly
longer absorption wavelength and stronger fluorescence signal
in glycerol, while a shorter absorption wavelength and weaker
fluorescence signal in water, with a sharp emission peak at
~400 nm. This distinguished low-viscosity media from the
higher-viscosity samples. The red-shifted phenomenon may be
ascribed to the inhibited rotation and parallel stacking of
molecules in the high-viscosity microenvironment. Particularly,
six viscosity gradients (1.0-956.0 cP) were set up in a series of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Absorption spectra of the molecular probe CaC in different

solvents, such as water and glycerol. (b) Fluorescence spectra of the
molecular probe CaC in different solvents, such as water and glycerol.
(c) Fluorescence emissive spectra of molecular tool CaC in different
solvent systems, with a water—glycerol mixture where the fraction of
glycerol (fg) ranges from 0% to 99%. (d) Linear relationship between
log /433 and log . E4/E,, = 0.8; the probe concentration is 10 uM; the
slit width: 10/10 nm.

water—glycerol mixture systems at a normal pH of 7.4. A varied
viscosity microenvironment was established, and CaC was
mixed in and fully dispersed (Fig. 1c and d). When the fraction
of glycerol increased from 0% to 99%, the released fluorescence
signal in the test system showed an obvious gradual turn-on
phenomenon. The sensitivity coefficient x was calculated from
log(Imax) and log(n), which is the slope of the Forster-Hoffmann
equation, where a higher value tends to show higher sensitivity
toward changes in microenvironmental viscosity. Herein,
a good linear relationship can be found between log(/;,.x) and
log(n), with a viscosity-sensitivity coefficient of x = 0.43. This
result was fitted into the Forster-Hoffmann linear relationship
(eqn (1) in the ESI}), and a turn-on mode was constructed. The
final intensity was approximately 20 times the initial intensity.
Subsequently, the Stokes shifts in water and glycerol were
recorded from the absorption and emission spectra, as a larger
Stokes shift may be helpful for filtering out spontaneous
signals. In Fig. S4a and b (ESI),T the results showed 91.7 nm in
low-viscosity water and 65.3 nm in high-viscosity glycerol. This
result is similar to most previous probes designed through
chemical synthesis trials (as displayed in Table S1, ESIY).
Further, the effect of temperature on CaC in the process of
viscosity detection was investigated, as viscosity is often affected
by the temperature change processes. In Fig. S5 (ESI), the
fluorescence signal at 37 °C is weaker than that at 5 °C (lower-
maintenance temperature), and a compromise temperature of
25 °C (ambient temperature) was used for the fluorescence
signal. It can be concluded that viscosity may be enhanced with

RSC Adv, 2023, 13, 35209-35215 | 35211
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Fig. 2 (a) Emissive spectra of the molecular probe CaC in thickening
solvents in the presence of various mass amounts of sodium carbox-
ymethyl cellulose (SCC), pectin (Pec) and xanthan gum (XG). (b)
Emission intensity of the molecular probe CaC in the corresponding
thickening media, and fitting line with mass amounts of SCC, Pec, and
XG.

a decrease in temperature, and a lower-maintenance tempera-
ture can to some extent enhance flavor and consistency, which
may be closely related to viscosity. Next, the detection limit of
CaC was investigated, and the regression curve equation was
obtained under a lower-viscosity range, which was found to be
1.355 cP, as shown in Fig. S6 (ESI).t This is convenient for
detecting viscosity in most common liquids.

Thickening efficiency is an important property of thickeners,
and various viscosity microenvironments can be established
with the addition of thickeners since thickeners can enhance
the consistency, stability, and homogeneity of liquids. Thus,
three representative thickeners were selected (in Fig. 2a and b):
SCC, Pec, and XG. It was found that the fluorescence intensities
were enhanced after the amount added increased from 1 g kg™*
to 5 ¢ kg™!, due to the thickening effects caused by these
thickeners. Notably, the thickening efficiencies of these thick-
eners were quite different: the largest thickening slope of XG
was 85.20, and the lowest thickening slope of SCC was 9.10. The
thickening efficiency can be determined through the fluores-
cence method with CaC. Moreover, CaC was added to various
commercial liquids to determine the viscosity through the
fluorescence technique as well. The fluorescence signal inten-
sities were observed, as shown in Fig. S7 (ESI).T Detailed data
were collected in Table S2 (ESI),T and the calculated viscosity
values obtained from the fluorescent method were consistent
with the data obtained from a traditional viscometer, as shown
in Table S3 (ESI).T The corresponding results further confirmed
the great potential of CaC to image viscosity changes sensitively
in liquids, especially in lower-viscosity media, and it can be
utilized to visualize thickening effects.

Investigation of photostability, selectivity, and response
mechanism

Photostability is another important property of CaC, and the
fluorescence response of CaC in different kinds of liquid was
investigated. As displayed in Fig. S8 (ESI),t the fluorescence

35212 | RSC Adv, 2023, 13, 35209-35215
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intensity of CaC remains stable under continuous light irradi-
ation for 60 min, when the signal is almost unchanged, indi-
cating that the natural molecular probe CaC can maintain good
photostability in most commercial liquids. Subsequently, CaC
was added to solutions of various pH of different viscosities
(Fig. S9, ESI).t The molecular probe CaC displayed a relatively
stable signal in the different pH solutions, especially in the
viscosity range above 1.8 cP, which shows that it possesses the
ability to detect viscosity under wide physiological conditions.
Moreover, the fluorescence signals are found to be stable at
different common storage temperatures, as shown in Fig. S10
(ESI).T Slight changes in the fluorescence emission intensity can
be captured, which may be attributed to minor changes in
viscosity caused by the temperature. The effect of polarity in the
liquid system is quite important, and it is necessary to investi-
gate the stability of different kinds of solvents. Herein, we
selected eight representative solvents, including glycerol and
several kinds of common organic solvents. As shown in Fig. 3a
and b, the absorption and emission spectra were investigated. It
was found that only a slight bathochromic shift occurred in
high-viscosity glycerol, and a significant signal was released in
glycerol compared to other solvents; detailed fluorescence
signals are visualized in Fig. S11 (ESI).t From these data, it can
be seen that CacC is not influenced by polarity.

The liquid microenvironment is a complex system, con-
taining various related additives, including ions, glucose, and
vitamins. Therefore, a molecular probe needs to show good

b 2000
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Fig. 3 (a) Absorption spectra of CaC (10 uM) in eight representative
solvent. (b) Emission spectra of CaC (10 uM) in eight representative
solvent. (c) Emission spectra of CaC (10 uM) in various solutions with
potential analytes in liquid food. (d) Histogram of signal intensity of
CaC with various analytes: (1) blank, (2) Na™, (3) K*, (4) SO42~, (5) CL", (6)
NOs~, (7) COs2~, (8) D-mannitol, (9) acesulfame, (10) sorbitol, (11)
vitamin C, (12) glucose, (13) sodium benzoate (SB), (14) beet molasses
(BM), (15) trisodium citrate dehydrate (TCD), and (16) glycerol. £,/E, =
0.8; the probe concentration is 10 puM; slit width: 10/10 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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selectivity to sense viscosity effectively. We studied the selec-
tivity of CaC in various solutions with many kinds of repre-
sentative species, including several kinds of cations, anions,
and food additives. As shown in Fig. 3c and d, none of these
analytes can cause significant changes in the fluorescence
intensity of CaC, whereas an obvious turn-on signal can be
found in glycerol. This indicates that CaC cannot be affected by
various food additives and can maintain the released signal
intensity toward viscosity in a complex liquid food system. Next,
the solvatochromism of CaC was also measured. As shown in
Fig. S12 (ESI),t a slight bathochromic shift occurred not only in
the absorption spectra but also in the emission spectra, which
may be ascribed to an ICT effect between the terminal donor
and acceptor.

Based on the spectra data, the response mechanism of CaC
toward viscosity sensing can be proposed. In low-viscous liquid
foods, the free mechanical movement of molecules could be
observed, and the nonradiative transition pathway of excited
energy of the ICT was restored. Thus, the fluorescence intensity
was weak. In contrast, intramolecular rotation was hindered;
thus, the nonradiative pathway was reduced, and the fluores-
cence was enhanced. Then, a density functional theoretical
calculation based on the Gaussian 09 package was utilized. The
optimized structures of CaC at 0° and 90° are provided in
Fig. S13 (ESI).t The electron density on the highest occupied
molecular orbital is located in the O-diphenol group and the
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lowest unoccupied molecular orbital is positioned at the
carboxyl unit. A pull-push electron system has been estab-
lished, which may afford the ICT process. The energy gaps
between O-diphenol (donor) and carboxyl (acceptor) can be
calculated as 4.1953 eV at a dihedral angle of 0° and 4.6198 eV at
an optimized 90°. The f., (oscillator strength) was also calcu-
lated at 0° and 90° and was found to be 0.2597 and 0.0024,
respectively. These theoretical calculations are consistent with
the experimental results, which demonstrated that intra-
molecular rotation existed.

Deterioration process detection

CaC was further applied to detect the deterioration process due
to its good optical properties and viscosity responsibility.
Samples including kumquat and mandarin juices were divided
into two groups. The first group was stored at ambient
temperature, and the other group was used as control samples
at a lower-maintenance temperature. Both groups were tested
for 8 days, and the entire spoilage process was recorded using
a digital camera and a fluorescence spectrometer. As displayed
in Fig. 4a, when the kumquat and mandarin juices were stored
at 25 °C (ambient temperature), both liquids gradually became
turbid and opaque over time. In particular, within the next
couple of days (after day 5), a serious floating phenomenon
could be observed. With the help of CaC, the released signals of
kumquat and mandarin juices became stronger (in Fig. 4c) and

Store under lower temperature
2d

od

5d 8d

Kumquat
juice

Time (d)
|
57%

Kumquat juice

D

o 200 0 200
Fl (a.u.) Fl (a.u.)

Fig. 4 Digital images of kumquat and mandarin juices stored at (a) ambient temperature and (b) fresh-maintenance temperature for varying
times (from day O to day 8). The fluorescence spectra and enhancement of kumquat and mandarin juices during storage time (from day O to day
8) at (c) ambient temperature and (d) fresh-maintenance temperature. The concentration of CaC = 10 uM; Aex = 320 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were found to be enhanced by 11.8% and 12.3%, respectively, at
day 8. In contrast, when the control samples were stored at 5 °C
(lower-maintenance temperature), the floating phenomenon
had improved during the storage process, clear and transparent
phenomena could be found, and there were only small floating
objects (in Fig. 4b). From the fluorescence intensity perspective
(in Fig. 4d), the signal enhancement was inconsistent with the
apparent phenomenon: 5.1% in kumquat and 5.7% in
mandarin. This shows that CaC can distinguish a normal liquid
from a spoiled liquid, and abnormality in the microenviron-
mental viscosity during the spoilage process can be tracked
using the spectrometer. Commonly, the pH values will shift to
the lower direction as the sample is stored for a longer duration.
Then, the natural probe CaC was added to the same pH ranges
of samples and stored along with them for 8 days. The fluo-
rescence intensities are recorded in Fig. S14 (ESI).f The FI
changes were negligible during the storage timelines, indi-
cating that the released fluorescence signal remained unaf-
fected by immersion under acidic conditions.

From the quantitative perspective, viscosity values were also
obtained using the viscometer. In Fig. 5a and b, on the one
hand, the viscosity values of kumquat and mandarin juices
stored at 25 °C were found to be enhanced by 25.6% and 28.2%,
respectively. On the other hand, the viscosity values of these test
samples at 5 °C were only enhanced by 10.5% and 12.1%,
respectively. Both results obtained from the spectrometer and
viscometer may yield a joint explanation: lower-maintenance
temperature can extend the shelf life and delay the increase
in viscosity.

O

Under ambient temperature Under ambient temperature

5.01 \ 81 \
o M% o 7 : :
s / S /
< < Under fresh-maintenance

d

Under fresh-maintenance

temperature temperature

Kumgquat juice - Mandarin juice
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Fig. 5 (a) Viscosity values of kumquat juice when stored at different
temperatures. (b) Viscosity values of mandarin juice when stored at
different temperatures. (c) The fitted line between percentage incre-
ment in fluorescence and degree of viscosity enhancement.
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To combine the fluorescence intensity and viscosity values,
we established a fitting line between the enhancements in
fluorescence intensity (F, — Fy)/Fo x 100% and the changes in
viscosity (1, — m0)/mo X 100% (in Fig. 5c). Based on the corre-
sponding results obtained from fluorescence technique and the
traditional method, we can conclude that CaC has great
potential for visualizing changes in microenvironmental
viscosity, and, in particular, spoiled liquid foods can be
distinguished from fresh ones.

Conclusions

To address the difficulty of identification of microenviron-
mental viscosity during the spoilage process of liquids and to
avoid the consumption of a large amount of organic solvents
during the preparation process, CaC, a kind of molecular probe,
has been extracted from natural thistle plants. With rotatable
single and double conjugated bonds in the chemical structure
acting as the sensing point, a typical turn-on signal can be
observed with an enhancement (20-fold) in microenviron-
mental viscosity. The sensitivity (x = 0.43), photostability,
universality, and selectivity have been investigated. Based on
the optical properties, this natural molecular probe has been
applied in various commercial liquids, and different fluores-
cence intensities have been quantitatively determined. Impor-
tantly, there is an effective application of CaC for determination
of microenvironmental viscosity during the liquid spoilage
process. The recorded results from the spectrometer are
consistent with those from a viscometer, which confirmed the
viscosity-tracking capability of CaC. In addition, a linear rela-
tionship can be established between the fluorescence signal
intensities and viscosity values from both methods. We believe
that the natural molecular probe is crucial for building
a powerful and promising molecular probe for broad applica-
tion in interdisciplinary research. This probe is expected to
practice the current trend of low-carbon sustainable
development.
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