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lose nanocrystals based on AIE
luminogen for rapid detection of Fe3+ in aqueous
solutions

Xiu Ye, ab Dongyang Zhang,c Sai Wang,a Peng Zhou*a and Pengli Zhu*b

Previously, we found that aggregation-induced emission (AIE) luminogen tetraphenylethylene (TPE) based

fluorescent cellulose nanocrystals (TPE-CNCs) showed excellent AIE-active fluorescence properties and

high selectivity and sensitivity for detecting nitrophenol explosives in aqueous solutions. Here, we further

develop the application of TPE-CNCs for fluorescence detection of Fe3+ in aqueous solutions. The

fluorescence of TPE-CNC aqueous suspensions is rapidly quenched (response time less than 10 s) due

to the electron-transfer process between TPE and Fe3+ upon addition of Fe3+. TPE-CNCs have high

sensitivity and selectivity toward Fe3+ over a broad pH range from 4 to 10. The limit of detection is

determined to be 264 nM, which is below the World Health Organization (WHO) recommendations (5.36

mM) for Fe3+. Given the superior properties of TPE-CNCs, it has huge potential to be applied as a rapid

and visual evaluation tool for drinking water quality. Collectively, we explore and develop fluorescent

cellulose nanocrystals for multi-functional applications and TPE-CNCs can be used for practical

applications in sensing, sewage treatment and bioimaging.
Introduction

Iron (Fe) is a ubiquitous element found in rock, soil, water and
organisms. As an essential trace element, it plays crucial roles in
many biological processes in humans, animals and plants. Both
ferric ion (Fe3+) deciency and overload may cause several
serious human disorders, such as Alzheimer's disease, loss of
hair, lethargy, infectious diseases, weakness, neurodegenerative
disorders, hemochromatosis, liver damage and anemia.1,2

Moreover, Fe3+ accumulation over time in the human body
leads to various malignancies, of which cardiac and hepatic
complications are two typical diseases of severe iron overload.3

Given the importance of Fe3+ in living systems, developing
sensors for Fe3+ detection have received considerable critical
attention. Thus, simple, fast, sensitive, and accurate detection
of Fe3+ is great needed for human safety and health.4 To date,
among various sensors, uorescent Fe3+ sensors have served as
a great model due to their high sensitivity, simplicity, conve-
nience, and diversity.5

Organic dye-based uorescent probes have been extensively
studied due to their diversity and modiability. However, most
nology, Shenzhen Polytechnic, Shenzhen

3.com; Tel: +86-755-26731946

nic Materials, Shenzhen Institutes of

of Sciences, Shenzhen 518055, China.

Circuits, Shenzhen Polytechnic, Shenzhen,

the Royal Society of Chemistry
organic dyes are intrinsic hydrophobic, low stability, poor
biocompatibility, and environment-unfriendly.6 Moreover,
these organic dyes also suffer from aggregation issues, leading
to uorescence quenching even at low concentrations. Nowa-
days, novel uorescent nanomaterial probes exhibit radically
different properties compared to organic uorophores, such as
fascinating optical properties, easy functionalization, and
excellent biocompatibility.7 Cellulose nanocrystals (CNCs),
represents as a novel fascinating bio-based nanomaterial with
many excellent features. For example, naturally abundant, low-
cost, renewable, easy chemical modication, environmentally
benign, biocompatible and biodegradable.8 Thus, CNCs have
attracted extensive interest from researchers in both industry
and academia due to their outstanding properties and potential
applications. Previously, through surface modication of CNCs,
functionalized CNCs have been widely developed for various
applications, such as reinforcing ller for polymers, paper-
making industry, biomedical, food industry, water treatment,
sensor, etc.9,10 Additionally, by means of graing uorescent
dyes onto CNCs surface, uorescent labeled CNCs have been
explored for drug delivery, bioimaging, and sensing in recent
years.11–13 Fluorescent labeled CNCs show excellent uorescent
properties and water dispersibility, making them outstanding
candidates for uorescence detection of various analytes.14–16

Fluorescent labeled CNCs have also been reported as uores-
cent probes for metal ions detection. For example, Zhang et al.
reported pyrene labeled CNCs (Py-CNC) for Fe3+ detection in
aqueous solution.17 Moreover, Song et al. reported 1, 8-naph-
thalimide labeled CNCs (FCNCs) for Pb2+ detection in aqueous
RSC Adv., 2022, 12, 24633–24639 | 24633
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solution.18 More recently, Zhang et al. reported 7-amino-4-
methylcoumarin labeled CNCs (A-ECNC) for quantitative
Cu2+detection in aqueous solution.19

To date, most uorescent labeled CNCs are developed by
using classic organic dyes which always suffer uorescence
quenching upon aggregation, named as aggregation-caused
quenching (ACQ) effect.20,21 Conversely, aggregation-induced
emission (AIE) is completely opposite to ACQ, which is non-
emissive in dilute solutions, but has intense uorescence in
the solid or aggregated state.22 Previously, we rst synthesized
AIE-active cellulose nanocrystals (TPE-CNCs), with excellent
uorescence properties and high selectivity and sensitivity for
nitrophenol explosives detection in complete aqueous solu-
tions.16 In the previous studies, AIE-active TPE polymers and
derivatives have been effectively utilized for metal ions detec-
tion.23–26 Surprisingly, AIE-active CNCs has still not been inves-
tigated for metal ions detection. Since coordination-induced
complexation between the TPE unit of TPE-CNCs and metal
ions may lead to uorescence response.27 In this work, we
employed TPE-CNCs aqueous suspensions for detecting Fe3+. It
is widely known that Fe3+ is a classic uorescence quencher
because of its paramagnetic nature.28 The uorescence of TPE-
CNCs aqueous suspensions was efficiently quenched when
Fe3+ was combined TPE-CNCs. Thus, we envisioned that TPE-
CNCs could serve as an excellent probe for Fe3+ with high
selectivity and sensitivity in aqueous solution.
Experimental section
Materials

Cellulose nanocrystals were purchased from Shanghai ScienceK
Ltd, China, which were synthesized by sulphuric acid hydrolysis
of microcrystal cellulose. 4-(1,2,2-Triphenylvinyl)benzoicacid
(TPE-COOH) was purchased from Xi'an Qiyue Biotechnology
Co. Ltd, China. Epichlorohydrin, sodium hydroxide (NaOH),
ammonium hydroxide (NH3$H2O), dimethyl sulfoxide (DMSO),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), 4-dimethylaminopyridine (DMAP), as well as NaCl,
MgCl2$6H2O, CaCl2, ZnCl2, Pb(NO3)2, HgCl2, FeSO4$7H2O,
FeCl3$6H2O, CuSO4$5H2O, CoCl2$6H2O, BaCl2$2H2O, AlCl3,
CdCl2 and MnSO4 were purchased from Sinopharm Chemical
Reagent Co. Ltd, China. All reagents were analytical grade and
received directly without any further purication. The deionized
water was used to prepare all aqueous solutions.
Preparation of TPE-CNCs

TPE-CNCs was synthesized using the following procedure as
previously described (Scheme 1).16 First, epoxy-activated CNCs
was synthesized with CNCs and epichlorohydrin under alkaline
conditions. Second, epoxy group combined CNCs opened the
epoxy ring to introduce amino groups for derivatization reac-
tions. Finally, TPE-CNCs was synthesized with CNC–NH2 and
TPE–COOH by condensation reaction. TPE-CNCs suspension
was concentrated and sonicated, and stored in refrigerator at
4 �C before measurements.
24634 | RSC Adv., 2022, 12, 24633–24639
Instruments and characterizations

Fluorescence spectra were obtained on a Shimadzu RF-5300pc
spectrouorophotometer with the excitation/emission slit
width of 6/4 nm, the excitation wavelength of 330 nm, and the
emission wavelength recorded in the range of 350–600 nm. The
pH of the aqueous suspensions was measured with a digital pH
meter (Sanxin-MP521, Shanghai, China).
Metal ion sensing experiments of TPE-CNCs

To investigate the selectivity of TPE-CNCs, TPE-CNCs aqueous
suspension (4 mL, 0.05 wt%) and different metal ions (Na+,
Mg2+, Ca2+, Zn2+, Pb2+, Hg2+, Fe2+, Fe3+, Cu2+, Co2+, Ba2+, Al3+,
Cd2+ and Mn2+) solutions (300 mM) were mixed, separately.
Then, the mixture was lled in a quartz optical cell. To evaluate
the sensitivity of TPE-CNCs for Fe3+, a series of different
concentration of Fe3+ standard solutions (1, 2, 5, 10, 15, 20, 30,
40, 60, 80, 100, 200, 300, 500 mM) were added to TPE-CNCs
aqueous suspensions (0.05 wt%). Before measurement, the
mixtures were incubated for 20 min to ensure the reaction
reached equilibrium. For all uorescence measurements, the
data of uorescence spectra were collected under excitation/
emission slit width of 6/4 nm, the excitation wavelength at
330 nm, and the maximum emission wavelength at 421 nm.

For the time response experiment, aer adding Fe3+ (300 mM)
into TPE-CNCs aqueous suspensions (0.05 wt%), the data of
uorescence spectra were collected aer mixing time point at 0,
5, 30, 60, 120, 180 s. To investigate the pH-dependent response
of TPE-CNCs for Fe3+, the suspension pH was titrated from 3.0
to 12.0 using either 0.1 M HCl or NaOH aqueous solutions, and
then the uorescence spectra were recorded aer 5 min. All
experiments were performed at room temperature.
Results and discussion
Detection of Fe3+ using TPE-CNCs

To evaluate the selectivity of TPE-CNCs aqueous suspensions
for Fe3+, we characterized the uorescence emission response of
TPE-CNCs aqueous suspensions (0.05 wt%) against different
metal ions (300 mM, including Na+, Mg2+, Ca2+, Zn2+, Pb2+, Hg2+,
Fe2+, Fe3+, Cu2+, Co2+, Ba2+, Al3+, Cd2+ and Mn2+, respectively).
The uorescence intensity ratio I/I0 values of TPE-CNCs
aqueous suspensions with exogenous metal ions are shown in
Fig. 1a, where I and I0 represent the emission intensity of TPE-
CNCs aqueous suspensions at 421 nm with and without metal
ions, respectively. The data showed that Fe3+ had the lowest I/I0
value of �0.07, indicating an apparent quenching effect of TPE-
CNCs, whereas the other metal ions did not exhibit such
behavior under the same conditions. Subsequently, to evaluate
the specicity of probe TPE-CNCs toward Fe3+, the interference
experiment was performed by adding of Fe3+ (300 mM) to TPE-
CNCs aqueous suspensions with other coexisting ions (300
mM). As shown in Fig. 1b, the uorescence quenching of Fe3+

with other coexisting ions was similar to that of only Fe3+, and
no obvious interferences were observed. Moreover, TPE-CNCs
aqueous suspensions showed good discrimination between
Fe3+ and Fe2+. Overall, these results showed remarkably high
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis route of TPE-CNCs.
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selectivity and specicity of TPE-CNCs aqueous suspensions
toward Fe3+.

In addition to selectivity, sensitivity is a vital parameter for
appraising the performance of uorescent probes. To evaluate
the sensitivity for quantitative detection of Fe3+, the uores-
cence emission spectra of TPE-CNCs aqueous suspension
(0.05 wt%) aer adding Fe3+ (1–500 mM) were recorded. As
shown in Fig. 2a, the uorescence emission spectra of TPE-
CNCs aqueous suspension showed high uorescence intensity
at 421 nm upon excitation at 330 nm. Titration experiments
showed that the uorescence intensity of TPE-CNCs decreased
with increasing Fe3+ concentration. In addition, the uores-
cence color changed from blue-white to colorless, as shown in
the inset of Fig. 2b. The uorescence quenching efficiency was
sufficient to achieve more than 92% when the concentration of
Fe3+ increased to 500 mM, indicating that probe TPE-CNCs has
high sensitivity toward Fe3+. The uorescence quenching
behavior of TPE-CNCs sensor with Fe3+ was further examined
Fig. 1 (a) Fluorescence response of TPE-CNCs aqueous suspensions (0
TPE-CNCs aqueous suspensions (0.05 wt%) to Fe3+ in the presence of co
the fluorescence intensities of TPE-CNCs without and with metal ions).

© 2022 The Author(s). Published by the Royal Society of Chemistry
using Benesi–Hildebrand and Stern–Volmer plot. The binding
stoichiometry and the association constant between TPE-CNCs
and Fe3+ was determined using the Benesi–Hildebrand
equation.29

1/(I0 � I) ¼ 1/[K[Fe3+] (I0 � I)] + 1/(I0 � I) (1)

where I0 and I are the uorescence intensity of TPE-CNCs
aqueous suspension at 421 nm without and with Fe3+, respec-
tively, K is the association constant, and [Fe3+] was the Fe3+

concentration. As shown in Fig. 3a, the plot of 1/(I0 � I) versus 1/
[Fe3+] shows a good linear correlation, with a correlation coef-
cient (R2) of 0.968, indicating the 1 : 1 binding stoichiometry
between TPE-CNCs and Fe3+. The estimated value of association
constant K was determined to be 2.034 � 105 M�1, which
indicates a strong binding affinity of TPE-CNC towards Fe3+.

The binding stoichiometry was also conrmed using Stern–
Volmer plot. The Stern–Volmer analysis of uorescence
.05 wt%) to various metal ions (300 mM). (b) Fluorescence response of
mpetition metal ions (300 mM) (lex ¼ 330 nm, Ex/Em¼ 6/4) (I0 and I are

RSC Adv., 2022, 12, 24633–24639 | 24635
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Fig. 2 (a) Fluorescence spectra and (b) quenching efficiency of TPE-CNCs aqueous suspensions (0.05 wt%) with different concentrations of
Fe3+.
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quenching behavior of TPE-CNCs sensor with Fe3+ is given by
the following equation.30

I0/I ¼ 1 + KSV[Fe
3+] (2)

where I0 and I were the uorescence intensity of TPE-CNCs
aqueous suspension at 421 nm without and with Fe3+, respec-
tively, KSV is the Stern–Volmer quenching constant, [Fe3+] is the
Fe3+ concentration. As shown in Fig. 3b, the uorescence
intensity ratio (I/I0) of TPE-CNCs and the concentration of Fe3+

can be nely tted to the Stern–Volmer equation in the range of
0–30 mM, indicating that the quenching was static instead of
dynamic.31 The Stern–Volmer plot with KSV of 6000 M�1 and R2

of 0.993 suggested the high uorescence quenching efficiency
of Fe3+ towards TPE-CNCs. The limit of detection (LOD) of TPE-
CNCs for Fe3+ was obtained based on the following equation.32

LOD ¼ 3s/S (3)

where s and S are the standard deviation of the I0/I values and
the slope of the linear line, respectively. The detection limit was
estimated to be 265 nM, which is considerably lower than the
guideline for the Fe3+ concentration (5.36 mM) in drinking water
suggested by the World Health Organisation (WHO).33 These
Fig. 3 (a) Benesi–Hildebrand and (b) Stern–Volmer plot of TPE-CNCs a

24636 | RSC Adv., 2022, 12, 24633–24639
results suggested that TPE-CNCs could be sensitive to detect
Fe3+ in water. Moreover, adsorbents based on modied CNCs
were the recent trend in developing new wastewater treatment
methods.34 This suggested that TPE-CNCs could also be applied
in water treatment for Fe3+ removal.
Respond time and pH stability

The response time and pH stability are two vital indicators for
evaluating the practical application value of uorescent probes.
We investigated the uorescence response time of TPE-CNCs
aqueous suspension for detecting Fe3+ by dynamically moni-
toring the uorescence quenching efficiency of the process. As
shown in Fig. 4a, the uorescence intensity of TPE-CNCs
aqueous suspension was immediately quenched within 10 s
aer the addition of Fe3+, and then was stable aer 30 s. The
short response time suggests that TPE-CNCs aqueous suspen-
sion can be efficiently used for Fe3+ detection, and has signi-
cant implications in practical applications. More importantly,
the uorescence turn-off phenomenon can be observed easily
with naked eyes under ultraviolet light (365 nm). To conrm
whether TPE-CNCs probe can detect Fe3+ toward different pH
conditions, the inuence of pH range from 3 to 12 on the
uorescent intensity of the probe TPE-CNCs aqueous
queous suspension fluorescence quenching by Fe3+.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The response time of TPE-CNCs aqueous suspensions (0.05 wt%) to Fe3+ (300 mM). (b) Effect of pH on TPE-CNCs aqueous
suspensions for Fe3+ detection.

Table 1 Comparision of various fluorescence probes for Fe3+ detection

Sample Solvent K (105 M�1) LOD (mM) Ref.

TPE-CNCs H2O 2.034 0.265 This work
Py-CNCs H2O 0.5375 1 17
Oligothiophene Schiff base DMSO/H2O 13.4 2.74 35
Quinoline Schiff base MeOH 0.722 0.048 36
Rhodamine B derivative MeOH/H2O 24.6 0.396 37
DQC DMSO/H2O 7.7 � 10�4 0.16 38
Chitosan-MBP DMF/H2O 0.171 1.2 39
CDs-curcumin MeOH 1.07 0.018 40
TPE derivative THF/H2O 16.3 2.69 � 10�3 41
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suspension was evaluated. The uorescence intensity at
different pH values are shown in Fig. 4b. The uorescent
intensity of TPE-CNCs aqueous suspension (0.05 wt%) was
strong, and remained basically unchanged at 421 nm over pH
range from 4 to 12, suggesting that the uorescent property of
TPE-CNCs aqueous suspension was stable and pH-independent
over pH range from 4 to 12. In the presence of Fe3+ (300 mM), the
uorescent intensity of TPE-CNCs aqueous suspension had
a strong quenching effect caused by Fe3+, and the quenching
effect was relatively stable in the pH range 4–10. When the pH
value was less than 4 and larger than 10, TPE-CNCs could not be
Scheme 2 Proposed binding mode of TPE-CNCs with Fe3+.

© 2022 The Author(s). Published by the Royal Society of Chemistry
accurately detected because of the hydrolysis of Fe3+ and the
instability of TPE-CNCs in aqueous suspension. These results
suggested that TPE-CNCs aqueous suspension could quickly
detect Fe3+ effectively over a broad pH range, which had great
signicance in practical application.

Furthermore, we compared the performance of TPE-CNCs
probe with other reported uorescence probes for Fe3+ detec-
tion, as summarized in Table 1. It can be found that although
many probes have high selectivity and recognition ability for
Fe3+ detection, most probes have limitations such as poor water
solubility. TPE-CNCs exhibited better or comparable
RSC Adv., 2022, 12, 24633–24639 | 24637
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performance, including good water dispersion, high association
constant and low detection limit.
Possible sensing mechanism of TPE-CNCs to Fe3+

It is well known that energy- or electron-transfer processes
between uorophore and metal ion can lead to uorescence
enhancement or quenching.42 The recognition unit of TPE-
CNCs could complex with Fe3+ selectively due to the specic
structure. The chelation between Fe3+ and TPE-CNCs is facili-
tated by the coordination from N–H group and O–H group.
Moreover, N–H group has strong binding affinity to metal ions.
Fe3+ is an efficient paramagnetic quencher with an unlled
d shell, which can participate in energy- or electron transfer of
many uorophores.17,43 Then, the uorescence quenching of
TPE-CNCs occurred by electron-transfer process between TPE
and Fe3+. Based on previously described results, we proposed
a possible binding mode between TPE-CNCs and Fe3+ as shown
in Scheme 2. When Fe3+ existed, the TPE units of TPE-CNCs
banded Fe3+ with “O” and “N” atom, the electron-transfer
process between TPE and Fe3+ caused uorescence quenching
of TPE-CNCs.
Conclusions

In this study, uorescent cellulose nanocrystals based on AIE
luminogen (TPE-CNCs) was developed the application for
highly selective and sensitive detection of Fe3+ in aqueous
suspension. TPE-CNCs showed rapid efficient uorescence
quenching towards Fe3+, which occurred by a static mechanism
via the electron-transfer process upon the coordination induced
complexation between TPE and Fe3+. Based on the Benesi–Hil-
debrand and Stern–Volmer method, the binding stoichiometry
and association constant between TPE-CNCs and Fe3+ were
found to be 1 : 1 and 2.034 � 105 M�1, respectively. The limit of
detection was determined as 264 nM, which was considerably
lower than the guideline of drinkable water proposed by the
WHO. In general, TPE-CNCs showed several excellent advan-
tages compared to many other reported Fe3+ probes, such as
good water dispersion, short response time (less than 10 s), high
selectivity and sensitivity, high association constant, low LOD,
and detecting Fe3+ over a broad pH range from 4 to 10. This
novel uorescent cellulose nanocrystals (TPE-CNCs) can be
used for detection of nitrophenol explosives and Fe3+. Our work
may help to extend uorescent cellulose nanocrystals for multi-
functional applications. Therefore, we believe TPE-CNCs will
hopefully nd many potential applications in sensing, sewage
treatment and bioimaging.
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