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ABSTRACT: Novel dual-ratiometric fluorescent electrospun (ES) nanofibers featuring
high sensitivity for pH and ferric ion (Fe®") were prepared using binary blends of poly(2-
hydroxyethyl methacrylate-co-N-methylolacrylamide-co-nitrobenzoxadiazolyl derivative)
(poly(HEMA-co-NMA-co-NBD)) and a spirolactam rhodamine derivative (SRhBOH)
by employing a single-capillary spinneret. The HEMA, NMA, and NBD moieties were
designed to exhibit hydrophilic properties, chemical cross-linking, and fluorescence

(fluorescence resonance energy transfer (FRET) donor), respectively. The fluorescence

emission of SRABOH was highly selective for pH and Fe®*; when SRhBOH detected acidic media and Fe*", the spirocyclic form
of SRhBOH, which is nonfluorescent, was transformed into the opened cyclic form and exhibited strong fluorescence emission.
The emission colors of ES nanofibers in acidic or Fe** aqueous solutions changed from green to red because of FRET from NBD
(donor) to SRABOH (acceptor). The off/on switching of the FRET process was modulated by adjusting the SRhABOH blending
ratio, pH, and Fe*" concentration. Poly(HEMA-co-NMA-co-NBD) ES fibers blended with 20% SRhBOH showed high sensitivity
in sensing Fe*" and pH because of the substantial 57 nm red shift in emission as well as substantial reversible dual
photoluminescence. The prepared FRET-based dual-ratiometric fluorescent ES nanofibrous membranes can be used as “naked
eye” sensors and have potential for application in multifunctional environment sensing devices.
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B INTRODUCTION

Considerable attention has been focused on selective and
sensitive chromogenic or fluorogenic signaling probes for
detecting heavy transition metal (HTM) cations and pH
because they may cause severe effects on human health and the
environment.' > The HTM cations ferric ion (Fe®*) is essential
in numerous biological processes.*”® For example, it provides
the oxygen-carrying capacity of heme and acts as a cofactor in
many enzymatic reactions involved in the mitochondrial
respiratory chain. In addition, in deficient or excess quantities,
Fe®" is toxic and can lead to diseases. In living organisms, pH
values exhibit curial effects on cell and tissue activities.”
Rhodamine B and its derivatives (RhBs) are satisfactory
fluorescent probes for sensing various HTM cations including
Fe®* and pH because of their unique properties such as a high
fluorescence quantum yield, long wavelength emission, high
absorption coeflicient, favorable photostability, and high
sensitivity.> >'°7'® Tang reported that RhB chemosensors
exhibited substantial turn-on fluorescent and colorimetric
response toward Fe’* in aqueous media with high selectivity
and sensitivity but exhibited no significant response to other
metal ions.’

Recently, fluorescence resonance energy transfer (FRET)-
based sensors for sensing certain HTM cations and pH have
attracted considerable attention because of their simplicity,
color variation, and ratiometric detection capability.'” !
Efficient color tuning can be achieved through FRET from a
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donor (the wider band gap) to an acceptor (narrower band
gap) if the luminescence spectra of the donor overlaps
substantially with the absorption spectra of the acceptor. Ma
and colleagues reported a FRET-based sensing system for
detecting Fe’* in aqueous media that involves using amphiphilic
micells containing fluorescent dye, a nitrobenzoxadiazolyl
derivative (NBD) (donor), and RhB (acceptor).”® Liu and
colleagues prepared dual-ratiometric fluorescent probes for
sensing pH from well-defined copolymers labeled with FRET
donor (NBD) and acceptor moieties (RhBs) at the chain
middle and terminals.”’ However, all of the aforementioned
studies®™”'*~*! were based on solutions rather than nanofibers.
The high surface-to-volume ratio of the nanofibers facilitates
responses in Fe’'/pH-sensitive or multifunctional sensory
materials.

The electrospinning technique has been used widely in
recent studies because it is inexpensive and facile and enables
nanometer-scaled fibers to be fine tuned.”*>® Recently, we
prepared various florescent sensory-based electrospun (ES)
polymer nanofibers for sensing pH,”” temperature,”**” and NO
gas.’® However, few studies have reported fluorescent ES
nanofibers for metal-ion-sensitive optical sensors.>"*> Samuel-

son and colleagues reported poly(acrylic acid)-poly(pyrene
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Scheme 1. Design of Multifunctional Sensory ES Nanofibers from Poly(HEMA-co-NMA-co-NBD)/SRhBOH Blends with

Fluorescence Emission in Various Colors®
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“(a) Polymerization and chemical structure of poly(HEMA-co-NMA-co-NBD) and SRhBOH. (b) Fabrication of ES nanofibers from the blends. (c)
The change in the chemical structure of SRhBOH in solutions with Fe3+ or EDTA or pH 2 or pH 12. (d) The effect of FRET on the change of
fluorescent emission colors of multienvironment sensing ES nanofibers.

menthanol) ES nanofibrous membranes that exhibited highly
responsive fluorescence quenching-based optical sensors for
Fe* and Hg**.*' The novel napthalimide-functionalized ES
nanofibrous membranes exhibited high sensitivity in detecting
Cu®" in an aqueous solution according to Wang and
colleagues.”” Recently, we collaborated with Meng to develop
ES nanofibers from fluorescent probe molecules for Zn** and
hydrogel polymer blends, poly(2-hydroxyethyl methacrylate)-
(poly HEMA), to create a real-time Zn>* sensor with high
sensitivity and cell medium compatibility.*® The high surface-
to-volume ratio of the ES fibers enhanced their sensitivity
compared with that of thin films, as demonstrated by the
aforementioned studies.”” > Thus, designing a sensing system
based on ES florescent nanofibers with tunable Fe®'/pH
detection ranges is advantageous.

In this paper, we report new reversible FRET-based chromo-
and fluorogenic sensory ES nanofibers that were prepared using
synthesized poly(HEMA-co-N-methylolacrylamide-co-NBD)
(poly(HEMA-co-NMA-co-NBD)) copolymers and their blends
with a spirolactam rhodamine derivative (SRhBOH) and have
dual-Fe**/ pH-sensing characteristics. These multifunctional ES
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nanofibers comprised poly(HEMA-co-NMA-co-NBD) contain-
ing a hydrogel hydrophilic material (PHEMA), a chemical
cross-linkable segment(PNMA), and a fluorescent dye (NBD)
moiety, which were blended with a Fe®'-chelating and pH-
sensing probe (SRhBOH) by combining synthesis, electro-
spinning, optical application, and morphological characteristics.
The NBD, poly(HEMA-co-NMA-co-NBD), which was sub-
jected to free-radical polymerization, and SRhBOH were
synthesized as shown in Scheme 1la. All copolymers and probes
were identified using "H nuclear magnetic resonance (NMR),
electrospray ionization mass spectrometry (ESI-MS), and gel
permeation chromatography (GPC). A single-capillary spinner-
et was used in fabricating ES nanofibers from poly(HEMA-co-
NMA-co-NBD) blended with 1%, 5%, 10%, and 20% SRhBOH;
the nanofibers were then post-treated through chemical cross-
linking to enhance their stability in water, as shown in Scheme
1b. The morphologies of the ES nanofibers were identified
using a field-emission scanning electron microscope (FE-SEM),
transmission electron microscope (TEM), and laser confocal
microscope. Scheme 1c and 1d shows that the ES nanofiber
sensor exhibited reversible dual-fluorogenic switching from
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green to red. The fluorescence emission of SRhBOH is highly
selective for Fe’* and is pH dependent; when SRABOH was
used to detect Fe’'/acidic media, the spirocyclic form of
SRhBOH, which is colorless and nonfluorescent, transformed
into the opened cyclic form, which is pink and exhibits strong
fluorescent emission (Scheme 1c).** The emission of the ES
nanofibers changed from green to red because of the energy
transfer from NBD (donor) to SRhBOH (acceptor) (Scheme
1d). Thus, the off/on switching of the FRET process can be
facilely modulated by adjusting the concentrations of Fe** or
pH. We studied the fluorescent emission transition of various
metal ions and their responsiveness in photoluminescence (PL)
and ultraviolet—visible (UV—vis) spectra. The favorable
reversible detection of Fe®*/pH shown by the experimental
results suggested that ES nanofibrous membranes, which can be
used as “naked eye” sensors, have potential applications in
multifunctional environmental sensing devices.

B EXPERIMENTAL SECTION

Materials. HEMA was purchased from Aldrich, purified by passing
it through a short aluminum oxide column (50—200 ym), and stored
at 4 °C prior to use. NMA was purchased from Tokyo Chemical
Industry Co., Japan. In addition, 2,2’-azobis(2-methylpropionitrile)
(AIBN) was purchased from UniRegion Bio-Tech and recrystallized
two times in ethanol prior to use. RhB (Acros, GR (Guaranteed
Reagent)), N-(2-hydroxyethyl)ethylenediamine (Aldrich, 99%), 4-
chloro-7-nitrobenzofurazan (NBD-CI, Alfa Aesar, 99%), the Trizma
base (Sigma, 99.9%), 2-(methylamino)ethanol (Alfa Aesar, 99%), and
methacryloyl chloride (Alfa Aesar, 97%) were used as received.
Tetrahydrofuran (THF, Tedia, 99.9%), acetonitrile anhydrous (Tedia,
99%), methanol (Tedia, HPLC/SPECTRO), dichloromethane (Tedia,
99.9%), and ethanol (Sigma-Aldrich, 99.8%) were used as received.
The perchlorate salts of metal ions (Co**, Mg**, Na*, Cu®*, Fe**, Fe**,
Pb**, Zn**, Cd*, K', Ni**) were purchased from Aldrich. Ethyl-
enediaminetetraacetic acid tetrasodium salt hydrate (EDTA, 98%) was
purchased from Alfa Aesar.

Synthesis of a Fluorescent Probe (NBD-OH). The fluorescent
NBD (NBD-OMA) was prepared according to a previously reported
method®™” and is shown in Scheme 2a. In a two-necked round-

Scheme 2. Synthesis of (a) NBD-OMA Fluorescent
Monomer (donor) and (b) SRhABOH Fluorescent Probe
(acceptor)
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bottomed flask, 1 g (5.011 mmol) of NBD-Cl was dissolved in 40 mL
of ethanol and placed in an oil bath. Under vigorous stirring, excess 2-
(methylamino)ethanol was added dropwise. The mixture was refluxed
at 60 °C, and the stirring was continued for 2 h. The residue was then
filtered, washed with cold ethanol, and purified through recrystalliza-
tion in ethanol. Thus, 2-[methyl(7-nitro-2,1,3-benzoxadiazol-4 yl)-
aminoJethanol (NBD-OH) was produced.
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Synthesis of the Fluorescent Monomer (NBD-OMA). In a two-
necked round-bottomed flask, 1000 mg (4.2 mmol) of the fluorescent
probe, NBD-OH, and excess triethylamine were mixed into THF. The
mixture was cooled in an ice water bath. Methacryloyl chloride (2 mL,
21 mmol) was dropped into the stirred solution. The reaction mixture
was stirred for 30 h. An ammonium salt precipitated during the
reaction. The mixture was filtrated, and the solvent was removed under
reduced pressure. The solid was then dissolved in dichloromethane
and purified in a silica gel column with dichloromethane/ethyl acetate
(100:20) as an eluent. "H NMR (CDCL,): 6 = 8.43 (a, 1H), § = 6.17
(b, 1H), 6 = 5.89 (f, 1H), 6 = 5.49 (f, 1H), 6 = 4.49 (d, 4H), § = 3.46
(¢, 3H), 6 = 1.79 (e, 3H); the 'H NMR spectrum is shown in Figure
S1 (Supporting Information).

Synthesis of a Fluorescent Probe (SRhBOH). The synthesis
scheme is shown in Scheme 2b. The fluorescent probe, SRhBOH, was
synthesized according to a previously reported method.*® RhB (2.4 g,
S mmol) and excess N-(2-hydroxyethyl)ethylenediamine were
dissolved in 40 mL of methanol. The reaction mixture was refluxed
for 20 h, and the fluorescence of the solution disappeared. After
cooling to room temperature, the solvent was removed under reduced
pressure. CH,Cl, (200 mL) was then added, and the solvent was
washed with water several times and dried over anhydrous sodium
sulfate. After filtration of the sodium sulfate, the solvent was removed
under reduced pressure. The resulting solid was purified on a silica gel
column with dichloromethane/methanol (5:1) as an eluent. The
chemical structure of SRhBOH was characterized using '"H NMR
(Figure S2, Supporting Information) and ESI-MS (Figure S3,
Supporting Information). '"H NMR (CDCL,): § = 6.2—7.88 (aromatic
hydrogen, 10H), § = 3.39 (f, 2H), § = 3.32 (b, 8H), 6 = 3.24 (¢, 2H), §
=252 (d, 2H), § = 2.37 (e, 2H), § = 1.89 (g, 2H), § = 1.13 (a, 12H).

Synthesis of Poly(HEMA-co-NMA-co-NBD). The scheme for
synthesizing poly(HEMA-co-NMA-co-NBD) random copolymers is
shown in Scheme 1a. In a two-necked round-bottomed flask, 931.6 mg
(9.22 mmol) of NMA, AIBN, and NBD-OMA was dissolved in
methanol. Nitrogen was bubbled through both mixtures for 30 min to
remove oxygen. Under vigorous stirring, HEMA was dropped into the
flask, and the mixture was placed in an oil bath at a constant
temperature of 70 °C for 20 h. The polymerization was quenched
through air exposure. A yellow solution was obtained and precipitated
in ether to remove unreacted monomers and then dried at a constant
temperature of 30 °C. Figures S4, Supporting Information, and 1 show
the molecular weight and chemical structure characterization of
poly(HEMA-co-NMA-co-NBD) obtained using GPC with dimethyl-
formamide (DMF) as the eluent and 'H NMR, respectively. The
copolymer composition estimated by performing peak integration was
consistent with the proposed structure. The copolymer ratio of
poly(HEMA-co-NMA-co-NBD) estimated based on the NMR
spectrum is 10.26:1:0.1. Number-averaged molecular weight (M,)
and polydispersity index (PDI) estimated from GPC are 211913 g
mol™" and 1.89, respectively. "H NMR (DMSO): 6§ = 8.31 (i), § = 6.82
(h), 5=15.48 (d), 5 =4.88 (b), § = 4.46 (c), 5 = 3.88 (), § = 3.57 (¢),
5 =183 (g), 5 =083 (f).

Preparation of Electrospun Nanofibers. As shown in Scheme
1b, the ES nanofibers were prepared using a single-capillary spinneret
in a procedure similar to that described in our previous report.>>~>°
Poly(HEMA-co-NMA-co-NBD) (200 mg/mL) was dissolved in a
methanol (MeOH) solvent and stirred overnight. SRhBOH in
concentrations of 0, 1, S, 10, and 20 wt % (with respect to the
poly(HEMA-co-NMA-co-NBD)) was added to the polymer solution
and stirred overnight to fabricate the ES nanofibers. The blended
solution was injected into a metallic needle by using syringe pumps
(KD Scientific model 100, USA) at a constant rate of 0.5 mL/h. The
tip of the metallic needle was connected to a high-voltage power
supply (Chargemaster CH30P SIMCO, USA) that was set at 12.9 kV
during the ES process. A piece of aluminum foil or quartz was placed
1S cm below the tip of the needle for 30 min to collect the ES
nanofibers. All experiments were conducted at room temperature and
approximately 60% relative humidity. Poly(HEMA-co-NMA-co-NBD)
blended with ratios of SRhBOH ranging from 0 to 20 wt % are
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Figure 1. "H NMR spectra of poly(HEMA-co-NMA-co-NBD) in d-DMSO.

denoted P-0% to P-20% (Table 1). The ES nanofibers were annealed
at 100 °C for 24 h in an oven for chemical cross-linking.

Table 1. Compositions and CIE Coordinates of FRET-Based
ES Nanofibers from poly(HEMA-co-NMA-co-NBD)/
SRhBOH Blends in Solutions with pH 2, pH 7, or 107* M

Fe3+
CIE CIE
ES SRhBOH coordinates coordinates  CIE coordinates
nanofibers”  content (inpH=7) (npH=2) (in107>M Fe*)
P-0% 0% (0.36,0.62) (036, 0.62) (0.35, 0.62)
P-1% 1% (0.36,062) (039, 0.59) (0.40, 0.58)
P-5% 5% (0.36,0.61)  (0.46, 0.52) (047, 0.52)
P-10% 10% (0.36,0.61)  (0.53, 0.46) (0.50, 0.49)
P-20% 20% (0.36,061)  (0.55, 0.44) (0.52, 0.47)

“ES nanofibers prepared from poly(HEMA-co-NMA-co-NBD) blend-
ing with 0—20% SRhBOH.

Characterization. '"H NMR data was recorded at room temper-
ature by using a Bruker AM 300 (300 MHz) spectrometer and the
residual proton resonance of deuterated chloroform and deuterated
dimethyl sulfoxide. ESI-MS spectra were recorded using a Shimadzu
LCMS-IT-TOF mass spectrometer. GPC analysis was performed using
a Lab Alliance RI2000 instrument (two column, MIXED-C and -D
from Polymer Laboratories) connected with one refractive index
detector from Schambeck SFD GmbH. All GPC analyses were
performed using a polymer/DMEF solution at a flow rate of 1 mL/min
at 40 °C and calibrated with polystyrene. Fourier transform infrared
(FT-IR) spectra were recorded using a Bio-Rad 155 FT-IR
spectrometer at ambient temperature in the range of 0—4000 cm™.
The thermal decomposition temperature was determined using a
thermal gravimetric analyzer (TGA) from TA Instruments (TGA
Q50) in a heating range of 100—800 °C at a heating rate of 10 °C/min
in a nitrogen atmosphere.

The morphologies of ES nanofibers were characterized using SEM
(Hitachi S-520) and TEM (Hitachi H-600). SEM samples were coated
with platinum prior to characterization of the images, and analysis was
performed at an acceleration of 15 kV. TEM images were taken using a
TEM operated at 100 kV. The SRhBOH domains were selectivity
stained with ruthenium tetroxide (RuO,) and appeared dark, whereas
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the unstained HEMA/NMA domains appeared light in TEM images.
Fluorescence optical microscope images were taken using a two-
photon laser confocal microscope (Leica LCS SPS). The morpholo-
gies of ES nanofibers were similar to those reported in our previous
study.”®

UV—vis absorption and PL spectra were measured to study
photophysical properties. UV—vis absorption spectra were recorded
using a Shimadzu UV—vis spectrophotometer. PL experimental data
were recorded using a Fluorolog-3 spectrofluorometer (Horiba Jobin
Yvon). The variation in the optical absorption and PL of the prepared
ES nanofibers (P-0% to P-20%) with different concentrations of pH
and metal ions is described as follows. To ensure that the beam excited
the same point on the prepared samples at each measurement, the ES
nanofibers were fixed in cuvettes by using an adhesive tape and filled
with an aqueous metal ion solution at 10°~10"2 M or acidic and basic
aqueous solutions. Each measurement was maintained for 15 min to
ensure that an equilibrium of the chelating reaction was reached. All
PL spectra of the ES fibers were recorded using the Fluorolog-3
spectrofluorometer and excited at a wavelength of 460 nm, as
described in our previous studies.””**>°

B RESULTS AND DISCUSSION

Characterization of NBD-OMA, SRhBOH, and Poly-
(HEMA-co-NMA-co-NBD). The chemical structures of NBD-
OMA and SRhBOH were characterized using "H NMR and
ESI-MS, as shown in Figures S1—S3 (Supporting Information).
The synthetic routes of NBD-OMA and SRhBOH are shown in
Scheme 2 and were similar those previously reported.”**>~*"
Scheme 1a shows the scheme according to which poly(HEMA-
co-NMA-co-NBD) copolymers were synthesized through free
radical polymerization. Figure 1 shows the 'H NMR spectrum
of poly(HEMA-co-NMA-co-NBD), which was composed of
HEMA, NMA, and NBD in a ratio of 90.3:8.8:0.9 in DMSO.
The proton peak for DMSO is shown in Figure 2. A proton
signal of the phenyl group and an aromatic ring on the NBD
moiety were observed at 6.8 and 8.3 ppm, respectively (peaks h
and i). The proton peaks at 4.8 (peak b) and 3.8 ppm (peak a)
represent the terminal hydroxyl moiety and methylene
neighbor of oxygen, respectively, on HEMA. The peaks at 5.4
(peak d) and 8.3 ppm (peak i) represent the terminal hydroxyl

DOI: 10.1021/am508029x
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Figure 2. UV—vis spectra of (a) NBD-OMA in CH;OH solution (4 X
1075 M) and (b) SRhBOH in CH;OH solution (107> M) under pH 2
condition. (c) Variation of UV—vis spectra of SRhBOH in CH,CN
solution (107> M, pH 7) with different metal ions at 107 M.

Corresponding inset figures show the color changes under visible light
and 254 nm UV light.

moiety and the secondary amine moiety, respectively, on NMA.
The peak at 0.8 ppm (peaks f and j) represents the alkyl chains
on the polymer. The copolymer composition estimated by
performing peak integration was consistent with the proposed
structure.

Figure 2a shows that the NBD-OMA in CH;OH had an
absorption peak maximum (A*_.) of 475 nm and emitted
green fluorescence under 254 nm UV light (inset figure).
Figure 2b shows the variation in the UV—vis absorption of
SRhBOH during pH 2 sensing in a CH;OH solution. As the
pH value changed from 7 to 2, a new A*_ . of 552 nm emerged
and the color changed from transparent to orange under 254
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Figure 4. FE-SEM images of the cross-linked P-0% and P-20% ES
nanofibers in the dry state and wet state (treated with water). (Inset)
FE-SEM images show an enlarged view of the aforementioned fibers.

RS

Figure 5. TEM images of P-20% ES nanofibers (a) before and (b)
after chelating Fe®* ions in aqueous solution (107> M; pH 7).

nm UV light (insert figure). This indicated that when SRhBOH
was used to detect H', the spirocyclic form of SRhBOH, which
is colorless and nonfluorescent, transformed into the opened
cyclic form, which is pink and has a strong orange fluorescence,
as shown in Scheme 2c. Figure 2¢ shows the variations in the
UV—vis spectra of SRhBOH in a CH;CN solution containing
various types of metal ion at a concentration of 107> M (pH 7).
Under the initial condition (blank) in which no metal ions were
present, the UV—vis spectra of SRhBOH exhibited no absorbed
peak. An enhanced absorbed intensity corresponding to a
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Figure 6. (a) Variation in the PL spectra of P-20% ES nanofibers in
aqueous solutions with pH 7 and 2. (Inset) PL spectra of P-0% ES
nanofibers under corresponding conditions. (b) Relative fluorescence
intensity changes (I5o,/Is34) of the P-20% ES nanofibers in aqueous
solution with different pH value. (c) Variation in the normalized PL
spectra of P-0% to P-20% ES nanofibers in aqueous solutions with pH
2.

A5 of approximately 552 nm was observed when Fe* was
added. However, no absorbed peak was observed when other
metal ions such as Co?**, Mg*, Na*, Cu*, Fe’’, Pb*, Zn*',
Cd*, K, and Ni** were added. This suggested that SRhABOH
exhibits high selectivity and sensitivity for Fe®'.
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The molecular weights of the poly(HEMA-co-NMA-co-
NBD) copolymer are shown in Figure S4, Supporting
Information. The number-average molecular weight (M,) and
polydispersity index (PDI) of poly(HEMA-co-NMA-co-NBD)
were 211913 and 1.89, respectively. The thermal decom-
position curves of the prepared copolymer are shown in Figure
SS, Supporting Information. The highest thermal decom-
position temperature (T;) of the copolymer was 317 °C. This
indicated that the poly(HEMA-co-NMA-co-NBD) copolymer
exhibited favorable and stable thermal properties.

Figure 3 shows the PL spectrum of poly(HEMA-co-NMA-co-
NBD) and UV-—vis absorption spectrum of SRhBOH in
CH;O0H solution under pH 2 condition. The PL spectra of
poly(HEMA-co-NMA-co-NBD) subjected to 460 nm excitation
had an emission maximum peak (A, ") of 540 nm, and the
overlapping between the PL spectra of poly(HEMA-co-NMA-
co-NBD) with the optical absorption spectra of SRABOH (in
Fe** or acidic media) was substantial. Therefore, FRET is
efficient and strong when the interchain interaction is high.
Thus, the ES nanofibers with different blending ratios of
SRhBOH and poly(HEMA-co-NMA-co-NBD) may exhibit
different FRET degrees when they were used to sense different
pH values and Fe** concentrations. This difference in FRET
degrees would result in substantial variation in the photo-
physical properties of ES nanofibers, as discussed in the
following sections.

Morphology of Electrospun Nanofibers. Figure 4 shows
the FE-SEM images of as-spun ES nanofibers prepared from
poly(HEMA-co-NMA-co-NBD) blended with 0% and 20%
SRhBOH (P-0% and P-20%) in a dry state. These ES
nanofibers were cross-linked by annealing them at 100 °C for
24 h. The diameter ranges of the P-0% and P-20% ES
nanofibers were estimated to be 323 + 42 and 337 + 38 nm,
respectively. The average diameter value was based on the
statistical average of 50 fibers from each sample. P-1%, P-5%,
and P-10% had the same average fiber diameter of
approximately 300 nm, as shown in Figure S6, Supporting
Information. The average fiber diameters of the prepared ES
nanofibers were similar regardless of the amount of SRhBOH
blended into the poly(HEMA-co-NMA-co-NBD) because of the
substantially larger molecular weight of poly(HEMA-co-NMA-
co-NBD) compared with that of SRhBOH. The inset figure
shows an enlarged FE-SEM image of the ES nanofibers. All of
the ES nanofibers from pure MeOH solvent were smooth and
nonporous. In our previous studies*>*® and another study™ the
rapid evaporation of a low-boiling-point solvent, CHCl;, and a
subsequent rapid solidification during the ES process caused
the structure of ES nanofibers based on poly(methyl
methacrylate) (PMMA) or polystyrene (PS) to be porous.
However, although the rapid evaporation of the low-boiling-
point solvent MeOH and its subsequent rapid solidification at a
high relative humidity (60%) during the ES process may have
led to the development of a porous structure, the hydrophilic
property of poly(HEMA-co-NMA-co-NBD) prevented drops
from remaining on the surface of solidified as-spun ES
nanofibers, possibly causing porous structures to disappear;
this is similar to results reported in the literature.”®>**

To observe the morphology of the cross-linked P-0% to P-
20% ES nanofibers after they were used to detect metal ions or
H" in an aqueous solution, the fibers were collected on a small
piece of aluminum foil and immersed in water containing
various metal ions or subjected to an acidic condition. After
detection, the samples were solidified by placing them into a
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Figure 7. CIE coordinates of P-0% to P-20% ES nanofibers in aqueous solutions with (a) pH 7 and (b) pH 2. (c) CIE coordinates of P-0% to P-
20% ES nanofibers in aqueous solutions with pH 7 to 2. (d) Reversibility of pH-dependent “on—off—on” fluorescence intensity profile of P-20% ES
nanofibers. (Insets) Corresponding photographs recorded under UV light.

flask containing liquid nitrogen, and the residual water was
removed using a vacuum for 30 min to retain the original
morphology. Figure 4 shows FE-SEM images of the wet state of
P-0% and P-20% ES nanofibers after they were used to sense
1073 M Fe®". The P-0% and P-20% ES nanofibers were stable
in an aqueous solution, as shown in Figure 4 (wet state),
exhibiting fiber diameters of 532 + 152 and 521 + 167 nm,
respectively. The fiber diameter was substantially enlarged after
the nanofibers were immersed in water (wet state) compared
with that in the dry state (Figure 4; 323 + 42 and 337 + 38 nm,
respectively) because the hydrophilic HEMA chain swelled in
water. However, these swollen fibers maintained their
cylindrical shape and did not dissolve in water; this was
attributed to the efficient chemical cross-linking of the NMA
moiety. Figure S6, Supporting Information, shows the FT-IR
spectrum of P-20% ES nanofibers annealed at 100 °C for
different annealing times, and it shows that the intensity of the
—OH peak volume gradually decreased as the annealing time
increased, indicating the formation of the intermolecular cross-
linking reaction of NMA. These results were similar to those of
our previous study.*® The mechanism of NMA cross-linking is
shown in Scheme S1, Supporting Information. The similar
swollen fiber morphology and maintained cylindrical shape
were also observed in the FE-SEM images of P-1%, P-5%, and
P-10% ES nanofibers after the nanofibers were immersed in
water (wet state) (Figure S7, Supporting Information).
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A TEM image of P-20% ES nanofibers before and after they
chelated Fe®" is shown in Figure Sa and Sb, respectively. As
shown in Figure Sa, the dark dot-like structure with a domain
size of 1—5 nm in the TEM image may be attributed to the
SRhBOH aggregated domains since it was selectivity stained
with RuQO,. The unstained HEMA and NMA domains appeared
light in the TEM image. The uniformly dispersed dot-like
structure was attributable to the strong stretching force
associated with electrospinning, as described in our previous
report.zs’41 Furthermore, as shown in Figure 5b, after chelating
Fe’, the P-20% ES nanofibers were completely black and
substantially darker than before they sensed Fe®; this was
because Fe®* has a high electronic density. This indicated that
the P-20% ES nanofibers absorbed a substantial amount of Fe**
because of the efficient chelation of the SRhBOH segment.
Such chelation between Fe®* and SRhBOH within ES
nanofibers resulted in substantial variation in the photophysical
properties of ES nanofibers, as discussed in the following
sections.

pH-Sensing Property of ES Nanofibers. Figure 6a shows
the PL spectra of 20% SRhBOH/poly(HEMA-co-NMA-co-
NBD) blended ES nanofibers (denoted P-20%) in acidic (pH
2) and neutral (pH 7) aqueous solutions, and its inset figure
shows the corresponding ES nanofibers without SRhBOH (P-
0%). As shown in the inset figure, the P-0% ES nanofibers at
either pH 7 or 2 exhibited the same emission maxima (1™ ,.)
at 534 nm. The A™*___ at 534 nm was attributed to the NBD
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Figure 8. (a) Relative fluorescence intensity changes (I5o,/Is3,) of P-
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(107 M). (Inset) PL spectra of P-0% ES nanofibers under the
aforementioned condition. (c) Variation in the normalized PL spectra
of P-0% to P-20% ES nanofibers in aqueous solutions with Fe** (107
M).

moiety under both conditions (pH 7 and 2). However, the P-
20% ES nanofibers exhibited the 4™, at 534 (pH 7) and 592
nm (pH 2) (Figure 6a). A marked red shift of ™", from 534
to 592 nm was observed as the pH changed from 7 to 2; this
shift was caused by the energy transfer between NBD and
SRhBOH moieties. While SRhBOH detected HY, the non-
fluorescent spirocyclic form of SRhBOH transformed into the
opened cyclic form, which was strongly fluorescent at 592 nm
of A" .. Hence, such substantial energy transfer can be
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explained by the overlapping of the emission of poly(HEMA-
c0-NMA-co-NBD) and the absorption of SRhBOH in acidic
aqueous solution, as shown in Figure 3. A similar energy
transfer performance was also observed in the PL spectra of P-
5% to P-10% under acidic condition (Figure S8, Supporting
Information).

Figure 6b shows relative fluorescence intensity changes (I5y,/
Is3,) of the P-20% ES nanofibers in aqueous solution with
different pH value. It shows the changes of the fluorescence
intensity ratio, Isg,/Is34 (Is34 is the fluorescence intensity of
NBD emission at 534 nmj; Iy, is the fluorescence intensity of
SRhBOH emission at 592 nm), of the P-20% ES nanofibers
when subjected to H'. As the pH value was reduced from 7 to
4, Is,/Iss, did not change. However, Ig,/Is3, significantly
increased from approximately 0.5 to 6.0 as the pH value
decreased from 4 to 2; these changes corresponded to the
fluorescence of SRABOH chelated with enough H ions. The P-
20% ES nanofibers exhibited significant sensing performance in
acidic condition starting from pH 4 to 2.

Figure 6¢ shows normalized PL spectra of P-0% to P-20% ES
nanofibers in an acidic aqueous solution (pH 2). With an
increasing ratio of SRhBOH, the NBD emission intensity
gradually decreased at approximately 534 nm and the emission
peak of SRhBOH substantially increased at approximately 585—
592 nm, indicating that energy transfer from NBD to SRhBOH
occurred, as described in our previous report.41 The green
emission bands at approximately 534 nm remained in the P1%
to P10% ES nanofibers but completely disappeared in the
P20% ES nanofibers. This suggested that the increased
interchain interaction between NBD and SRhBOH in the ES
nanofibers (with 20% SRhBOH blending ratio) led to more
efficient energy transfer and shifts in emission spectra.

The Commission Internationale de L’Eclairage (CIE)
coordinates*”** of the P-0% to P-20% ES nanofibers in the
neutral (pH 7) and acidic (pH 2) aqueous solutions are shown
in Figure 7a and 7b, respectively. The corresponding CIE
coordinate values are summarized in Table 1. Figure 7a shows
that all P-0% to P-20% ES nanofibers in a neutral aqueous
solution (pH 7) with green-light emission had similar CIE
coordinates of 0.36 and 0.62. However, a substantial red-shift
tendency in the CIE coordinate as the ratio of SRhBOH
increased was observed in ES fibers immersed in acidic solution,
as shown in Figure 7b. The emission of the P-0% to P-20% ES
nanofibers varied from green (P-0%) to green-yellow (P-1%),
yellow (P-5%), orange (P-10%), and red (P-20%) as the
SRhBOH composition increased. This suggested that energy
transfer between NBD (donor) and SRhBOH (acceptor)
occurred in the fibers, and the different degrees of energy
transfer achieved by adjusting the SRhBOH blending ratios
yielded various CIE coordinates. A similar trend of a red-shifted
CIE coordinate was observed in the P-20% ES nanofibers
under pH 7 to pH 2 conditions (Figure 7c), indicating that P-
20% ES nanofibers have a pH-tunable sensing property on
fluorescence color changes. Moreover, P-20% ES nanofibers
exhibited reversible off/on (green/red) switchable fluorescence
emission at pH 12 and 2, which can be repeated at least five
times, as shown in Figure 7d. At pH 12, P-20% ES nanofibers
showed green emission (4™, ., at 534 nm) because of the NBD
moiety and nonfluorescent spirocyclic SRhBOH. As the pH
changed from 12 to 2, the color changed from green to red
(A" ax at 592 nm) because of the energy transfer between the
NBD moiety and fluorescent opened cyclic SRhBOH. Finally,
the red changed back to green because energy transfer stopped
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when the structure of SRhBOH changed from opened cyclic to
spirocyclic. These results revealed that P-20% ES nanofibers
have excellent pH sensitivity for various pH stimuli and high
reversibility.

Fe3*-Sensing Property of ES Nanofibers. SRhBOH is a
favorable fluorescent probe for sensing pH and ferric ion
(Fe*"). Thus, the capability of SRhBOH/poly(HEMA-co-
NMA-co-NBD) ES nanofibers blended with SRhBOH (P-0%
to P-020%) to sense metal ions was explored. Figure 8a shows
the changes of the fluorescence intensity ratio, Isos/Iss; (L3, is
the fluorescence intensity of NBD emission at 537 nm; Iy, is
the fluorescence intensity of SRhBOH emission at 594 nm), of
the P-20% ES nanofibers when subjected to Fe®. As the
concentration of Fe** was increased, NBD (FRET donor)
emission at 537 nm gradually decreased and SRhBOH (FRET
acceptor) emission at 594 nm increased; these changes
corresponded to the fluorescence of SRhNBOH chelated with
Fe®" ions. It caused Igo,/I53, to increase from approximately 0.5
to 3.0 as the Fe** ion concentration increased from 107 to
107> M. The P-20% ES nanofibers exhibited high sensitivity to
Fe®" ions at 107*—107> M. The binding between SRABOH and
Fe’* ions clearly induced the ring opening of spirolactam
rhodomine, which was responsible for the fluorescence
intensity ratio changes. The FRET process was activated by
Fe®" ion excitation induced by NBD at 460 nm, resulting in
fluorescence emission of rhodamine at a maximum of 594 nm.
The aforementioned results showed that P-20% ES nanofibers
are quite sensitive to Fe®" and have a low detection limit of 10~
M. From the titration data of Figure 8a, the dissociation
constant (K;) was calculated as 0.776 mM. In addition, ES
nanofibers detected Fe®* in an environment with neutral
condition; the selectivity to detect H* and Fe®" separately was
difficult to achieve when the ES nanofibers were in the
environment with both acidic condition and Fe*. In the
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environment with both H" and Fe®* they exhibited the same
performance and color change as they did in the environment
with only H* or Fe*" (Figure S9, Supporting Information).

Figure 8b shows the PL spectra of P-20% ES nanofibers in an
aqueous solution without Fe** (blank) and with Fe** at 107
M; its inset figure shows the corresponding spectra of P-0% ES
nanofibers. The 2™, of P-20% ES nanofibers substantially red
shifted from 537 nm in a non-Fe** aqueous solution to 594 nm
in a Fe®" aqueous solution. The large emission maximum shift
Aldpy (57 nm) and luminescence color change from green
(537 nm) to red (594 nm) indicated that the nanofibers have
high selectivity for Fe®. However, the P-0% ES nanofibers
showed no difference in PL regardless of whether the solution
contained Fe*. Figure 8c shows normalized PL spectra of P-0%
to P-20% ES fibers in a Fe>* aqueous solution. As the SRhBOH
blending ratio increased, the intensity of A™“ . at 537 nm
decreased and A/, increased. This resulted from the stronger
energy transfer and interaction between SRhBOH and NBD
because using higher SRhBOH blending concentrations results
in the chelation of more Fe".

Figure 9a shows the CIE coordinates of P-0% to P-20% ES
nanofibers in a 107> M Fe® aqueous solution and the
corresponding CIE coordinate values are summarized in
Table 1. The CIE coordinate red shifted from (0.35, 0.62)
(P-0%) to (0.47, 0.52) (P-5%) and (0.52, 0.47) (P-20%) as the
SRhBOH content increased. A visible change in fluorescence
colors of P-0% to P-20% ES nanofibers after they were used to
chelate Fe®* is shown in the inset image of Figure 9a.
Furthermore, as shown in the confocal microscopy images in
Figure 9b, the emission colors of the P-0% to P-20% ES
nanofibers varied from green (P-0%) to green-yellow (P-1%),
yellow (P-5%), orange (P-10%), and red (P-20%) as the
SRhBOH composition increased. This suggested that an
effective switch in the FRET process between NBD (donor)
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and ring-opening SRhBOH (acceptor) moieties occurred in the
fibers. In addition, the uniform luminescence fibers indicated
favorable miscibility between the two components. The P-20%
ES nanofibers exhibited the strongest interchain interaction and
greatest energy transfer with NBD because they had the largest
amount of SRhBOH, leading to red emission. As shown in
Figure 9c, the red-shifted fluorescence emission (4™, at 594
nm) of P-20% ES nanofibers can be dramatically enhanced in
the presence of Fe®" ions; adding EDTA almost completely
restored the emission to the original value obtained in the
absence of Fe3*, which was similar to the blank (1™, at 537
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Figure 11. Schematic illustration of a filter-sensory membrane that was
prepared from ES nanofibers composed of poly(HEMA-co-NMA-co-
NBD) and SRhBOH blends and chelates and senses Fe®*
simultaneously.

nm). Moreover, the on/off switchable fluorescence emission of
P-20% ES nanofibers in aqueous media upon sequential
addition of Fe** and EDTA can be cycled at least five times.
The detection selectivity of P-20% ES nanofibers toward
Fe®* over other common metal ions was also studied (Figure
10). Figure 10a shows that, among all tested metal ions,
namely, Co**, Mg**, Na*, Cu®*, Fe**, Pb*, Zn?*, Cd**, K*, Ni**,
and Fe** (107 M; pH 7), only Fe** exhibited substantially red-
shifted PL. The pH value of the Fe** or other metal ion test
solutions was controlled at 7. The presence of Fe** induced the
most prominent Ig,/Is;; enhancement (approximately 2.8-
fold), resulting in orange-red emission; all of the other metal
ions showed reduced Iy,/Isy,; values (approximately 0.5-fold),
resulting in green emission, as shown in Figure 10b and its inset
image. In addition, the fluorescence spectra recorded in the
presence of Fe’ ions and the other competing metal ions
revealed that all of the other metal ions did not interfere with
Fe**-ion-induced fluorescence enhancement (Figure 10c). This
indicated that the sensing of Fe** by P-20% ES nanofibers was
almost unaffected by these commonly coexisting ions. In this
study, we observed that the P-20% ES nanofibers specifically
sensed Fe** (Figure 10b and 10c) and were recoverable and
reusable (Figure 9c). Thus, as shown in Figure 11, filter
membranes based on the P-20% ES nanofibers with a porous
architecture specifically chelate with Fe®* in an aqueous
solution containing many types of metal ion and have dual-
fluorescent chemosensors for Fe**; these results may assist
future researchers in cleaning water while chelating and sensing
Fe®* simultaneously. These results indicated that ES nanofibers
prepared from SRhBOH/poly(HEMA-co-NMA-co-NBD)
blends have potential for application in multifunctional filter-
sensory membrane devices for sensing pH and metal ions.

B CONCLUSIONS

New FRET-based dual-ratiometric fluorescent ES nanofibers
featuring a multifunctional sensing capability and high
sensitivity for pH and Fe®* were prepared using binary blends
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of poly(HEMA-co-NMA-co-NBD)/SRhBOH by employing a
single-capillary spinneret. The HEMA, NMA, and NBD
moieties were designed to provide hydrophilic properties,
chemical cross-linking, and fluorescence (FRET donor),
respectively. Cross-linked ES nanofibers maintained their fiber
structure in water and sensitivity for pH and Fe** because of the
sufficient NMA composition. The fluorescence emission of
SRhBOH (FRET acceptor) within ES nanofibers was highly
selective for pH and Fe** (i, nonfluorescent in neutral or
alkaline media or an aqueous solution without Fe’*
(spirolactam form) and highly fluorescent in acidic media or
an aqueous solution with Fe** (ring-opened acyclic form)).
Thus, the oft/on switching of FRET can be facilely modulated
by adjusting the pH and concentration of Fe*". In an acidic
aqueous solution or Fe*" aqueous solution, the emission of the
ES nanofibers varied from green (P-0%) to green-yellow (P-
1%), yellow (P-5%), orange (P-10%), and red (P-20%) as the
SRhBOH composition increased. P-20% ES nanofibers
exhibited the largest A4, of 57 nm, and the luminescence
color changed from green to red because of the effective switch
in the FRET process between NBD (donor) and ring-opening
SRhBOH (acceptor) moieties that occurred in the fibers.
Moreover, substantial reversible dual PL between green and red
on the P-20% ES nanofibers was observed in acidic and alkaline
media and in Fe** and EDTA aqueous solutions. The present
study demonstrated that the prepared FRET-based dual-
ratiometric fluorescent ES nanofibrous membranes, which can
be used as “naked eye” sensors, have potential for application in
multifunctional environment sensing devices.
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