
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
/1

4/
20

26
 1

0:
07

:4
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A polystyrene-ba
College of Chemistry and Chemical Enginee

Technology, Changsha, 410114, P. R. Ch

+86-0731-85258733

† Electronic supplementary informa
https://doi.org/10.1039/d3ra02698a

Cite this: RSC Adv., 2023, 13, 25350

Received 24th April 2023
Accepted 11th July 2023

DOI: 10.1039/d3ra02698a

rsc.li/rsc-advances

25350 | RSC Adv., 2023, 13, 25350–
sed ESIPT fluorescent polymeric
probe for highly sensitive detection of chromium(VI)
ions and protein staining†

Xiaoling Qin, Guoqiang Zhou, Pan Ma, Jiaoyun Xia, Fuchun Gong, * Lusen Chen
and Lujie Xu

A “two-step” preparation method of an excited-state intermolecular proton transfer (ESIPT) fluorescent

polymer (f-PP) is reported here. The synthesis of f-PP involves the acetylation of polystyrene and

a “multicomponent one pot” reaction. The as-prepared polymer bears a group of ESIPT fluorescent

units, enabling it to exhibit high brightness, moderate solubility and ESIPT fluorescence. F-PP gives off

tautomeric bright green fluorescence under UV-tamp and the dual-emission could be specifically

suppressed by Cr(VI). This phenomenon cannot be elicited by other competing species. On this basis, an

ESIPT polymeric probe-based method for the determination of Cr(VI) was developed, offering high

sensitivity (19.5 nM) and selectivity. The f-PP was successfully used to detect Cr(VI) in real water samples

by standard adding methods, indicating its application feasibility.
1. Introduction

The rapid development of industry has caused serious heavy
metal ion contamination of the water environment and elicited
strong concern throughout the world.1–3 Among the heavy metal
ion pollutants, the dispersion of cadmium ions is one of the
most concerning environmental issues. Chromium tends to
exist in two stable oxidation sates in the environment, namely
Cr(III) and Cr(VI). Cr(III) is an indispensable trace ion for bio-
logical processes, yet, Cr(VI) is one of the most toxic and ubiq-
uitous pollutants to the ecosystem due to its mutagenic and
carcinogenic features.4,5 Some biochemical experiments
demonstrated that the Cr(VI) ion was easily ingested into cells
and reduced to Cr(III), which tends to generate radicals of
various active species.6 Once Cr(VI) is taken into the cells, it can
disturb several biochemical processes in cells, which can elicit
toxicity to them and result in DNA damage via activating DNA
reaction.7 As a result, theWorld Health Organization (WHO) has
suggested the maximum allowable concentration for Cr(VI) in
the ground and drinking water should not exceed 50 mg L−1,
which were set by many nations.8 Consequently, to develop
a sensitive, simple and rapid analytical method is highly
desirable for monitoring Cr(VI) in water, environmental, food
and biological samples.
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Many analytical methods are available for the detection of
Cr(VI) in various samples. Among them, atomic absorption
spectroscopy (AAS),9 surface plasmon resonance (SPR),10 UV-
visible spectroscopy (UV-vis),11 surface-enhanced Raman scat-
tering (SERS),12 high pressure liquid chromatography-
inductively coupled plasma mass spectrometry (HPLC-MS),13

X-ray absorption spectrometry (X-AS)14 and electrochemistry
(EC)15 are frequently used for the detection of Cr(IV) in aqueous
samples. Although the above techniques can afford high
sensitivity and multi-element analysis, most of them involve
complicated operating procedures and expensive equipment,
which are associated with complex sample preparation and are
time-consuming.16 Currently, uorescent molecular probes
have drawn great attention due to their high sensitivity,
instantaneous response, simplicity and low-cost.17 So far, a large
number of uorescent probes including small organic small
dyes,18 nanostructures (for instance, organic or inorganic
nanoparticles, metal nanoclusters, quantum dots, carbon dots)
and uorescent polymers have been used in the design of
probes for the detection of Cr(IV).19–25 However, the mentioned
uorophores are oen suffered from insufficient sensitivity,
cytotoxicity, complicated synthetic process, photo-bleaching or
high fabrication cost. Developing new uorescent dyes for
probe application that are more sensitive, cheaper, low toxic,
robust and facile for the highly selective and sensitive detection
of Cr(IV) ions is still very necessary.

Compared to small molecular uorophores, uorescent
polymers have the advantages of good stability, high uores-
cence brightness, simple synthesis, and high safety. The poly-
meric uorophores generally originate from the conjugated
polymers (CPs) which bear conjugated main chain or p-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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aromatic scaffolds.26,27 Because of their excellent photo-physical
properties, CPs has been employed for designing molecular
probes for the detection of heavy metal ions or organic active
molecules in the past decades.28–30 CP-based probes oen
include two major functional units, namely conjugated back-
bones and functional side chains. In the polymeric probes, the
backbone structures endow the probes with different intrinsic
uorescent features, offering ‘‘turn on” or ‘‘turn off” uorescent
switch during analyte recognition.31,32 However, except for few
polymers, such as the reported polydiacetylene and poly-
thiophene,33,34 the absorption and uorescence spectra can alter
a lot aer their interaction with targets, almost polymeric u-
orophores require the modication with different functional
groups, including ionization of side chains, quenching groups,
chromogenic dyes, and responsive units to obtain active sites
for guest recognition.35,36 The modied side chains many
further enhance the sensing performance of probes, enabling
CP-based probes to show higher sensitivity than that of small
molecular probes.37,38 Actually, some non-conjugated polymers
such as poly(amidoamine), polyurethane, polyethylenimine,
poly(ether amide) can also exhibit strong uorescence when
they come into existence in nanostructures under favorable
conditions, which can employed for the design of probes.39,40

However, these nano-uorophores usually bear a single func-
tional group and they must be graed with additional groups to
meet the requirements of probe recognition. Such modica-
tions usually lead to the destruction of nanostructures and
discount uorescence advantages of nano-uorophores.

During previous efforts to construct small excited-state
intermolecular proton transfer (ESIPT) uorescent dyes,41,42 we
demonstrated that the ESIPT molecules can give off tautomeric
emission beneted from the formation of intermolecular
hydrogen bonds. In this study, a Cr(VI)-specic probe was
designed and synthesized via simple modication of poly-
styrene polymers. For the preparation of ESIPT uorescent
polymers, excited-state intermolecular proton transfer (inter-
ESPT) moieties were graed to the polymers as uorophores
and recognition units, and the amino and hydroxyl groups in
the ESIPT scaffolds were used to improve the solubility. The
ESIPT uorescent polymer-based probe exhibited excellent
ESIPT uorescent features and a quenching effect on Cr(VI).

2. Experimental section
2.1. Materials and instruments

All reagents and chemicals were used directly without any
further purication. Polystyrene and acetyl chloride were
purchased from China Pharmatech Ltd. (Shanghai, China). 4-
(Diethylamino)-2-hydroxybenzaldehyde, malonitrile and
ammonium acetate were obtained from Macklin (Shanghai,
China). The ionic solutions were prepared by dissolving their
relative sodium and chloride salts, respectively. Deionized water
was employed in all experiments in this study.

The 1H- and 13C-NMR spectra were measured using an AV-
600 spectrometer (Bruker, Switzerland) with tetramethylsilane
(TMS; d = 0 ppm) as an internal reference. The UV-visible
absorption experiments were performed on a UV-1800
© 2023 The Author(s). Published by the Royal Society of Chemistry
spectrophotometer (Shimadzu, Japan). Fluorescence spectra
were obtained from an F-7000 spectrophotometer (Hitachi,
Japan). The time-resolved uorescence spectra were recorded
on the transient uorescence spectrometer (Edinburgh-
FLS1000, England). The uorescence quantum yields were
measured by HORIBA FluoroMax-4P (HORIBA Jobin Yvon).

2.2. Synthesis of probe f-PP

As shown in Scheme 1, ESIPT uorescent polymer (f-PP) was
prepared by a two-step procedure of acetylation and “multi-
component one pot” reaction. Briey, acetyl polystyrene was
synthesized using Friedel–Cras acetylation method. The acet-
ylated polystyrene polymers were then prepared via “multi-
component one pot” reaction method. Details of synthesis and
characterization of f-PP can be found in ESI.†

2.3. General spectra measurements of f-PP

The stock solution of f-PP (0.01 g L−1) was prepared by dis-
solving f-PP products in DMF-HEPES mixed system (20 mM, pH
7.2, 3 : 7, v/v). The Cr(VI) stock solution (0.1 M L−1) was obtained
from the dissolution of 2.942 g potassium dichromate in
100 mL deionized water. The other solutions containing
competitive species (0.1 M) were prepared by dissolving
responsive compounds with deionized water. For the
measurements of Cr(VI), different concentrations of competing
metal ions or anion were introduced in the f-PP-containing
solutions in portions. Aer 6 min-incubation at room temper-
ature, the resulting mixtures were measured by UV-visible
absorption and uorescence spectrometry.

2.4. Detection of Cr(VI) in real water samples

The lake water and tap water were collected from our campus
(Changsha, China). The wastewater was also obtained from
drainage ditch in our campus. For the sample preparation,
10 mL wastewater was collected in sample tubes. These samples
were then ltered three times using a 0.17 mm membrane to
reject any solid suspensions. Finally, the ltrated samples were
spiked with different Cr(VI) concentrations and their uores-
cence spectra were measured as above. The lake water and tap
water samples were directly treated with the standard additions
of Cr(VI) and the uorescence spectra were monitored.

2.5. Protein staining using f-PP

The protein samples were the expressed products of Mambalglin
gene and the inclusions of Escherichia coli, which were obtained
from the State Key Laboratory of Bioorganic and Natural Prod-
ucts Chemistry, Shanghai Institute of Organic Chemistry,
Chinese Academy of Sciences (Shanghai, China) in this study.
Firstly, the proteins derived fromMambalglin gene or the protein
inclusions of Escherichia coli were separated and xed via SDS-
PAGE. Next, the protein bands (https://www.baidu.com/link?
url=79xGmSk81dLifzk1gXLc9Py_BEF3NT0GHcZv3EHgHIB75ilo
i0lg68-zvmYUjsl84NFLa2Zsi3_0Wks_mcTa&wd=&eqid=ec8b59
280000aabf000000066428feeb) was stained with f-PP or Coo-
massie brilliant blue R 250, respectively. The stained
RSC Adv., 2023, 13, 25350–25359 | 25351

https://www.baidu.com/link?url=79xGmSk81dLifzk1gXLc9Py_BEF3NT0GHcZv3EHgHIB75iloi0lg68-zvmYUjsl84NFLa2Zsi3_0Wkfts_mcTa&wd=&eqid=ec8b59280000aabf000000066428feeb
https://www.baidu.com/link?url=79xGmSk81dLifzk1gXLc9Py_BEF3NT0GHcZv3EHgHIB75iloi0lg68-zvmYUjsl84NFLa2Zsi3_0Wkfts_mcTa&wd=&eqid=ec8b59280000aabf000000066428feeb
https://www.baidu.com/link?url=79xGmSk81dLifzk1gXLc9Py_BEF3NT0GHcZv3EHgHIB75iloi0lg68-zvmYUjsl84NFLa2Zsi3_0Wkfts_mcTa&wd=&eqid=ec8b59280000aabf000000066428feeb
https://www.baidu.com/link?url=79xGmSk81dLifzk1gXLc9Py_BEF3NT0GHcZv3EHgHIB75iloi0lg68-zvmYUjsl84NFLa2Zsi3_0Wkfts_mcTa&wd=&eqid=ec8b59280000aabf000000066428feeb
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02698a


Scheme 1 Synthesis strategy of the ESIPT fluorescent polymeric probe f-PP and its application. (a) Synthetic route of f-PP; (b) the applications of
f-PP to Cr(VI)-sensing and protein staining.
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electrophoresis gel bands were then decolorized by immersing in
an ethanol–water system (1 : 4, v/v) for 1 h and washed with
HEPES (10 mM, pH 6.5) for three times. Finally, uorescence
scanning of the resulting electrophoresis gels was performed on
a Typhoon 9410 imaging system. Coomassie brilliant blue R250
was employed as a reference to stain the same proteins. The f-PP
staining solution was prepared by dissolving 0.2 mg f-PP in 5 mL
DMF. When used, the f-PP-containing solution was diluted to
100 mL with a DMF–water mixed system (3/7, v/v) to obtain a 2.0
mg mL−1 f-PP staining solution. 0.25% Coomassie brilliant blue
R250 solution was obtained from dissolving 0.25 g Coomassie in
45mLmethanol, and followed by adding 45mLwater and 10mL
glacial acetic acid.
3. Results and discussion
3.1. Synthesis and characterization

As shown in Scheme 1, the inter-ESPT uorescent polystyrene
polymers (f-PP) were synthetised (http://www.baidu.com/link?
url=lh5i62PCwBezWEgITjCZxME-1Okvhcy8G8Ygz7kgfCYFG-
h91-qVDLYsZxWBCiISwUVSXwtxycW5dKNGIbEV3xOpI0uKv_
3VY3YqpAxaRhG) through acetylation and “multicomponent
one pot” reaction with moderate yield. The structures of the
prepared f-PP have been conrmed by 1H-NMR and 13C-NMR
(Fig. S1-1, S1-2, ESI†).

The structure of f-PP was also characterized using XPS
analysis. As shown in Fig. 1 in the survey spectrum, the probe f-
PP exhibits three distinct signals at 287.5, 402.5 and 534 eV,
25352 | RSC Adv., 2023, 13, 25350–25359
which corresponds to C 1s, N 1s and O 1s peaks, respectively.
The XPS analysis results indicated the existence of 72.1% C,
22.3% O and 5.6% N in the f-PP molecule system. Since the
carbon atoms present in the probes f-PP are faced to four
chemical microenvironments, four different bands at 288.53,
286.57, 284.71, and 284.41, eV can be observed in the high-
resolution C 1s spectrum (Fig. 1b), attributing to the C]O/
C]N, C–O, C–N, and C]C/C–C species, respectively. The high-
resolution spectrum of O 1s shows three bands at 533.74, 532.77
and 531.68 eV, ascribing to C–OH/C–O–C, C–O, and C]O
binding atoms, respectively. The N 1s spectrum (Fig. 1d)
showed two obvious peaks at 401.057, and 399.24 eV, related to
N–H, and C–N bonds, respectively.

In addition, the as-prepared ESIPT polymer was further
conrmed using infrared spectrometry. It is clear that two new
peak at 3265 and 1507 cm−1 appeared in the spectrum of f-PP,
ascribed to the –NH2 (connecting to benzene ring) stretching
vibration compared to native acetyl polystyrene (Fig. S2a and
b†). As for the spectrum of –CN groups, a distinct new peak at
2227 cm−1 can be observed. These results imply the presence
of large numbers of amino and cyano groups on the side
chains of f-PP.
3.2. Photophysical properties and response behavior of f-PP

In order to investigate the optical performance of f-PP, we
investigated the UV-visible absorption and uorescence spectra
of f-PP. As shown in Fig. 2a three absorption bands located at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XPS survey spectrum of f-PP and high-resolution spectra of C 1s (b), O 1s (c), and N 1s (d).
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255 nm, 355 nm and 440 nm can be observed in the UV-vis
spectrum. The former two absorption bands can be assigned
to the n–p* transitions of the C]O bonds, and the absorption
band at 440 nm can be ascribed to the n–p* transition of p–p
conjugated systems between benzenes and pyridine rings.
When added with Cr(VI), the absorption peaks of f-PP contain-
ing solution increased signicantly. This change in absorption
spectra may generated from the aggregation of f-PP chain
induced by Cr(VI), which is agree with the reported event in
literature.43 This result reveals that the interaction between f-PP
and Cr(VI) occurred. Fluorescence spectra of f-PP indicates that
there are two obvious emission peaks at 310 nm and 512 nm, in
which the short wavelength uorescence is attributed to the
normal form and another one corresponding to the ESIPT
emission of f-PP. Upon the addition of Cr(VI), the dual-emission
was obviously quenched (Fig. 2b and c). Considering that the
inter-ESPT reaction is seriously affected by solvents, we evalu-
ated the uorescence behavior of f-PP in different solvents. As
shown in Fig. 2d, f-PP exhibit normal uorescence in conven-
tional aprotic solvents and can give off tautomeric uorescence
in protic solvents. Surprisingly, the glacial acetic acid can also
cause triple emission, implying that there is another lumines-
cence mechanism involved. These results conrm that ESIPT
process of f-PP requires the assistance of solvent molecules with
hydrogen receptor/donor.

To further understand the uorescence mechanism, we
monitored the uorescent lifetime of f-PP in DMF–HEPES
buffer (20 mM, pH 7.2, 3 : 7, v/v) at different emission bands. As
© 2023 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. S2c and d,† the uorescence lifetimes of the f-PP
at 310 and 512 nm are 1.176 ns and 2.714 ns, respectively. It is
clear that the uorescence decay of f-PP at 512 nm is signi-
cantly slower than that at 310 nm, which imply that the
extended time may be used to undertake energy conversion
between the two tautomers of f-PP.
3.3. Studies on the selectivity and anti-interference of f-PP

The high selectivity of probes for detecting analytes over the
potentially competing species is one of the important indicators
of its performance. For this purpose, the competitive
measurements on Cr(VI) were used to evaluate the selectivity of
the probe f-PP for Cr(VI). As shown in Fig. 3a, only Cr(VI) elicited
a remarkable uorescence quenching, whereas all conventional
metal ions, including alkali, alkali-earth, transition metal ions
(K+, Na+, Ca2+, Mg2+, Ba2+, Ag+, Zn2+, Mn2+, Co2+, Pd2+, Hg2+,
Ni2+, Cd2+, Fe3+, Cr3+, Al3+, Pr3+, Ce4+) and anions (F−, Cl−, I−,
CO3

2−, SO4
2−, NO3

−, HPO4
2−) merely result in negligible change

in the uorescence, even when the alkali and alkali-earth K+,
Na+, Mg2+ and Ca2+ were added up to micromolar levels. The
results reveal the specic oxidation of f-PP by Cr(VI) and exhibit
the ability to specially detect Cr(VI).

Apart from selectivity, the anti-interference capability is
another essential parameter to be thought over when estimating
probe performance. Consequently, we examined the changes in
uorescence intensity by adding different metal ions (50 mM),
including K+, Na+, Ca2+, Mg2+, Ba2+, Ag+, Zn2+, Mn2+, Co2+, Pd2+,
Hg2+, Cd2+, Fe3+, Cr3+, Al3+, Pr3+, Ce4+, F−, Cl−, CO3

2−, SO4
2−,
RSC Adv., 2023, 13, 25350–25359 | 25353
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Fig. 2 Absorption and fluorescence spectra of f-PP and the f-PP with the addition of Cr(VI). (a) Absorption spectra of f-PP and the f-PP with the
addition of Cr(VI) in DMF-HEPES mixed system (3/7, v/v, pH 7.2). (b) Excitation and fluorescence spectra of f-PP in the same DMF-HEPES system.
(c) The fluorescence spectra of f-PP in the presence of different concentrations of Cr(VI). (d) Fluorescence spectra of f-PP in different solvents. Ex
= 275 nm.
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NO3
−, urea, citric acid, glucose, sucrose, methanol and ethanol

to the f-PP solutions containing 20 mM Cr(VI) ions, according to
the procedure described in the Experimental section. The
uorescence spectra displayed in Fig. 3b suggest that Cr(VI)
effectively lowered the uorescence intensity of f-PP even with
the addition of other metal ion species. These results conrmed
that the proposed ESIPT probes f-PP could act as a unique
sensing.

3.4. Condition optimization

In order to fully explore the sensing performance of f-PP, we
optimized the reaction conditions. Medium pH is an important
factor for the performance of probes because of that the pH of
real wastewater samples may vary from one to the other. There-
fore, the uorescent intensity of f-PP and the f-PP with the
addition of Cr(VI) was inspected under moderate broad pH. As
shown in Fig. 4a, the ESIPT uorescence of f-PP was weak at
acidic and basic pH because of the protonation of –NH2 groups at
acidic pH and the deprotonation of –OH groups on f-PP, resulting
to develop “protective shell” with positive (acidic pH) and nega-
tive (basic pH) charges on the side chain of f-PP, which can affect
ESIPT process, accompanied by uorescence quenching of f-PP.
It is clear that the maximum uorescence intensity appeared at
HEPES pH 7.2, suggesting that f-PP were stable and exhibited
maximum intensity at HEPES pH 7.2. From the perspective of the
oxidation of Cr(VI), Cr2O7

2− had strong oxidability in acid
medium. Meanwhile in basic solutions Cr2O7

2− will convert to
25354 | RSC Adv., 2023, 13, 25350–25359
CrO4
2−, which still occur in high valence state Cr(VI) and hold

moderate oxidation capacity. Therefore, HEPES pH 7.2 was
selected as the optimum pH for sensing Cr(VI).

The inuence of reaction time on the uorescent behavior of
f-PP in the presence of Cr(VI) were investigated. The uorescence
spectra of f-PP-containing solutions with the addition of Cr(VI)
were recorded at different reaction times from 1.0 to 9.0 min at
room temperature. The uorescence intensity of the f-PP-Cr(VI)
mixture was gradually decreased with increasing reaction time
extension owing to the oxidization of f-PP, extending the
minimum value of uorescence at 5 min. Aer 5 min-reaction,
the uorescence intensity of the f-PP-Cr(VI) solutions has hardly
decreased again, which stimulates that the oxidization of f-PP
reaches to saturation (Fig. 4b). Therefore, 5 min was selected
as the best reaction time for the uorescence quenching of f-PP.

Next, we evaluated the effect of temperature on the oxidation
reaction of Cr(VI) with f-PP. As shown Fig. 4c, the uorescent
intensity of the f-PP-Cr(VI) mixed system decreased slowly to the
elevated temperature from room temperature to 45 °C. Decid-
edly, the increased temperature can provide more energy to
promote the forward ox-reductive reaction between f-PP and
Cr(VI). For the consideration of experimental operation, room
temperature was used as the reaction temperature for the
uorescence quenching of f-PP. Finally, the effect of the ratio f-
PP/Cr(VI) on the uorescence quenching was also investigated.
Fig. 4d showed that when the ratio of f-PP to Cr(VI) reaches to 1 :
5, a plateau of uorescence quenching appears. This may
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fluorescence change of f-PP upon the addition of 10 mMCr(VI) and different ions (100 mM). (a) Fluorescence decrease at 512 nm of f-PP in
the presence of Cr(VI) and various species in HEPES-DMF system (10mM, pH= 7.2, 7 : 3, v/v) at room temperature (lex= 275 nm. Slits: 2.5 nm). (b)
The fluorescence images of the probe f-PP with the addition of Cr(VI) and other ions, respectively; (c) red bars represent the f-PP solutions in the
presence of Cr(VI) (15 mM) and various ions (150 mM); (d) the images of the product f-PP under door light and UV-lamp (365 nm), respectively.
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suggest that the structure stability of f-PP destroyed, accompa-
nied with the uorescence quenching.
3.5. Determination of Cr(VI) in real water samples using f-PP

The feasibility of the uorescent probe f-PP for the detection of
Cr(VI) in real water samples was investigated. Firstly, the cali-
bration graph was established by adding different concentra-
tions of Cr(VI) into the f-PP solutions. As shown in Fig. 5a, with
the increase of Cr(VI) concentration, the ESIPT emission intensity
of f-PP is progressively decreased, and a good linear relationship
(R2 = 0.99748) was showed between the uorescence quenching
and the Cr(VI) concentration in the range of 0–40 mM (Fig. 5b).
The limit of detection was calculated as 19.5 nM (3s/slope),
which is lower than the permissible levels of Cr(VI) in water with
0.95 mM (0.05 mg L−1) recommended by the World Health
Organization and US Environmental Protection Agency.44,45 The
detection limit of our proposed f-PP based method is lower than
that of the reported ones in the literature.22,46.

Subsequently, the measurements of Cr(VI) in real water
samples was carried out with standard addition method. As
© 2023 The Author(s). Published by the Royal Society of Chemistry
shown in Table 1, the concentrations of Cr(VI) in tap water and
lake water is undetected. Aer the addition of xed Cr(VI)
amount, the recoveries of Cr(VI) range from 98.0 to 103.2% with
the relative standard deviations (RSD) of 1.75–2.55%. The
tracked concentrations of Cr(VI) in each groups are in good
agreement with the initial added ones. Besides the above
natural water samples, the practicality of f-PP for the detection
of Cr(VI) in waste water was also evaluated using f-PP-based
probe. The results showed that there are no signicant differ-
ences for the determination of Cr(VI), indicating the accuracy of
our proposed method. These results demonstrated that the
ESIPT f-PP as a novel uorescent probe has application feasi-
bility for the selective determination of Cr(VI) in real water
samples.
3.6. Application of f-PP to uorescence imaging of in vitro
protein

We evaluated the performance of f-PP for protein imaging in
vitro using the expressed proteins of Mambalglin gene as
analytic models. Firstly, the inclusions of the gene transduced
RSC Adv., 2023, 13, 25350–25359 | 25355
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Fig. 4 The effect of reaction conditions on the fluorescent performance of f-PP and f-PP + Cr(VI). (a) pH; (b) reaction time; (c) temperature; (d)
ratio of f-PP to Cr(VI). The concentrations of f-PP were 20 mg L−1. Ex = 275 nm; Em = 512 nm.

Fig. 5 (a) Fluorescent spectra of 5 mg L−1 f-PP in HEPES-DMF buffer (20 mM, HEPES : DMF = 7/3, pH = 7.2, v/v) in the presence of increasing
concentrations of Cr(VI) (from top to bottom: 0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0 and 40 mM), excited at 275 nm; (b) plot of the fluorescent
intensity at 512 nm of f-PP as a function of the concentrations of Cr(VI).
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Escherichia coli were separated and xed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Next,
the electrophoretic gel bands with different proteins were
immersed in the f-PP-containing solution for 2 h, followed by
25356 | RSC Adv., 2023, 13, 25350–25359
washing three times with PBS. Finally, uorescence imaging is
carried out on the electrophoretic gel bands. As displayed in
Fig. 6, f-PP could stain all the proteins which were colored by
Coomassie brilliant blue R250 in the electrophoretic gels. These
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Fluorescence images of the proteins in SDS-PAGE electro-
phoresis gel bands stained with f-PP or Coomassie brilliant blue R250.
(a–c) The expressed proteins of Mambalglin gene and the inclusions of
Escherichia coli in electrophoresis gels were stained with f-PP. The
samples are as follows: (1) bacterial extract of Escherichia coli
expressed with Mambalglin gene; (2) the centrifugal supernate of
bacterial extract containing Mambalglin; (3) the penetrating fluid of the
centrifuged supernate through nickel column; (4) the eluent separated
by Ni-column and eluted without imidazole (the first elution); (5) the
eluent separated by Ni-column and eluted without imidazole (the
second elution); (6) the eluent separated by Ni-column and elutedwith
20 mmol L−1 imidazole; (7) the eluent separated by Ni-column and
eluted with 300 mmol L−1 imidazole; (8) the eluent separated by Ni-
column and eluted 500 mmol L−1 imidazole (the first elution); (9) the
eluent separated by Ni-column and eluted 500 mmol L−1 imidazole
(the second elution); (10) protein ruler. (d–f) The same expressed
proteins and their protein inclusions in electrophoresis gels were
stained with Coomassie brilliant blue R250.

Table 1 Determination of Cr(VI) in real water samples

Samples
Added
(mM)

Found
(mM) Recovery (%)

RSDa

(%, n= 3)

Tap water 2.50 2.45 98.0 1.76
10.00 10.32 103.2 1.75
30.00 29.75 99.2 2.29

Lake water 2.50 2.55 102.0 2.55
10.00 10.21 101.0 1.87
30.00 30.47 101.6 2.05

Waste
water

2.50 2.79 101.5 1.96
10.00 10.56 103.0 2.25
30.00 30.74 101.6 1.82

a Relative standard deviations (RSD) of measurements are calculated
from three independent experiments.
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results reveal that the f-PP can anchor the expressed proteins of
Mambalglin gene and the other proteins in Escherichia coli.
Compared to Coomassie brilliant blue R250, the main advan-
tages of f-PP are: (1) it possesses high sensitivity owing to the
inherent natures of uorometry; (2) the reagent dosage is low in
the gel chromatography; CBBR250 is usually used at the
concentration of 0.1%, while the usage of f-PP is at a relatively
lower concentration (<10−3 mM). (2) The decolorization treat-
ment of the DQN is simpler than that of CBBR250 (immersed in
ethanol for 30 min).
© 2023 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

In summary, we have developed an inter-ESPT-based polymeric
uorescent probe for Cr(VI) via a “multicomponent one pot
reaction” method. The as-prepared polymeric probe (f-PP) was
endowed with multiple inter-ESPT units, enabling it to exhibit
the advantage of large Stokes'-shi (http://www.baidu.com/link?
url=68s935ol4-Dyo6BP21y1kfng_UREtF55_vB2efqU06r_pLwp6A
hJ6_vi-xvEwds-4g-oWwj2JensG60DSCJW0a), high brightness
and good stability. The probe f-PP can show two light ways of
normal uorescence in aprotic solvents and tautomeric uo-
rescence in protic solvents, respectively. Up on the addition of
Cr(VI), the ESIPT uorescence of f-PP was obviously suppressed,
while the presence of other competitive ions could merely cause
negligible changes in uorescence. Taking advantages of Cr(VI)
to quench the ESIPT emission of f-PP, we established a novel
method for the detection of Cr(VI). The our proposed probe
exhibits satisfactory sensitivity and selectivity for determination
of Cr(VI) in real water samples, offering the detection limits of
19.5 nM. Given the mentioned advantages, we believe that the
inter-ESPT-based polymeric uorescent probes would have
potential applications in environmental and bio-analysis.
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