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Abstract

Fluoride anion pollution is one of the main problems that needs to be addressed in
contaminated water. Herein, we have developed a novel sensing platform using a
pyrene boronic acid and carbon dots (CDs) for the selective detection and removal of
fluoride (F) ion at environmentally relevant levels. The probe consists of
pyrene-boronic acid (PyB) moieties immobilized on to the surface of water-soluble
CDs. The pyrene-boronic acid-based CDs (CDs-PyB) result in a sensor whose response
in linear for F~ concentrations over a range from 0-200 pM (R? = 0.996) with a detection
limit of 5.9 <10 M and displays high selectivity for F~ over other anions. In addition,
an amino-modified cellulose membrane containing CDs-PyB has been prepared for
practical sensing and removal of F". The cellulose membrane-based sensor shows great
potential for the detection of F with a high sensitivity, and excellent F" adsorption and
removal efficiency of 90.2%. Moreover, an MTT assay for the membrane demonstrates
high cell proliferation ca 400% after 5 days culture, indicating excellent
cytocompatibility. Our approach offers a promising direction for the construction of
other sensors by simply swapping the current probe with suitable replacements for a
variety of relevant applications using biocompatible and abundant naturally based
materials.

Keywords: Boronic acid; Carbon dots; Ratiometric fluorescent sensor; Fluoride
detection and removal; Cytocompatibility

1. Introduction



The development of fluorescent membranes capable of rapidly detecting and
removing fluoride (F’) in wastewater has received significant attention due to the
toxicity of F" [1, 2]. High levels of F" in drinking water can cause both dental and
skeletal fluorosis [3]. Based on World Health Organization (WHQO) guidelines, the
detection levels of F in drinking water should be below 1.5 ppm [4]. Therefore,
methods for highly sensitive and selective detection and removal of F" ions are urgently
required [5]. Amongst the various methods of F° recognition, boronic acid based
fluorescent probes are extensively employed due to the distinct nature of the boronic
acid-fluoride binding and the intrinsic selectivity against other anions [6-9]. However,
conventional boronic acid based fluorescent molecules easily aggregate in aqueous
media resulting in undesirable aggregation-induced quenching (ACQ), in addition this
makes it difficult to fabricate fluorescent responsive membrane device [10-13]. Thus
functionalisation of the probe molecules with an material support, such as
nanomaterials, has been employed for establishing an anti-aggregation-caused
quenching (AACQ) system [14, 15].

While the introduction of the material support could solve the above problem, most
AACQ sensing systems exhibit a single fluorescence signal, which could compromise
their sensing efficiency [16, 17]. Fluorescence resonance energy transfer (FRET)
design is a well-established strategy, where the ratio of a dual response system can
eliminate background interference and thus greatly improve sensitivity [18-24].

Therefore, fluorescent carbon dots (CDs) synthesized from biomass have attracted



much attention owing to the good water solubility, biocompatibility and high
photostability [25-27]. The fluorescent CDs could be employed as both a solid support
and an energy acceptor due to their tunable emission [28, 29]. Meanwhile, the
introduction of CDs could greatly enhance the solubility of the organic probe
molecules for aqueous F detection [30, 31].

Moreover, cellulose based membranes, especially the amino-modified cellulose
membrane, have been widely employed for the adsorption of anions [32, 33].
Compared to some polymer membranes [34, 35], cellulose membranes are suitable for
environmental applications owing to their biodegradable properties [36, 37]. As such
cellulose based fluorescent membranes have been used for F sensing [38]. However,
only a few fluorescent membranes with both AACQ and FRET effect have been
developed for the detection and removal of F [39, 40]. These materials will
significantly promote sensing and purification technologies for real world applications
[41, 42].

Herein, we describe a ratiometric F nanosensor using PyB as the energy donor and
CDs as energy acceptor and support (Scheme 1). Particularly, the affinity of a boron
atom toward F represents an attractive approach due to the excellent selectivity and
sensitivity for F. The nanosensor displays high sensitivity for F" and good selectivity
over other anions employed in this study. Furthermore, the nanosensor could be
processed as a precursor for an amino-modified cellulose membrane-based sensor for

the detection and removal of F. The material reported in this work exhibits high



technological potential, because apart from the rapid sensing and scavenging of F, it is

of biological origin and as such is recyclable and biocompatible.
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Scheme 1 Schematic illustration of the preparation of CDs-PyB and ratiometric
detection of the CDs-PyB in response to F.

2. Methods

2.1 Materials

Carboxymethylated nanocellulose (C-CNC), ethylenediamine (EDA),
N-(3-(dimethylamino)propyl)-N’'-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS) and trifluoroacetate were purchased from
Sigma-Aldrich. Polyvinyl alcohol was obtained from Tianjin Kermel Reagent Co., Ltd.
Sodium carboxymethyl cellulose was purchased from Sinopharm Chemical Reagent,

CP. Ethanol absolute, and tetrahydrofuran (THF) were provided by Tianjin Kermel



Reagent Co., Ltd. Sodium fluoride, sodium chloride, sodium bromide, sodium sulfate
and sodium dihydrogen phosphate were supplied by Tianjin Beichen Founder Reagent
Factory. Dialysis membranes (1000 MWCO) were purchased from Green Bird
Technology Development Co., Ltd. The water used in all experiments was deionized
water. The chemical structures and molecular weights of all materials/reagents used are
provided in Table S1.

2.2 Instruments

UV-Vis absorption spectra of the samples were performed using a T6 New Century
ultraviolet-visible spectrophotometer. Fluorescence spectra were measured using a
F97Pro fluorescence spectrophotometer. A Leici PXSJ-216F was employed to follow
the F ion concentration in solution.

2.3 Synthesis of Carbon dots (CDs)

C-CNC (0.9 g) was dissolved in 60 mL deionized water for two hours using ultrasound
to obtain a homogeneous solution. The solution was then transferred to a 100 mL
autoclave and heated for 4 h at 240 <C. After cooling to room temperature, the mixture
was centrifuged at 8000 rpm for 8 min to obtain a yellow-brown supernatant. The
obtained yellow-brown solution was filtered through a syringe and dialyzed in a
dialysis bag for 48 h. Finally, the carbon dots were dried in a freeze dryer.

2.4 Synthesis of CDs-PyB composites

The pyrene-based boronic acid fluorescent probe PyB was synthesized as described in

our previous paper [43]: bis(hexamethylene) triamine and (Boc),O were reacted to



produce a mono-boctriamine derivative, and then the resulting amine was used in a
reductive amination reaction with pyrene carboxyaldehyde. The intermediate was then
reacted with pinacol protected 2-(bromomethyl)phenylboronic acid followed by
deprotection to produce the desired probe molecule.

CDs (50 mg) were immersed in 80% THF solution, and then EDC (12.5 mg, 0.07 mmol)
and NHS (18.75 mg, 0.16 mmol) were added to the solution under continuous stirring.
The pH of the mixture was adjusted to 7-8 with NaOH and stirred for 30 min. 17.42 mg
of PyB from above was added to the solution and stirred continuously for 24 h at room
temperature. After the reaction was complete, the solution was dialyzed against
deionized water using a dialysis bag (1000 D) for 6 h to remove unreacted reagents. The
CDs-PyB composites were obtained under freeze drying.

2.5 Preparation of cellulose membrane

First, 0.8 g CMC and 0.8 g polyvinyl alcohol were dissolved in 50 mL of deionized
water to prepare a homogeneous solution. Then, 920 mg EDC (4.8 mmol) and 664 mg
NHS (5.7 mmol) were added into the CMC solution. The pH of the resulting mixture
was adjusted to 7.5-8 by aqueous solutions of NaOH and HCI. After mixing for 30 min,
EDA was added to the solution at room temperature and left for 24 h. Then, 50 mL
polyvinyl alcohol solution and 1 mL CDs-PyB (100 pg/mL) were added and stirred for
30 min. The membranes were prepared by pouring the solution into polystyrene petri
dishes then allowing them to dry at a temperature of 40 C and a relative humidity (RH)

of 50%. The obtained membrane was washed with ethanol solution three times.



2.6 Characterization

Transmission electron microscopy (TEM) was used to observe the structure of the
samples using a JEM 2100 transmission electron microscope (JEOL Ltd., Tokyo, Japan)
at an accelerating voltage of 200 kV. X-ray powder diffraction (XRD) patterns were
measured using an X-ray diffractometer (Bruker, Germany) at a wide angle (10-809)
scan in steps of 0.01 degrees. Fourier transform infrared (FT-IR) spectra
spectrophotometer (Thermo Electron Nicolet-360, USA) were performed to explore the
chemical structures on the surface of the samples. Scanning electron microscopy (SEM,
JSM-7600F, JEOL, Japan) was used to explore the morphology of the membranes. The
elements were analyzed by Thermo Scientific Ultra Dry SDD Energy-dispersive X-ray
spectroscopy (EDS). The chemical composition of samples was examined using the
X-ray photoelectron spectrum (XPS) on a Thermo Scientific: Escalab250Xi.

2.7 Fluorescence measurements

Fluorescence spectra of samples were obtained using a F97Pro Fluorescence
Spectrophotometer. The excitation and emission slits were set to mid condition and the
voltage to 220 V. 100 pg/mL of CDs-PyB was prepared in EtOH-H,0 (1:3, v/v). NaF,
NaBr, NaCl, NaSO,, NaH,PQO, solutions were prepared in agueous solution. Different
concentrations of NaF solution were gradually added to CDs-PyB solution in a quartz
cuvette for measuring. Solutions of the other sodium salts were prepared under the
same conditions.

2.8 Fluorescence detection by CPC membrane



The prepared membrane 2 cm ><1 cm was pasted onto a quartz slide. The slide was then
placed into a cuvette containing 2 mL of solvent. The F solutions were then added
gradually for investigating the fluorescence behavior.

2.9 Adsorption measurements

Solutions were prepared by dissolving NaF in deionized water. The F~ solution was
filtered using a buchner funnel with diameter 40 mm. The F concentration was
measured by a Leici PXSJ-216F fluoride ion meter (Shanghai).

The influence of various parameters such as initial concentration of the F~ and pH was
then evaluated. The equilibrium adsorption capacity (Q.) and the removal efficiency (E)

were determined using these equations [44]:

(Co—Ce)

Qe=—71—V (1)

m

Co—Ce
Co

E = x 100% 2)

Where Co and Ce are initial and equilibrium concentrations (mg L™) of the F” solution,
respectively. V (L) is the volume of solution and m (g) is the weight of the membrane.
2.10  Recyclability

The recyclability of the CPC membrane was measured using 5 mg L™ F" at 25 <C. The
regeneration of the membrane was carried out by washing these membranes with 100
mL of 1.0 mol L™ HNO; solution and aqueous solution. The regenerated membranes
were used for further filtration of fluoride.

2.11  Cell proliferation assay

HT 29 cells were used as model cells in the following experiments. Cells were



cultured in 96-well plates at a density of 1 x 10* cells per well. The cells were
maintained in Eagle's minimum essential medium (MEM) with 10% fetal bovine serum
at 37 <€ and 5% CO; in a humidified incubator. Then, the medium containing the
membranes (3 <3 mm) was added and incubated for 1, 3 and 5 days. The cells were
washed twice with PBS to remove the culture medium. 200 pL fresh culture medium
and 30 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution (5 mg mL™ in PBS) were added to each well and incubated for another 4 h at
37 <C. Finally, the absorbance was collected at 570 nm with the 96-well plate reader
Tecan Infinite F200 PRO, and the cell viability values were calculated. The cell
viability is obtained by the following formula:

cell viability (%) = [(the absorbance of samples- the absorbance of blank)/(the
absorbance of control group- the absorbance of blank)] > 100%.

2.12  Live/dead viability assay

The live/dead viability of membranes was evaluated on HT 29 cell lines. Cells were
seeded at a density of around 5 < 10% per mL to a glass dish and cultivated for 24 h.
The assay for 1, 3, and 5 days was further applied on membranes (10 < 10 mm) to
evaluate the live/dead viability. Cells were then washed twice with PBS and stained
according to the kit instructions (Gibco, Life Technologies, USA). The cells were
stained with 500 pL Live/Dead viability/cytotoxicity kit for 15 min at room
temperature in the dark, and the cells imaged under a confocal microscope (Leica

TCS SP8). The live and dead cells were labeled with green (calcein AM, 2 M) and



red (EthD-1, 4 pM).

3. Results and discussion

3.1 The fluorescence properties of PyB

The boronic acid based fluorescent probe was prepared as described previously [43].
The emission spectra of the PyB were investigated to understand its F recognition
behavior. Upon the addition of F ions, the fluorescence of the PyB at 382, 396, 421
nm was significantly enhanced (Fig. S1), confirming that the PyB could be used as an
attractive approach for the detection of F~ ions. However, the PyB molecule suffers
from poor solubility, which could compromise the sensing efficiency in an aqueous
system. In order to improve the solubility and sensitivity for the detection of F', we
introduced carbon dots (CDs) as an energy acceptor on which to attach the PyB
molecule and to fabricate a FRET system [45].

3.2 The characterization of CDs and CDs-PyB
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Fig. 1 (a) Absorbance and emission spectrum of CDs in aqueous solution (100 pg mL™).
Insert: photographs of CDs in water under white light and 365 nm UV light (right); (b)



Normalized fluorescent emission spectra of the CDs (100 g mL™) aqueous solution at
different excitation wavelengths; XPS spectra of CDs and CDs-PyB: (c) survey spectra
of CDs and CDs-PyB; (d) O 1s and (e) C 1s of CDs and CDs-PyB; (f) N 1s of CDs-PyB.

X-ray diffraction (XRD) analysis of the CDs was then performed. The XRD pattern
in Fig. S2 displayed a broad band at 23.1< which confirmed that the composition of
CDs is highly disordered carbon atoms [46]. The morphology of the synthesized
fluorescent CDs was observed via TEM. TEM images revealed that the CDs were
monodisperse and had a spherical morphology (Fig. S3) [47]. UV-vis absorption and
emission spectra of the CDs were then investigated in aqueous solution (Fig. 1a). An
absorption band was observed at around 280 nm and a peak centered at 450 nm was
observed in the emission spectrum when excited at 360 nm. As shown in Fig. 1b, the
excitation-dependent photoluminescence behavior of the CDs was observed, which is
typical of the optical emission of CDs. With excitation wavelengths in the range
300-500 nm, fluorescence emission was observed over the range 434-532 nm.
Therefore, the as prepared CDs could be employed to match a specific energy donor
with a suitable excitation wavelength. The emission band position varied according to
excitation wavelength used, which may be ascribed to the different emissive sites on the
CDs [45, 48, 49]. Additionally, the CDs solution displayed the most intense intensity at
around 450 nm with excitation at 360 nm, and the emission band was gradually
red-shifted when the excitation wavelength was varied.

The Fourier Transform Infra-Red (FTIR) of CDs, PyB and CDs-PyB are shown in
Fig. S4, in which the typical characteristic peaks at 1309 cm™ and 1600 cm™ can be

ascribed to the C-N and N-H stretching vibrations of CDs-PyB, indicating the pyrene



was successfully attached to the CDs. The X-ray photoelectron spectroscopy (XPS)
was obtained to identify the chemical composition of the CDs and CDs-PyB, as shown
in Fig. 1. XPS revealed that the CDs mainly consisted of C and O elements, indicative
of the presence of hydroxyl and carboxylic acid groups on the surface (Fig. 1c).
Additionally, the full survey of CDs-PyB clearly shows an apparent peak at 407.48 eV,
corresponding to the signals from the N-H group. The peak of B 1s at 192.1 eV in the
XPS spectrum demonstrates the B element in the CDs-PyB [50]. For the O 1s spectra,
the peak at 532.4 eV on CDs is considered to be the C=0 bond of carboxyl group, while
the peak appears slightly shifted at 532.0 eV for the CDs-PyB (Fig. 1d) [51]. The shift
demonstrates the changed in environment of the O atoms in CDs-PyB, which can be
ascribed to the amide bond formation between the CDs and the PyB. The XPS C 1s
spectra of the CDs and CDs-PyB are displayed in Fig. 1e. The spectrum of C 1sin CDs
could be approximately split into three peaks at 284.6eV, 285.5eV and 288.9 eV, which
were ascribed to the C-C, C-O and O-C=0 [51, 52]. The C-O and O-C=0 peaks can be
attributed to hydroxyl and carboxyl groups of the CDs. While in the sample of
CDs-PyB, a slight change at 284.7eV, 285.7eV and 288.3 eV was observed, which may
be assigned to the C-C/C=C, C-N and N-C=0 bond [16, 53]. Fig. 1f shows the spectra
for the N 1s core level, the peak can be mainly divided into three typical peaks located
at about 399.1 eV, 399.8 eV and 401.7 eV, which could be considered to be -NH-, -NH,
and C-N, respectively [53-55]. These results further confirm the bonding between the

CDs and PyB.



3.3 Sensing of F with CDs-PyB
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Fig. 2 (a) Fluorescence emission spectra of the CDs-PyB (25 g mL™) with the addition
of different concentrations of F~ (0-200 uM) (Aex= 355 nm); (b) Fluorescence intensity
ratios (lss0/l13s1) Of the CDs-PyB (25 g mL™) in the presence of different amounts of F
(Aex= 355 nm); (c) Fluorescence emission spectra and (d) ratios (lseo/l3s1) of CDs-PyB
(25 g mL™) upon addition of various anions (1 <102 M) (Aex= 355 nm).

Having determined the chemical structure of the CDs-PyB, we next investigated
their fluorescence properties. UV-vis absorption spectra of CDs-PyB were measured
(Fig. S5). Aslight decrease in UV absorbance was observed upon addition of F"ions. To
investigate the detection behavior of F', CDs-PyB was treated with various amounts of
F". As shown in Fig. 2a, there was a significant reduction in the emission intensity at
381 nm with concomitant enhancement in the emission at 460 nm with the addition of
F" to the CDs-PyB solution. Moreover, it was found that the emission intensity of CDs

at about 460 nm was nearly unchanged with addition of F (Fig. S6). These results



further demonstrate that the introduction of F~ could induce dual changes in the
emission, suggesting that the ratiometric detection of F" was possible. To investigate the
sensing mechanism, the optical properties of PyB and CDs were investigated. Initially,
PyB showed emission at the wavelength of 381 nm upon the excitation of 355 nm,
which can be absorbed by the CDs (Fig.1a and S1). We propose that this causes dual
emission of the CDs-PyB (381 nm and 460 nm) upon 355 nm excitation. The addition
of F triggers the fluorescence enhancement of the pyrene moiety (Fig. S1). Meanwhile,
the distance between CDs and the pyrene may be reduced due to the interaction the
charged boronate (F* bound to the boronic acid) and strongly hydrogen bonding amide
groups [56], facilitating energy transfer between PyB and the CDs. Which, results in
enhancement of the fluorescence signal at 460 nm and reduction of the fluorescence at
381 nm. Such ratiometric sensors with different wavelengths can accomplish highly
sensitive and accurate detection of anions using internal calibration of the two emission
signals [57-59]. In the concentration range of 0 to 200 uM, the fluorescence intensity
ratio of the CDs-PyB nanosensor is linearly proportional to the concentration of F', as
shown in Fig. 2b. The calculated R? of 0.996, indicates excellent linear ratiometric
fluorescence response towards F. The detection limit of the CDs-PyB nanosensor for
F was determined from the emission ratio of the two wavelengths (l460/l3s1) and
calculated to be 5.9 x10° M (LOD = 3c/k, where o is the standard deviation of the
blank measurements, and k is the slope of the intensity vs sample concentration), which

was comparable to previous reports indicating that the nanosensor exhibited high



sensitivity for F* [60-62]. Additionally, the fluorescence response of the CDs-PyB to
different anions was evaluated. As shown in Fig. 2c, it was found that only the addition
of F* ions enhances the intensity of the fluorescence, while other anions display only
subtle changes of the CDs-PyB spectra at 460 nm. In addition, the intensity ratio
(l460/1381) of the CDs-PyB nanosensor in the presence of other anions is nearly
unchanged. With the addition of F ions, there was a significant ratiometric change in
the fluorescence emission intensity (Fig. 2d). These results demonstrate the selectivity
of the CDs-PyB nanosensor towards F~ over the other anions. Therefore, for CDs-PyB,
the ratiometric sensing is a highly-sensitive and selective method to detect F ions.

3.4 Fluorescence sensing and adsorption studies for F with CPC membrane



Fig. 3 (a) Schematic Illustration of the preparation of an CPC membrane; (b) SEM
image of the CPC membrane and EDS-mapping areas of the CPC membrane (scale bar
=100 pm).

Encouraged by the detection performance of the CDs-PyB, we proceeded to
investigate the detection and removal potential of amino-modified cellulose membrane
containing CDs-PyB (CPC membrane) (Fig. 3a). The amino-modified cellulose (AMC)
membrane was first investigated, since the amine functional groups could enhance the
removal of F". FTIR spectroscopy was employed to understand the structure of the
amino-modified cellulose membrane. The peak at 1635 cm™ was attributed to the
carbonyl group of the amide, while the peak at 3286 cm™ was assigned to the N-H

groups (Fig. S7), indicating the successful amide modification [63, 64]. The CPC



membrane was prepared by the mixing of the CDs-PyB with amino-modified cellulose
through self-assembly via hydrogen bonding between the hydroxyl groups of the CDs
and cellulose chain. The CDs could be used as an intermediate to reduce the
aggregation of the PyB moiety, which facilitates the detection ability of the membrane.
As shown in Fig. 3b, SEM was performed to confirm the dense structure of the CPC
membranes. Moreover, the EDS images demonstrated that the C, O, N, and B elements
were dispersed on the surface of CPC membranes, suggesting the CDs-PyB were

associated with the membrane successfully.

(2) 2000 (b) v
5 \ —@— CPC Membrane
=z 2 ®
_ 2 = o
3 2 oy °
s < 80 \
480 495 510 T
Q Wavelength (nm) é’ [+
a -7 o
g —
E E 701 \
Q9
g : T
©
I T T T T 60 T T T T
350 400 450 500 550 600 0 10 20 30

Wavelength (nm) [F1(mg/L)

Fig. 4 Fluorescence emission spectra of the CPC membrane in ethanol solution with the
addition of different concentrations of F~ (0-200 uM) (Aex= 330 nm); (b) anion uptake of
the CPC membrane as a function of F ion concentration.

The application of the synthesized CPC membrane for F recognition was
subsequently explored. The CPC membrane may retain some sodium chloride.
However, according to related literature, the ionic strength due to the co-existence of
Na® and CI" has little effect on the fluorescence response [65]. To further investigate the
fluorescence sensing behavior for F, the CPC membrane in the presence of different

amounts of F~ was measured. In the absence of F, the CPC membrane displays almost



no emission when excited at 330 nm and no time dependent change was observed,
demonstrating that the CPC membrane is quite stable. With addition of F, the
fluorescence of the CPC membrane at 380-420 nm was significantly reduced, whereas
at 495 nm the intensity was increased (Fig. 4a). This phenomenon may be ascribed to
the appearance of energy transfer from the pyrene to the CDs. In addition, the
relationship between the intensity ratios (lss/l3s1) and the concentration of F was
measured (Fig. S8). The fluorescence intensity ratio demonstrated a good linear
correlation (R? = 0.954) with the concentrations of F over a range from 0-200 uM [66].
These results indicated that the CPC membrane could be exploited as a sensor for the
detection of F. Subsequently, the removal ability of the CPC membrane was
investigated. Firstly, the initial concentration-dependent removal of F on the prepared
membranes was measured. It was found that the F uptake capacity of the CPC
membrane was in the range of 90.2-64.9% with increasing F~ concentration from 1 to 30
ppm (Fig. 4b). The data suggests that the CPC membrane can effectively extract F~ at
low concentrations from wastewater. In addition, the CPC membrane displays
reasonable retention performance for high concentrations of F". These results may be
ascribed to the electrostatic interaction between F and the amino groups of the
membrane [67]. The pH of wastewater is an important factor in membrane treatment.
Hence, we investigated the pH on the retention capacity of F over a pH range from
1.0-11.0. It can be seen that there is no significant change in the retention capacity

from pH 1.0 to 11.0. However, the best filtration occurs under neutral pH conditions



(Fig. S9a). This result suggests that the membrane is not affected by pH, making it
suitable for a wide range of industrial applications for various wastewaters under a
harsh environment. The recyclability of the CPC membrane is important in pollution
control and environmental protection. As shown in Fig. S9b, after three desorption
cycles, the recyclable adsorption behavior of the CPC membrane towards F~ was almost
unchanged with the retention capacity of the CPC membrane only decreasing slightly.
The removal efficiency of the CPC membrane for F after one and three cycles was 82.7%
and 73.9%, respectively. The excellent uptake capacity reveals that the CPC membrane

could be an effective adsorbent for environmental remediation.

Fig. 5 (a) Cross-sectional SEM images of the CPC membrane and (b) in magnified
mode; and EDS mapped areas of the CPC membrane after F filtration containing (c) N
and (d) F.

The fluoride removal mechanism by CPC membrane may be ascribed to the


https://www-sciencedirect-com-443.webvpn.ncepu.edu.cn/topics/earth-and-planetary-sciences/environmental-remediation

electrostatic interaction between F and the membrane [67, 68]. The -NH, of the
membrane can be protonated in aqueous solutions to form -NHs". The protonated
amino groups (-NH3") can adsorb negatively charged fluoride ions through hydrogen
bonding and ionic interactions [69]. To further verify the retention capacity of the F in
the membrane and understand the retention mechanism, cryogenic scanning electron
microscopy (cryo-SEM) together with energy dispersive X-ray spectroscopy (EDS)
was conducted. As shown in Fig. 5a and 5b, the cross-section SEM images display a
porous scattering of cellulose layers in the CPC membrane, which could provide more
binding sites for the F". From the EDS mapping (Fig. 5c), it can be seen that the N are
uniformly distributed within the CPC membrane layer, which can contribute to the
retention efficiency of the F. It is also found that the fluoride ions are evenly
distributed within the CPC membrane layer after the removal process (Fig. 5d). The
uniformly dispersed F in the membrane indicates that the extraction of F" is through
absorption. Moreover, the success of the CPC membrane synthesis was confirmed by
the presence of N in the EDX (Fig. S10a). In Fig. S10b, the EDX results verified the
presence of F~ ions after filtration, suggesting F~ ions were adsorbed by the membrane
layer successfully. These results indicate that the surface modification and the pore
structure of the membrane have a positive effect on the F removal. This research not
only deepens the understanding of F~ adsorption behavior but also provides a promising
and highly efficient adsorbent for removing F ions from industrial wastewater. This

system also confirms that the membrane can synergistically detect and adsorb fluoride



ions. Thus, the dual-function sensor system could provide a promising practical
membrane for monitoring and removal of hazardous pollutants.

3.5 Cytocompatibility assay of membrane
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Fig. 6 (a) Cell proliferation assay of the control, PVA, AMC membrane and CPC
membrane after cell cultures of 1, 3, and 5 days, respectively; (b) Cell proliferation
assay of the control, PVA, AMC and CPC membrane after cell cultures of 5 days; (c)
Representative fluorescent images of live/dead assay for different membranes after
cultures of 1, 3, and 5 days, respectively.

The desirable fluorescence properties of the membrane for F* prompted us to exploit
its cytocompatibility. The cell viability of the CPC, AMC, PVA membrane and control

were examined by in vitro culture of HT 29 cells. The cell proliferation of the



membranes was determined through MTT assay using HT 29 cells. Cells were
respectively assessed after 1, 3 and 5 days of culture on membranes (Fig. 6a). The
results demonstrated that the cell viability remained and similar cell density was
observed when the cells were cultured for 1 day. Moreover, the cell viability values
increased as the cells were cultivated for 3 days, and even increased almost 4 times after
5 days (Fig. 6b), which suggests that all the membranes are not cytotoxic. In addition,
no negative effects on the fluorescence were observed during the test period. Confocal
fluorescence images of HT 29 cells cultured with membranes are shown in Fig. 6c.
Compared to the control, the cells on the membranes displayed a similar cell density
after the first day’s culture. However, after culturing for 5 days, it can be seen that the
cells almost entirely covered the membranes and the control, confirming the
non-toxicity of the samples. Furthermore, similar live cell (green) density without
noticeable dead cells (red) were observed for all the three samples after culturing for 1
day and even during prolonged culture, only a few dead cells were observed, which was
in accordance with the MTT results. These results indicate that the CPC membrane has
no negative effects on cell quantity or morphology and HT 29 cells hold their typical
oblong shape during the whole incubation period. Based on the excellent
biocompatibility, these membranes would be suitable for potential biomedical and
environmental applications.

3.6 Cost efficiency of the CPC membrane

Moreover, we have performed a cost comparison to verify the cost efficiency of the



CPC membrane for further practical environmental applications. As shown in Tables
S2-S5, it can be seen that the CPC membrane costs about 0.117 dollars per gram
compared to the common polymer membranes for detection and removal of pollutants.
In contrast, the cost of the polymer membrane is about 3.518 and 3.081 dollars for 1 g
and 0.819 dollars for graphene membranes, respectively [70-72]. These results indicate
that the CPC membrane could provide a cost-effective strategy for the detection and
removal of contaminants from waste water.

4. Conclusion

In summary, we have successfully developed a novel ratiometric nanosensor using a
pyrene-boronic acid based fluorescent molecule and carbon dots as the energy
donor-acceptor pair for selectivity detecting F. The as-prepared nanosensor displayed
a sensitive, linear dependence, and rapid response to F. Upon addition of F, the
fluorescence intensity ratio of the CDs to PyB (lss0/l3s1) Was linearly proportional to
the concentration of F" ions over a wide range from 0 to 200 uM. The CDs-PyB also
displayed excellent selectivity for F. Furthermore, the amino-modified cellulose
membrane-based sensor containing the CDs-PyB displayed rapid sensing and
excellent extraction capacity for F'. The MTT assay verified that the CPC membrane
has excellent biocompatibility. Such cellulose-based sensors could provide a
dual-functionality for both sensing and removal of F with the potential advantages of
processability, cost effectiveness and environmental friendliness. We anticipate that

this approach could provide a strategy for designing and investigating diverse



functional membranes for the detection and adsorption of other pollutants by just
swapping the selective fluorescent probe. For future industrial applications, the
economic efficiency and comprehensiveness of the adsorbent are crucial factors.
Therefore, future research should focus on investigating multifunctional and
economical adsorbents and studying the potential of cellulose-based sensors for
industrial wastewater in a continuous flow fixed-bed column.
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