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A highly selective and sensitive pyridylazo-2-naphthol-poly(acrylic acid)
functionalized electrospun nanofiber fluorescence ‘‘turn-off’’ chemosensory
system for Ni2+
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A fluorescent nanofiber probe for the determination of Ni2+ was developed via the electrospinning of

a covalently functionalized pyridylazo-2-naphthol-poly(acrylic acid) polymer. Fluorescent nanofibers

with diameters in the range 230–800 nm were produced with uniformly dispersed fluorophores. The

excitation and emission fluorescence were at wavelengths 479 and 557 nm respectively, thereby

exhibiting a good Stokes’ shift. This Ni2+ probe that employs fluorescence quenching in a solid

receptor–fluorophore system exhibited a good correlation between the fluorescence intensity and nickel

concentration up to 1.0 mg mL�1 based on the Stern–Volmer mechanism. The probe achieved

a detection limit (3d/S) of 0.07 ng mL�1 and a precision, calculated as a relative standard deviation

(RSD) of <4% (n ¼ 8). The concentration of Ni2+ in a certified reference material (SEP-3) was found to

be 0.8986 mg mL�1, which is significantly comparable with the certified value of 0.8980 mg mL�1. The

accuracy of the determinations, expressed as a relative error between the certified and the observed

values of certified reference groundwater was #0.1%. The versatility of the nanofiber probe was

demonstrated by affording simple, rapid and selective detection of Ni2+ in the presence of other

competing metal ions by direct analysis, without employing any further sample handling steps.
Introduction

In recent years a great deal of research has been devoted to the

detection of metal ions in environmental or biological systems.1

Nickel is an essential metal for supporting life, as loss of nickel

homeostasis is harmful to prokaryotic and eukaryotic organisms

alike.2 Although the contributions of nickel homeostasis to

mammalian health and diseases remain largely unexplored,3

excess nickel accumulation can aberrantly affect respiratory and

immune systems.4,5 Therefore, it is very important to detect

nickel ions. Advances in both electronics and mechanics have

yielded high-tech facilities that are widely available for the

detection of nickel metal ions at low concentration levels (0.1 ng

mL�1),6 for example, techniques such as inductively coupled

plasma-optical emission spectrometry (ICP-OES),7,8 microwave-

induced plasma (MIP),9 electrothermal atomic absorption spec-

trometry (ETAAS),10–12 flame atomic absorption spectrometry

(FAAS),13,14 spectrophotometry,15,16 voltammetry and induc-

tively coupled plasma-mass spectrometry (ICP-MS).17 Some of

these methods are complicated and are not suitable for quick and

on-line monitoring. In this regard, the fluorescence methods

remain the most favorable options due to their advantages over
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other techniques, which include ease of detection, sensitivity and

instantaneous response.18–24

In fluorescence techniques, suitable indicators which are

sensitive to analyte concentrations and exhibit changes in fluo-

rescence intensity are used as molecular recognition materials.25

Recently, derivatives of 8-hydroxyquinoline were used as sensi-

tive and reliable tools to measure concentrations and fluctuations

of cellular Mg2+ by comparing the enhancement of the fluores-

cence with analyte concentrations.26 Also, boradiazaindacene as

the fluorophore with 4-(bis(pyridin-2-ylmethyl)amino)-benzal-

dehyde was employed for an intracellular emission fluorescent

Cd2+ sensor based on the internal charge transfer (ICT) mecha-

nism.27,28 Other examples involve a fluorescence response system

with poly[p-(phenyleneethynylene)-alt-(thienyleneethynylene)].

It showed varying fluorescence ‘‘turn-on’’ behavior in the pres-

ence of cations including Li+, Na+, K+, Mg2+, Ca2+, H+, Mn2+,

Fe2+, Co2+, Ni2+, Zn2+, Cd2+ and Hg2+.22 Most of these literature

reports involve the use of fluorescent sensors in liquid rather than

in solid state.

Successively, exploration of well defined fluorescence ‘‘turn-

off’’ indicators with a large Stoke shift, high quantum yield,

strong absorbance, excellent photostability and non-toxicity will

be of high interest for research. Fluorophores for heavy metals

take advantage of the high affinity of oxygen and nitrogen donor

atoms towards these ions according to the principles of hard or

soft bases and acids (HSAB) by Pearson.29 An example of such
Anal. Methods, 2012, 4, 1729–1735 | 1729
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an indicator with complexing preference for a borderline acid like

Ni2+ is 1-(2-pyridylazo)-2-naphthol (PAN); more so it is one of

the most sensitive reagents among heterocyclic azo compounds

for determining heavy metals.30 In order to confer some special

properties, organic and inorganic polymers have been used as

solid supports for the fluorescence indicators. It is known that

the choice of solid supports and the immobilization of indicators

into the supports have significant effects on the performance of

the sensors in terms of selectivity, sensitivity, response time, and

stability.31,32 Most importantly, it will afford electrospinable

material for transformation into a nanofiber mat for solid phase

measurement.

Electrospinning of polymeric materials into well-defined fiber

mats has received significant interest due to their potential for

a variety of applications. Specifically, the technique has been

found to be a unique and cost-effective approach for fabricating

large surface area membranes for a variety of sensor applica-

tions.33–38 Previously, Wang et al. had shown that the sensitivities

of the electrospun nanofiber to detect Fe3+ and Hg2+ are 2 to 3

orders of magnitude higher than those obtained from thin film

sensors.33 Since new methods are emerging for the development

of highly sensitive solid-state detectors of heavy and transition

metal ions using fluorescence spectroscopy,39–43 it is expected that

electrospun polymers featuring fluorescence indicators could

exhibit amplified fluorescence ‘‘turn-off’’ effects when the com-

plexing units bind to metal ions.

The indicators are immobilized by physical or chemical

procedures onto the polymeric materials.31 The physical

procedures used for immobilization include adsorption,44–46

dissolution,47,48 entrapment in a porous network49,50 and ion

exchange.51 These methods are simple but suffer from the

limitation of insolubility of the indicator in the polymeric

support, which results in leaching out of the indicator. The

chemical procedure involves the formation of covalent bonds

between the indicator and support materials. Sensors with

covalently immobilized indicators have the advantage of not

suffering from indicator leach-out.52,53 Therefore, considering

the importance of detecting Ni2+ in the environment, this

contribution focused on the functionalization of PAN into an

optimally selected polymer such as poly(acrylic acid) (PAA) by

a simple esterification procedure (Scheme 1) to yield a fluores-

cence polymer PAN–PAA. The functionalized polymer was

further electrospun into a nanofiber mat to obtain the fluo-

rescence ‘‘turn-off’’ chemosensory system as a highly selective

and sensitive detector of Ni2+ in an aqueous solution. Detailed

investigations and results are herein reported.
Scheme 1 Fluorescence functionalized polymer of 1-(2-pyridylazo)-2-

naphthol and poly(acrylic acid) (PAN–PAA).

1730 | Anal. Methods, 2012, 4, 1729–1735
Experimental section

Materials and reagents

All experimental manipulations and data collections were per-

formed at room temperature, unless otherwise stated. PAA

(Mw ¼ 50 000 g mol�1), PAN, 1,10-carbonyldiimidazole (CDI),

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and all inorganic salts

(NiCl2$6H2O, CoCl2$6H2O, CrCl3$6H2O, CuCl2$6H2O, FeS-

O4$7H2O, Cd(NO3)2$4H2O, Zn(NO3)2$H2O, Pb(NO3)2 and

Al2(SO4)3$15H2O) were of analytical grade and were used as

obtained from Sigma Aldrich (St Louis, USA). N,N-Dime-

thylformamide was purchased from Merck Chemicals (Wades-

ville, South Africa) and distilled over nitrogen at reduced

pressure. Standard solutions were freshly prepared by dissolving

known quantities of metal salts in deionized ultrapure water

obtained from a Millipore system.
Synthesis of fluorescence polymer (PAN–PAA)

A solution of CDI (0.34 g, 2.1 mmol) and a catalytic amount of

DBU in 10 mL of dimethylformamide (DMF) were added to

a solution of PAA (1.5 g, 20.8 mmol) in 40 mL of DMF. After

stirring the solution at 70 �C until the evolution of carbon

dioxide subsided (15 min), a solution of PAN (0.52 g, 2.08 mmol)

in 15 mL DMF was added and the solution was stirred at 70 �C
for 18 h. The solution was slowly transferred with vigorous

stirring into diethyl ether to precipitate the polymer. After

filtration, the obtained solid was washed extensively with ether

and acetone and dried in a vacuum oven for 24 h at 25 �C.
Fabrication of fluorescence electrospun nanofiber

A solution for electrospinning was prepared by dissolving 6.6

wt% PAN–PAA in 1 : 4 (v/v) water–ethanol solvent system and

stirred overnight to obtain a homogeneous solution. After

loading the polymer solution into a 10 mL glass syringe, the

syringe was mounted on a programmable syringe pump (New

Era, NE-1000). The solution was pumped at a flow rate of 1 mL

h�1 through a steel needle of internal diameter 0.584 mm.

Nanofibers were collected on glass slides which were covered

with masking tape and only the targeted area (0.5 � 2.5 cm)

exposed for deposition to occur. This system was mounted on

aluminium foil and the collection was carried out in 8 min. The

distance between the needle tip and the collector was 15 cm and

the voltage applied at the needle tip was 8.75 kV. In order to

improve the insolubility of the fiber mat in an aqueous medium,

the electrospinning solution with cross-linker was prepared with

the addition of b-cyclodextrin at 20 wt% of the product. After the

deposition process, fibers were heat treated at 120 �C for 20 min

to cross-link the films.
Characterization

Infrared spectra were recorded on a Perkin-Elmer 100 FT-IR

spectrophotometer. Electronic absorption spectra were recorded

on a Perkin-Elmer Lambda 25 UV/VIS spectrophotometer in

a quartz cell (1 cm). Emission spectra were recorded on a Varian

Cary Eclipse spectrofluorometer in a 1 cm quartz cell. The

spectrofluorometer was equipped with a xenon discharge lamp
This journal is ª The Royal Society of Chemistry 2012
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(75 kV), Czerny–Turner monochromators and an R-928 pho-

tomultiplier tube with a manual or automatic voltage that was

controlled using the Cary-Eclipse software. All samples were

illuminated at an excitation wavelength of 500 nm and the

emission was scanned from 510 to 640 nm, while the detector

voltage was maintained between 600 and 650 V. The morphology

of the nanofiber mat was studied by the Tescan (TS5136ML)

Scanning Electron Microscope (SEM) operating at an acceler-

ated voltage of 20 kV after a gold sputter coating. The fluores-

cence images were taken with a DMLS fluorescence microscope.

The excitation source was a high-voltage mercury lamp and light

with a wavelength of around 470–570 nm was emitted with the

help of an optical filter. The exposure time was the same for all

images.
Fluorescence measurements

In order to perform fluorescence measurements, the glass slides

containing sensor layers (Fig. 1) were placed in a 1 cm quartz

cuvette which was filled with various metal salt solutions. The

cuvette was placed in the sample holder of the spectrofluorom-

eter, samples were illuminated at an excitation wavelength of

500 nm and the emission was scanned from 510 to 640 nm, while

the detector voltage was maintained between 600 and 650 V.
Fluorescence quenching detection of Ni2+ by electrospun

nanofiber

In fluorescence data collection, the 5 mL aliquots of nickel ion

stock solutions (range 0.1–1.0 mg mL�1) were added into an

optical cell containing a glass slide coated with the sensing

nanofiber. Upon introducing series of the nickel ion solutions,

fluorescence quenching of the sensing nanofiber was observed.

The data, corresponding to the average of three determinations,

were fitted by a standard least-squares treatment and the Stern–

Volmer equations were evaluated. The procedure for examining

the influence of other metal ions on the fluorescence quenching

of Ni2+ was essentially the same. In this case, the sensing

nanofiber was exposed to several metal cations at higher

equivalence with or without a fixed concentration of nickel

ions. A custom-made certified reference material for ground-

water (SEP-3) purchased from Inorganic Ventures (Chris-

tiansburg, USA) was used to validate the analytical procedure.

The repeatability of the method was evaluated by comparing

the signals obtained from three determinations of the reference

material.
Fig. 1 Photograph of glass slides coated with fluorescent nanofibers.

This journal is ª The Royal Society of Chemistry 2012
Results and discussion

Fabrication and characterization of fluorescence PAN–PAA

nanofiber

PAN has been shown to be one of the most sensitive reagents

among heterocyclic azo compounds for determining nickel

ion.25,30 FTIR spectra shown in Fig. 2 indicate a new ester bond

formation (n ¼ 1737.07 cm�1) between the hydroxyl groups of

PAN and carboxylate groups of PAA. The formation of the new

covalent bonds between the indicator and support materials

prevents the indicator from leaching out and afforded electro-

spinable material for transformation into a nanofiber mat for

direct solid phase measurement of nickel ions in water without

further sample preparation. To obtain the optimal electro-

spinning conditions, several operational parameters were inves-

tigated including voltage, working distance and flow rate. Within

the tested range (5–15 kV voltage, 10–20 cm working distance

and 0.5–1.5 mL h�1 flow rate), the optimal spinning parameters

which gave bead-free nanofibers prepared from 6.6 wt% solution

are 8.75 kV voltage, 15 cm working distance and 1 mL h�1 flow

rate (Fig. 3).

The fibers obtained were very soluble in water and even

heating the fiber mat at 120 �C for 30 min did not affect solu-

bility. Since their application was intended to be carried out in

water samples, water solubility posed a challenge. Therefore

there was the need to render these fibers water insoluble. In this

regard, we employed the use of a cross-linker with the aim of

forming a covalent bond. Cross-linking can be performed by

chemical reactions that are initiated by heat, pressure, and

change in pH or radiation. In this case, thermally cross-linkable

b-cyclodextrin was chosen since it has free hydroxyl ends that are

reactive and are capable of further esterification with the

carboxylic acid groups on the product to form new ester bonds.54

The cross-linked PAN–PAA electrospun fibers retained their

fibrous structure after a long immersion in water.

The electrospun nanofiber PAN–PAA exhibited a distinct and

well-defined emission peak as shown in Fig. 4. Previously, the

intrinsic absorbance of PAN had been determined to be

470 nm.30 However, the absorbance maximum of the new PAN-

functionalized molecule was slightly red shifted to 479 nm. The

emission maximum of the nanofiber mat was at 557 nm which is

indicative of a good Stokes’ shift. With the functionalization, the

rate of self-quenching of PAN, as a result of site isolation, was

greatly reduced. Consequently, the fluorescence efficiency and

sensitivity of the nanofiber mat were remarkably improved.

Ni2+ response and selectivity of fluorescence PAN–PAA

nanofiber

In order to get a clearer insight into the florescence of the

nanofiber, the fluorescence behavior was evaluated after addition

of various concentrations of Ni2+. Fig. 5 shows the fluorescence

‘‘turn-off’’ effects of the nanofiber upon addition of Ni2+. It was

observed that addition of Ni2+ at low concentration of 0.1 mg

mL�1 significantly decreased the emission intensity. When 1.0 mg

mL�1 of Ni2+ was added, the fluorescence intensity decreased to

less than 2%.

The sensitivity of the nanofiber was further visualized by

fluorescence microscopy. After treating the nanofiber mat with
Anal. Methods, 2012, 4, 1729–1735 | 1731
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Fig. 2 FTIR spectra of new fluorescence polymer PAN–PAA, PAN and PAA.

Fig. 3 SEM image of fluorescence functionalized electrospun PAA–

PAN nanofibers (the inset shows the image of cross-linked fibers; the

average fiber diameter range is 230–800 nm).

Fig. 4 UV absorption (A) and fluorescence emission (B) spectra of

PAN–PAA nanofiber.

Fig. 5 Fluorescence emission spectra of PAN–PAA nanofiber as

a function of Ni2+ concentration. The inset shows relative fluorescence

intensities (I/I0) at 557 nm with Ni2+ concentration.
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a 1.0 mg mL�1 Ni2+ solution, remarkable quenching effects were

observed from the fluorescence images (Fig. 6). Prior to the

quenching processes, the fluorescence images evidently revealed

fluorescence emission of the nanofiber and uniform dispersion of

fluorophores. The sensitivity of the nanofiber could be restored

by destabilizing the complex formed by rinsing with an acidic

solution and this showed satisfactory reversibility and repro-

ducibility of this system.

Fluorescence quenching by transition metal ions has been

predominantly adduced to electron as well as energy transfer and

paramagnetic interactions of the fluorophores and the metal

ion.55–57 Utilizing the Stern–Volmer mechanism (Fig. 7), the
1732 | Anal. Methods, 2012, 4, 1729–1735
quenching of fluorescence by a metal ion may occur by at least

two different mechanisms.58 In the static quenching, on com-

plexing of the ground state molecule with paramagnetic ion,

fluorescence intensity decreases as a function of concentration of

the metal ion introduced. However, a second mechanism must

involve the excited state, rather than the ground state of the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Fluorescence images of sensing PAN–PAA nanofibers before and

after immersion in a 1.0 mg mL�1 Ni2+ solution.

Fig. 7 A Stern-Volmer plot of fluorescence PAN–PAA nanofiber as

a function of Ni2+ concentration.
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fluorescent molecule. The paramagnetic metal ion causes

a reduction of fluorescence intensity by inducing intersystem

crossing. In an equilibrium situation, both of these effects may be

operating and can be represented for the Ni–PAN–PAA system

as shown (Scheme 2).

(PAN–PAA)o,
1(Ni-PAN–PAA) and 3(Ni-PAN–PAA) are

ground state fluorescence molecules, first excited singlet and

triplet state respectively. The rationalization is that the rate of

intersystem crossing (IC) in the first excited singlet complex is

enhanced by the influence of the unpaired electrons of the nickel

metal ion. The first excited singlet crosses over to the triplet state,

which may then undergo some efficient type of quenching to

return to the ground state.
Scheme 2 Quenching mechanism of PAN–PAA by Ni2+.

This journal is ª The Royal Society of Chemistry 2012
The relationship between the emission at 557 nm and Ni2+

concentrations can be deduced from the Stern–Volmer equation:

I0/I ¼ 1 + Ksv[Q] (1)

where I0 is the fluorescence intensity with the absence of

quencher (Ni2+), I is the intensity when the quencher is present,

Ksv is the Stern–Volmer constant and [Q] is the concentration of

quencher. The Ksv of the nanofiber, calculated from the slope of

the plot was found to be 3.69 � 103 mL mg�1 indicative

of enhanced sensitivity of the nanofiber probe that can be

attributed to the higher surface area of the electrospun fiber. The

linear range of the method lies between 0.1 and 1.0 mg mL�1 Ni2+.

Table 1 gives the quality control parameters regarding the

detection of nickel metal ions in aqueous solution. The accu-

racy of the determinations, expressed as relative error between

the certified and the observed values of the reference material

was #0.1%. The precision of these measurements expressed as

relative standard deviation for eight repeated measurements of

1.0 mg mL�1 Ni2+ was also satisfactory, being lower than 4%.

The limit of detection, based on the definition by IUPAC

(LOD ¼ 3d/S)59 was found to be 0.07 ng mL�1. This LOD

achieved with the PAN–PAA nanofibers was lower than 4.5 ng

mL�1 achieved with a fluorescence-based sensor from Escher-

ichia coli nickel binding protein labeled with N-[2-(1-mal-

eimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide.60 In

addition, the LOD is significantly lower than 0.04 mg mL�1

nickel concentrations above which it is toxic in drinking water

as established by EPA.61

The selective binding ability of PAN–PAA nanofiber was

determined as shown in Fig. 8. Given the quenching percent-

ages of fluorescence intensity of PAN–PAA nanofiber, upon

addition of 1.0 equiv. of various metal ions (Al3+, Cr3+, Fe2+,

Co2+, Cu2+, Zn2+, Cd2+ and Pb2+), obviously, PAN–PAA had

a large chelation-enhanced quenching (CHEQ) effect only with

Ni2+ among the metal ions examined with percentage quench-

ing near 100%. In contrast, the addition of other metal ions

(Al3+, Cu2+, Zn2+, Cd2+ and Pb2+) scarcely showed fluorescence

quenching. However, Cr3+, Fe2+ and Co2+ ions showed weak

quenching probably due to their paramagnetic nature. Above

all, this phenomenon indicated a high selectivity of PAN–PAA

in its fluorescence quenching response toward Ni2+ against

other metal ions.

The selectivity and tolerance of PAN–PAA for Ni2+ over other

metal ions was examined by competition experiments. When 1

equiv. of Ni2+ in the presence of 10 equiv. of respective metal ion

was introduced on the fiber, the emission spectra displayed

a similar quenching near 557 nm to that of Ni2+ only. The results

indicated that the fluorescence quenching by Ni2+ was hardly

affected by the co-existence of other metal ions. When analyte

solutions containing mixtures of competing species are used, the

consideration of sensitivity and selectivity becomes more

important. This result afforded a solid sensor for selective

detection of nickel ion in water without laborious sample

handling steps.

Another requirement for the solid detection sensors is its

reusability. To investigate this ability, the nanofiber was used

to complex Ni2+ through complex stripping cycles. The strip-

ping agent used was 0.1 M HCl. Fig. 9 shows a profile of the
Anal. Methods, 2012, 4, 1729–1735 | 1733
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Table 1 Analytical quality control

I0/I

Certified
concentration
(mg mL�1)

Concentration found
(mg mL�1)

Relative error
(%)

Relative standard
deviation (%)

LOD
(ng mL�1)

LODa

(ng mL�1)
LODb

(ng mL�1)

5.29 0.8980(0.0070) 0.8986(0.0040) +0.0668 3.9203 0.0710 0.1 4.5

a Square-wave anodic stripping voltammetry bismuth-film electrode sensing method.6 b Fluorescence-based sensing system using nickel binding protein
from Escherichia coli.60

Fig. 8 Quenching percentage ([I0 � I/I0] � 100%) of fluorescence

intensity of PAN–PAA nanofiber upon addition of 1.0 equiv. metal ions.

Fig. 9 Repeated switching of fluorescence emission of the PAN–PAA

nanofiber against the number of Ni2+ solution/eluent cycles.
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fluorescence response during five sequential cycles. The whole

process included washing the fiber with HCl followed by

modulating the pH value to neutral using 0.1 M NaOH and

the sensing of Ni2+. The nanofiber was found to be able to re-

combine with Ni2+ at least four times (I4/I1 ¼ 94.8%) and the

decrease of the fluorescence intensity may be attributed to the

effect of stripping agents on the sensing performance and little

loss of the fiber during multiple regeneration experiments.

The effect of the pH of the solution on the binding ability

of PAN–PAA nanofiber with Ni2+ demonstrates that the

functionalized polymer was disturbed by protons in the

detection of metal ions. HCl was chosen as a simple stripping

agent for the regeneration of nickel-free PAN–PAA nanofiber,

because at pH below 5.0, the protonation of receptor nitrogen

atoms of the PAN–PAA fiber decreases its electron donating

abilities. However, at higher pH (>8.0) value, the precipitation

of metal hydroxide which decomposes to the oxide is

promoted.
1734 | Anal. Methods, 2012, 4, 1729–1735
Conclusions

A novel heterogeneous PAN–PAA nanofiber for selective

detection of Ni2+ in water was developed successfully. The

fabrication technique involved covalent functionalization of

PAN on PAA polymer followed by electrospinning to produce

a smooth and beadless fluorescence nanofiber. A Stern–Volmer

bimolecular quenching relationship was found to hold when I0/I

was used to determine the analyte concentration. Importantly,

the system showed high sensitivity in the range of concentration

studied and also high selectivity in its fluorescence ‘‘turn-off’’

response toward Ni2+ against other metal ions. Further,

a reversible process can be realized by breaking of indicator–

quencher complexation and fluorescence ‘‘turn-on’’, allowing

reusability for at least four cycles. The approach may serve as

a foundation for the preparation of a practical fluorescent

detector for potential practical applications. Further work in this

regard is in progress in our laboratory. We hope that this work

will contribute to the development of the versatile technique of

electrospinning for fabrication of fluorescence nanofiber with

application in both environmental and biological systems.
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