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Abstract
A fluorophore modulation with sodium dodecyl sulphate (SDS) assemblies for the selective and sensitive sensing of Fe3+ ions in
aqueous solution is illustrated in this work. Emission spectral characteristics of fluorescent molecule, propranolol (PPH) was
intact in presence of metal ions. While on modulation with SDS assemblies, PPHwas transformed into a tuneable sensor for Fe3+

ions. This sensor ensemble was not only highly sensitive towards Fe3+ ions in aqueous solution with detection limits lower than
3 μM but also possess high discriminating efficiency in presence of other metal ions like Cu2+, Pb2+, Zn2+, Ni2+, Fe2+, Cd2+,
Co2+, Al3+, Mg2+, Hg2+ and Mn2+. The electrostatic interaction of the anionic group of surfactants with the metal cations
significantly increases the communication between metal ions and PPH moiety which results in the quenching of PPH fluores-
cence. We have employed fluorescence steady state and lifetime studies to understand the metal sensing behaviour of the PPH-
SDS sensor system. Principal component analysis (PCA) was used to evaluate the discriminative ability of the developed sensor
system towards Fe3+ ions.
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Introduction

Presence of various metal ions in wide range of environmental
and biological processes insists their recognition and the de-
velopment of sensors for their detection [1, 2]. Optical sensing
has been an advantageous method of metal ion detection due
to their relatively lower cost, high selectivity and sensitivity
compared to other instrumental methods [3]. Therefore, recent
studies on metal ions sensing are focused on the development
of selective, sensitive and reversible ion sensors using spectral
methods [4]. Spectrofluorimetric sensing methods are gener-
ally based on fluorescence turn on or turn off of fluorophore
which along with the various fluorescence parameters can be
utilized for developing sensor design strategies.

Metal ions can modify either the electronic structure or the
molecular structure of the fluorophore which can probably
cause a change in the intensity of fluorescence, shift in

wavelength maximum, modification of the orientation or dis-
tance between the donor acceptor pair of fluorophores.
Fluorosensor for metal ions is generally composed of a recep-
tor (for bindingmetals ions) linked to a fluorophore which acts
as transducer (for signal output to report the sensing process).
The specific interactions between the receptor and the metal
ions induce the high selectivity and sensitivity to the sensor
system [5].

Exploration of alternative strategies for the development of
aqueous based fluorosensors for metal ions is highly required
as most of the synthesised fluorophores of sensor system are
soluble in organic solvents or having poor solubility in water.
In this context, amphiphilic surfactants have shown great po-
tential in the modification of sensing behaviour of
fluorophores by acting as a receptor for analytes especially
metal ions. Surfactant not only enhances the solubility of
fluorophore but also enhances its quantum yield by incorpo-
rating it to the micellar phase by providing them hydrophobic
environment [6]. These properties of surfactant assemblies
have been widely used in developing and modulating
fluorosensor systems for metal ions sensing [7–9]. Anionic
surfactants are used as a receptor in the sensor system for the
metal ions such as Zn2+, Hg2+, Cu2+ etc [10, 11], while
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cationic surfactants are used as a receptor for the sensing of
anionic ions S2−, F−, CN− etc [12–14]. Pyrene derivative-SDS
assemblies and Cu2+ based ternary sensor systemwas used for
the fast detection of arginine and lysine in aqueous solution
[15]. Foldamer-based fluorosensor systemwhich is modulated
by surfactant is used by Yan Zhao and co-workers for Hg2+

ions sensing [9]. In our previous work, we have explored the
sensing behaviour of Amiloride (AMI) for the metal ions in
presence of different surfactants and developed AMI-SDS
sensor system for metal ions [10, 16]. CTAB was employed
byMatteo Berton and co-workers to develop a self-assembled
chemosensor with lipophilic ligand N-decyl-glycylglycine
which is selective towards Cu2+ ions [17]. Fluorescence on–
off sensing system that is selective towards Ni2+ and Cu2+ was
developed using non-ionic Triton X-100 surfactant with
lipophilised diamino–diamido ligand [18]. A new strategy
has been introduced by Das et al., which demonstrates the
transformation of a cationic fluorophore in to an efficient sen-
sor for copper ions detection by the use of anionic surfactant
of proper hydrophobic chain length and concentration [2].

Iron is themost abundant transitionmetal in biological systems
among all othermetal ions. It is widely distributed in environmen-
tal and biological materials. Iron plays many crucial roles in pro-
cesses like oxygen uptake, oxygen metabolism, electron transfer,
and transcriptional regulation. Deficiency or excess of iron with
respect to the standard permissible limit can cause serious disor-
ders like, hepatitis, various cancers, hemochromatosis,
alzheimer’s disease, parkinson’s disease and dysfunction of heart,
liver, and pancreas etc [19, 20].Despite of widespread application
of Fe3+, sensitive and selective fluorescent sensors are relatively
less than other heavy and transition metal ions [21, 22], such as,
Hg+, Cu2+, Zn2+ [23–26]. Therefore, exploration of new
fluorosensor systems for Fe3+ ions with high selectivity, cost ef-
fectiveness and easy availability is highly recommended.

In this work we have selected propranolol hydrochloride
[(RS)-1-Isopropyl n-3-(1-napthyloxy) propan-2-ol hydrochlo-
ride)] (PPH), a naphthol derivative, for the study of its sensing
behaviour towards metal ions (Fig. 1). The interaction of
fluorophore with various surfactants was carried out and the
PPH-SDS system was used further for sensing different metal
ions. It shows a selective sensing for Fe3+ ions with good
detection limits. The presence of other metal ions did not
exhibit any interference on the sensing of Fe3+ ions.
Fluorescence lifetime (TCSPC) and chemometric data analy-
sis results are in good agreement with the spectrofluorimetric
results.

Experimental

Materials

Propranolol (PPH) and sodium dodecyl sulphate (SDS) were
purchased from Sigma-Aldrich and used as received without
further purification. Metal solutions were prepared from their
respective sulphate or nitrate salt. Copper was prepared from
CuSO4.7H2O, lead from Pb(NO3)2, zinc from ZnSO4.7H2O,
nickel from NiSO4.6H2O, iron(II) from Fe(SO4)3.7H2O, cad-
mium from CdSO4.8H2O, cobalt from CoSO4.7H2O, alumin-
i um f rom Al 2 (SO4 ) 3 16H2O , magne s i um f rom
Mg(SO4).7H2O, iron(III) from Fe2(SO4)3.H2O, manganese
from MnSO4.H2O, mercury from HgSO4. All the metal salts
used are A.R. grade and were purchased from S.D. fine
chemicals and used as received without further purification.

Stock solutions were prepared in higher concentrations and
diluted as per the required concentrations. The concentration
of PPH was kept constant at 5 × 10−6 M for the steady state
fluorescence emission study. Surfactants concentrations were
varied from their respective premicellar to micellar concentra-
tions. All metal ions were maintained at 1 ppm concentrations.
For ferric ions, a series of concentrations ranging from 0.1-
1 ppm were prepared. To attain equilibrium, all the solutions
were kept for 24 h at room temperature. Reproducibility in the
results was achieved by performing the experiments in
triplicates.

Method

Steady State Fluorescence

JASCO FP 8300 spectrofluorimeter was used to record steady
state fluorescence emission. All measurements were recorded
with scan speed of 1000 nm s−1. The slit width of 2.5 nm was
kept for both the excitation and emission. Excitation wave-
length for PPH was kept at 288 nm and the emission was
measured from 298 nm to 500 nm wavelength range.

Time Correlated Single Photon Counting (TCSPC)

Horiba Jobin Yvon IBH equipped with picosecond laser di-
odes as excitation source was employed for the fluorescence
life time measurements. IBH-DAS6 software was used for the
fitting of decay curves. The lifetime decays were fitted using
minimum number of exponential. Fitting of decay curves
were evaluated by χ2 values and residual plots.

Principal Component Analysis (PCA)

PCA analysis was performed to understand the pattern of
sensing of PPH-SDS system with metal ions. Logarithm of
fluorescence intensity variation of metal-PPH-SDS system

N
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Fig. 1 Structure of propranolol hydrochloride
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with PPH-SDS system (log(I/I0; where I and I0 are the fluo-
rescence intensity in the presence and absence of metal ions)),
was calculated and used for the analysis. PCA of the spectral
data was performed using SOLO software (version: SOLO+
MIA 7.8) of Eigenvector Research Inc.

Results and Discussion

Steady State Fluorescence Spectra of PPH in Ethanol,
Cyclohexane and Water

As evident from Fig. 2, the fluorescence spectra of PPH vary
with solvent [27, 28]. In ethanol and cyclohexane, PPH shows
a structured emission with peaks at ~325, ~337 and ~351 nm
and in water the spectral features get broadened with a slight

red shift. The broad band which is observed at longer wave-
length indicates the possibility of hydrogen bond with water.
This further induces a charge transfer between the naphthalene
ring and the side chain in PPH.

Steady State Fluorescence Response of PPH towards
Different Metal Ions

The fluorescence sensing behaviour of PPH for the various
metal ions, Cu2+, Pb2+, Zn2+, Ni2+, Fe2+, Cd2+, Co2+, Al3+,
Mg2+, Fe3+, Hg2+ and Mn2+ has been studied at pH~7 and
pH~2 (Fig. 3). The PPH fluorescence spectra show maximum
emission at ~337 nm when excited at 288 nm. Addition of
metal ions show either no change or slight change in the fluo-
rescence intensity of PPH.

At pH~7, PPH exists as cationic species; therefore metal
ions could not communicate with PPH and alter its fluores-
cence response. Cationic fluorophores are generally not good
candidates for metal ion detection due to electrostatic repul-
sion [24]. However, modification of fluorophore with a recep-
tor is possible in such a way that the receptor performs the
molecular recognition of the analyte species and fluorophore
receives the signals of the recognition process. Based on the
nature of receptor group and its interaction with analyte, mod-
ification occurs to the spectral characteristics of the
fluorophore. Surfactant systems can act as good receptors in
fluorosensing methods due to their versatile properties. They
can modulate the performance of sensor system by simply
adjusting the surfactant concentrations and by varying pH
[21]. In this work, we have employed three types of surfac-
tants such as SDS, CTAB and TX-100 as receptor systems and
the change in PPH response in presence of various metal ions
are monitored.
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Fig. 2 Fluorescence spectra of PPH (5X10−6 M) in ethanol, cyclohexane
and water
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Fig. 3 Fluorescence spectra of PPH (5X10−6 M) with different metal ions (1 ppm) Cu2+, Pb2+, Zn2+, Ni2+, Fe2+, Cd2+, Co2+, Al3+, Mg2+, Fe3+, Hg2+ and
Mn2+ at pH~7 and pH~2
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Fig. 4 Fluorescence emission spectra of PPH (5 × 10−6M) in presence of surfactants; anionic SDS (a) (4, 10 mM), cationic CTAB (b) (0.4, 1 mM) and
non-ionic TX-100 (c) (0.16, 0.2 mM) at pH~7 and pH~2
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Fig. 5 Fluorescence emission of PPH (5 × 10−6 M) in SDS (1–12 mM) at (a) pH~7 and (b) pH~2
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Fluorescence Response of PPH with Different
Surfactants

Fluorescence studies of PPH in various surfactants have
been carried out using their micellar and premicellar con-
centrations at pH~7, pH~2 and pH~8. Various charged
surfactants like, anionic SDS (4,10 mM), cationic CTAB
(0.4, 1 mM), non-ionic TX-100 (0.16, 0.22 mM) were
used for the study at their respective premicellar and mi-
cellar concentrations.

Electrostatic interactions play a vital role here also;
only anionic surfactant (SDS) has altered the fluorescence
of PPH. Fluorescence spectra of PPH in presence of SDS
shows (Fig. 4a). distinct change in intensity at the critical
micelle concentration (10 mM) in pH~7 and pH~8. At
premicellar conditions, the fluorescence intensity is re-
duced compared to PPH fluorescence. At pH~2, the fluo-
rescence intensity is drastically reduced both at micellar
and pre micellar conditions.

Naphthalene ring of PPH molecule can partition
spontaneously into the micellar core which switches
the fluorophore environment from aqueous to hydropho-
bic. Due to its incorporation into the hydrophobic

interior of micelles, thus preventing all non-radiative
processes, an enhancement of fluorescence intensity
was observed a t CMC concent ra t ion of SDS.
Fluorescence spectra of PPH with SDS show a distinct
change at the CMC concentration with the absence of
charge transfer band. Premicellar spectra are similar to
the spectra shown in water with the charge transfer
band. These results demonstrate the association between
PPH and SDS micelle, where the naphthalene ring of
PPH is well inside the micellar hydrophobic environ-
ment which is completely shielded from water. At
pH~2, due to the formation of ion pair complex the
fluorescence intensity is quenched at both micellar and
pre micellar conditions.

The cationic micelle, CTAB could not interact with the
cationic PPH due to electrostatic repulsion. Therefore notice-
able changes were not observed in fluorescence spectra of
PPH-CTAB system (Fig. 4b). PPH-TX-100 emission spectra
remained unaltered due to the lack of any electrostatic attrac-
tion (Fig. 4c).

This explains the key role of anionic head group of SDS
which changes the fluorescence response of PPH through
electrostatic interactions (Fig. 4c). Hence; the interaction of
SDS with PPH was studied further in detail, by varying SDS
concentrations at different pH.

Effect of SDS on PPH Fluorescence

At pH~7, linear decrease in fluorescence intensity of PPH was
observed from 1 mM to 6 mM SDS concentration; further
higher concentration of SDS leads to increase in fluorescence
(Fig. 5a). The variations in SDS aggregates were likely to
affect the geometry and environment of PPH as strong
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Fig. 6 Stern-Volmer quenching and binding constant plots (inset) of PPH in presence of SDS

Table 1 Quenching and binding constants of PPH-SDS system at dif-
ferent pH

PPH + SDS Quenching constant
KSV (LM−1)

Binding Constant
(Kb)

No. of Binding
sites

pH~7 187.8 2.73 X 103 1.51

pH~2 358.9 1.52 X 103 1.27
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electrostatic interactions are present [29]. SDS at its low con-
centration will be able to form ion-pair complex with cationic
fluorophores [30, 31]. However, at critical micellar concentra-
tion, micellation generally overpowers the ion pair formation.
Monomers of SDS start aggregating at higher concentrations
of SDS to form micelles which incorporates the naphthalene
moiety into the micellar core. The probe which is in aqueous
environment is now shifted to restricted hydrophobic environ-
ment of SDS micelles. This switching of the environment of
PPH induce the reduction in non-radiative processes (colli-
sional quenching and energy transfer) in excited state of
PPH, which in turn enhances the fluorescence intensity of
PPH. At and above the CMC of SDS, the fluorescence spectra
show the lack of the charge transfer band.

The interaction pattern observed is different when study is
carried out at pH~2. From 1 to 5 mM concentration of SDS,
linear decrease in fluorescence of PPH was observed; higher
concentrations of SDS could not enhance the fluorescence of
PPH (Fig. 5b). PPH is remained in ion-pair complex with SDS
at micellar concentration. As PPH has higher cationic charge
density at pH~2 it forms strong non-ion pair complex with
SDS micelles.

This higher cationic charge density on PPH overpowers the
micellation of SDS monomers and remains intact with PPH,
therefore on micellation also enhancement was not observed.
This is also evident from the presence of charge transfer band
in the fluorescence spectra. The strong binding of PPH with
SDS in pH~2 also supported from Stern-Volmer quenching
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(Eq. 1) and binding constant (Eq. 2) plots which are higher in
pH~2 than in pH~7.(Fig. 6, Table 1).

Stern-Volmer Quenching and Binding Constant

Plot of F0/F against the quencher concentration [Q], gives
KSV i.e. Stern Volmer quenching constant as slope as per
Eq.1 [32, 33].

F0

F
¼ 1þ KSV Q½ � ð1Þ

F0 and F are the fluorescence intensities of PPH in the
absence and in the presence of quencher respectively.

A modification of Stern-Volmer equation (Eq. 2) provides
Kb which is the binding constant [32, 33],

log
F0−F
F

¼ logKb þ nlog Q½ � ð2Þ

Slope n is the number of binding sites and antilog of inter-
cept Kb is the binding constant.

kq is the bimolecular quenching constant and can be deter-
mined using the Eq. 3, where τ0 is the fluorescence lifetime of
the molecule in the absence quencher.

kq ¼ KSV

τ0
ð3Þ

Due to electrostatic attraction, anionic surfactant systems
act as a receptor for binding with the metal ions. These counter

charged SDS assemblies can be used tomodulate fluorescence
response of probe towards metal ions. For a more detailed
understanding, SDS is used at its micellar concentration i.e.
10 mM for the metal ions sensing with PPH.

Effect of Micellar Concentration of SDS (10 mM)
on Sensing Performance of PPH for Metal Ions
(1 Ppm) at pH~7

It can be understood that Fe3+ ions quenches the PPH-SDS
system more predominantly over other metal ions from Fig.
7a. To confirm the selectivity of Fe3+ ions over other metal
ions, we have compared the results obtained in absence and
presence of other metal ions. Figure 7b represents the fluores-
cence spectra of PPH alone, PPH-SDS, PPH-SDS-Fe3+, PPH-
SDS-Other metal ions, and PPH-SDS-other metal ions-Fe3+.
From the results it has been confirmed that metal ions in the
absence of Fe3+ ions could not show significant change in
PPH fluorescence and the quenching observed is only due to
Fe3+ ions. Therefore Fe3+ ions have been studied comprehen-
sively to determine its quenching, binding, bimolecular
quenching constant as well as to determine the detection
limits with PPH-SDS system.

Enhancement in fluorescence of PPH on addition of SDS
(10 mM) (Fig. 8a). is due to its incorporation into the micellar
core thereby reducing the possible non radiative processes.
PPH-SDS system shows linear turn off of fluorescence for
added Fe3+ ions (0.1-1 ppm). This is due to the enhanced
interaction driven by the receptor i.e. SDS, which on one hand
interacts with PPH and enhances its fluorescence and on other
hand by electrostatic interactions strongly binds metal ions to
the sensor system. Fluorescence quenching of PPH-SDS sys-
tem could be due to the increase in the local concentration of
the metal ion at the anionic micellar surface of SDS through
ion exchange with Na+ and hydronium. Linear Stern Volmer
plot shows (Fig. 8b) strong quenching and binding values
(Table 2). Detection limit of PPH-SDS (10 mM) was found
to be 2.7 μM with high selectivity for Fe3+ ions. Detailed
sensing performance of PPH-SDS system towards Fe3+ ions
has been also studied by fluorescence lifetime studies
(TCSPC), explained in section 3.7.

The kq value obtained indicates the presence of static
quenching component also along with collisional quenching
as the value exceeds the diffusion controlled quenching pro-
cess i.e. 1010M−1s−1 .

Fluorescence Lifetime Analysis

Table 3 shows the fluorescence life time values of PPH-SDS
system for Fe3+ ions with and without metal ions.
Fluorescence lifetime of PPH was found to be in nano second

Table 2 Quenching and binding constants of PPH-SDS system by Fe3+

ions

Quenching
constant
KSV(M−1)

Detection
limit (M)

Binding
constant Kb

Number of
binding sites N

Bimolecular
quenching
constant
(M−1 s−1) kq

8.27 X104 2.70 X10−6 1.43 X107 1.34 5.23 X1012

Table 3 Fluorescence lifetime of PPH, PPH–SDS system in the
absence and presence of metal ions with Fe3+ ions

System Fluorescence Lifetime (ns)

τ1 τ2

PPH 10.3 –

PPH + SDS 15.8 –

PPH + SDS + Fe3+(1 ppm) 6.59 (68.01%) 3.90 (31.99%)

PPH + SDs + Fe3+(1 ppm) +Metals 6.66 (66.99%) 3.70 (33.01%)
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time scale (10.3 ns). PPH in the SDS (10 mM)micelle showed
increased lifetime (15.8 ns) (Fig. 9a) due to the incorporation
of naphthalene moiety into hydrophobic micellar interface
from the aqueous environment. Shift in the environment of
PPH results in the reduction in non radiative processes which
in turn enhances the fluorescence emission as well as fluores-
cence lifetime of PPH.

Addition of Fe3+ ions to PPH-SDS system shows the exis-
tence of bimolecular species (Fig. 9b) with the average life-
time of 5.73 ns. The PPH molecule which is very close to the
interfacial region experiences effective quenching due to the
high accessibility for metal ions which reduces the fluores-
cence lifetime to 3.90 ns. The longer lifetime of 6.59 ns was
exhibited by the PPH species which is well inside the hydro-
phobic core thus less accessible for the metal ions.

These results validates the observations obtained from
steady state fluorescence studies which shows enhanced com-
munication between Fe3+ ions and PPH at micellar interface.
To ensure the selectivity of Fe3+ ions over other metal ions we
have measured the fluorescence life time of PPH-SDS-other
metal ions system in presence of Fe3+. Results obtained for all
metal ions with Fe3+ ions are similar to that of PPH-SDS-Fe3+

system. These results clearly indicate that the PPH-SDS sys-
tem is highly selective towards Fe3+ ions.

Principal Component Analysis (PCA)

It is evident from the fluorescence quenching studies that
the PPH-SDS system efficiently senses ferric ions over all
the other metal ions studied. This discriminative power of
PPH-SDS ensemble for ferric ions is evaluated using
principal component analysis. The evaluation was con-
ducted for 12 different metal ions at the same concentra-
tion. For each metal ion 5 replicate samples were pre-
pared and the fluorescence responses were measured.
The fluorescence intensity data of PPH-SDS system and
PPH-SDS-Metal ions system is taken as F0 and F respec-
tively. The parameter, log [F0/ F] was calculated and used
for PCA analysis. PCA is a statistical method used for the
classification and reinterpretation of multidimensional
datasets. PCA captures the most significant variations
within the dataset by the calculation of orthogonal eigen-
vectors or principal components. Highest source of vari-
ance will be captured by PC1 and other PCs capture the
rest of the variance in the decreasing order. The distance
between the data points on a PCA scores plot differentiate
the sample from one another.
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The two dimensional PCA score plots of log[F0 / F]
dataset of 12 metal ions with 5 replication are shown in
Fig. 10. The first component, PC1, along the horizontal
axis captured 86.52% variance, and the second PC cap-
tured 12.14%. The first two PCs captured 98.66% vari-
ance together, which signifies that the maximum vari-
ance is captured by the first two PCs without missing
much information. From the scores plot it is evident that
Fe3+ and Cu2+ ions are effectively separated along the
PC1 axis from the other 10 metal ions and PPH-SDS
itself. Five different ferric ions are grouped together and
well separated from the cluster formed by PPH-SDS and
PPH-SDS with other metal ions. Cluster belongs to cop-
per ions are also separated from the main cluster, but
the distance of separation is not significant. This pattern
recognition can easily differentiate the sensing of PPH-
SDS system by ferric and cupric ions from the rest of
the ions.

Conclusion

In summary, we have modulated a non-sensor fluorophore,
PPH into selective and sensitive tunable sensor using SDS
assemblies for Fe3+ ions in aqueous solution. SDS act as a
receptor for metal ions and also enhances the fluorescence
quantum yield of PPH. Ion-pair complex is formed be-
tween PPH and SDS at premicellar concentration of SDS
which causes fluorescence quenching. In micellar concen-
tration of SDS, enhancement in fluorescence intensity of
PPH at pH~7 was observed due to the change in environ-
ment around PPH from aqueous to restricted hydrophobic
environment. PPH-SDS ensemble have shown fluores-
cence quenching i.e. fluorescence turn off type sensing
response for added Fe3+ ions. Fluorescence quenching of
PPH can be attributed to intramolecular photoinduced
electron transfer (PET) process due to the paramagnetic
nature of Fe3+ ions; giving rise to fluorescence ‘turn-off’
type of sensing response by PPH-SDS sensing array. The
quenching mechanism is also supported by fluorescence
lifetime and chemometric studies. Static as well as dynam-
ic mechanism is involved in the quenching of PPH-SDS
system by Fe3+ ions which is confirmed by the fluores-
cence lifetime studies. Principle component analysis study
validates the discrimination of Fe3+ ions sensing over the
other metal ions. PPH-SDS system is selective towards
Fe3+ ions in presence of other metal ions with detection
limit of ~2.7 μM.
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