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Direct determination of polyamines (PAs) is an acute problem as PAs are not having any chromophoric or fluorophoric groups.
Thus, a sensor is highly demanding to be developed for determining without derivatizing PAs from their aqueous solutions.
In this context, functionalized metal nanoparticles (MNPs) having surface Plasmon resonance (SPR) band in the UV-Vis re-
gion could be the ultimate choice. Citrate stabilized spherical silver nanoparticle (cit-SNPs, d = 6.3 nm,  = 1.23) were thus
synthesized and functionalized with a photoacid, 1-naphthol-4-sulfonic (1Np4S) acid. The 1Np4S exhibits absorption maxima
at 330 nm in water and pH > 7, which is the characteristic band of its anionic form. It shows two well defined excitation peaks
(ex) at 280 nm and 370 nm and an emission peak (em) at 434 nm. Thus, 1Np4S is a fluorescent active species. In 1Np4S
functionalized cit-SNPs, the fluorescent activity is ceased by the particles, because 1Np4S species get adsorbed onto the
surface of cit-SNPs. The adsorption constant (Kad) was determined using quenching phenomenon occurring at excitation and
emission wavelengths of 1Np4S which is very high ranging, 6.23×108–16.47×108 M–1, indicating very strong interaction of
the photoacid, 1Np4S with the cit-SNPs. The 1Np4S functionalized cit-SNPs were then used as nanoprobe for evaluating
polyamines: ethylenediamine (EDA) and diethylenetriamine (DETA), as mimic of biogenic amines (BGAs). The calibration curves
of EDA and DETA are straight lines with concentration ranges, (5.9–52.1 mM) and (3.9–50.6 mM), respectively. The result
indicates that the sensitivity of evaluating DETA is higher than that of EDA.
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Introduction
Aliphatic polyamines are well known bioamines found in

animals and plants and important analytical, medical, pesti-
cides, dyestuffs and packaging reagents1,2. Generally,
polyamines in low concentration are not considered toxic
substances to individuals but of course in high concentra-
tion. The point of concern is their secondary role. They are
prone to form nitrosated derivatives in the presence of nitrite
or act as precursors for other compounds forming carcino-
genic nitrosamines3–5. They are the cause of histamine-tox-
icity6–9 as well. Moreover, ethylenediamine (EDA) and
diethylenetriamine (DETA), the two simplest diamine and
triamine, respectively are used as food additives or mono-
mer in food packaging materials2. Their water solubility makes
them environment contaminants. For example, EDA forms
corrosive, toxic and irritating mist with the moisture in humid
air, which may cause serious health damage10. EDA and
DETA could be considered as mimic of biogenic diamines

(putrescine (PUT), cadaverine (CAD)) and triamines (sper-
midine (SPD)) (Scheme 1). Biogenic amines (BGAs) are in-
voluntarily present in foods11 and food products. They trig-
ger many physiological and toxicological effects on human
health11–13. Thus, the development of methodology for evalu-
ation of polyamines (PAs) from water media is remained chal-
lenging and demanding.

Scheme 1. Molecular structures of EDA and DETA and mimicking bio-
genic amines: putrescine (PUT), cadaverine (CAD), and
spermidine (SPD).
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Literature reveals that most of the studies have dealt with
determination of polyamines based on HPLC separation fol-
lowed by suitable derivatization of amines for detection ei-
ther in fluorescence or UV-Vis techniques14–26. Paz-Pino et
al. reported an HPLC method based on derivatization fol-
lowed by determination of EDA15. Saito et al. method was a
liquid chromatography with on-column fluorescence
derivatization for determination of DETA in food samples16.
However, Crea et al. reported a method based on high-per-
formance ion exchange chromatography for the determina-
tion of both DETA and EDA in sea water17. In other way,
Chen et al. developed a material based on lanthanide metal-
organic frameworks for removing EDA from water27.

In the field of nanosensors for cations, anions or neutral
molecules, metal nanoparticles (MNPs), especially silver (Ag)
and gold (Au) nanoparticles emerge as potential materials
because of their surface Plasmon resonance (SPR) band in
the visible range and tuning of such property in presence of
analytes28–32 lead to determination of analytes. However,
functionalized MNPs as nanosensors for polyamines have
scarcely been investigated. Chen et al. developed a method
for the determination of aliphatic diamines based on Au-
NPs33. Yao et al. used carboxyl-pillar[5]arene modified sil-
ver nanoparticles for successful discrimination of diamines34.
Han et al. reported p-sulfonatocalix[6]arene modified Au-NPs
as sensor for diaminobenzenes isomers35. Our investiga-
tion is to design a simple fluorescent probe based on silver
nanoparticles (SNPs) for estimating EDA and DETA from their
aqueous solution.

To make citrate stabilized SNPs (cit-SNPs) as a fluores-
cent probe for PAs, we have functionalized cit-SNPs with a
photoacid, 1-naphthol-4-sulfonic (1Np4S) acid (Scheme 2).
Förster, pioneer of photoacids, demonstrated that naphthols
and their derivatives are photoacids36–39. They are consid-
ered to be weak acids in aqueous solution but become stron-

ger acids (super acids) upon electronic excitation. For ex-
ample, ground state pKa values of 1-naphthol and 2-naph-
thol are 9.2 and 9.5 whereas excited state pKa* values are
0.4 and 2.8, respectively36.

Experimental
Materials and instruments:
All chemicals used in study were of analytical reagent

grade and were used without further purification. Silver ni-
trate (AgNO3), sodium borohydrate (NaBH4), trisodium cit-
rate (Na3C6H5O7), 1-napthol-4-sulphonic acid sodium salt
(C10H7NaO4S) were purchased from Merck and used as re-
ceived. All solvents were of A.R. grade and used for prepara-
tion and spectroscopic studies. Standard methods were used
to prepare universal buffer solutions. All the glassware were
washed thoroughly with distilled water dried in an oven.

UV-Vis spectra were recorded on Shimadza UV-Vis 1800
spectrometer with a quartz cell of 1.0 cm path length. Dy-
namic light scattering (DLS) (microtrack Nanoflex W3463)
was used to determine hydrodynamic particle size of
nanoparticles. The surfaces of the particles were observed
by Bruker, MultiMode-8 Atomic Microscope in tapping mode.
Emission spectroscopy was studied on LS35 spectrofluori-
meter (Perkin-Elmer). Transmission electron microscopy
(TEM) (Technai G2 20 S-TWIN, electron microscope work-
ing at 200 kV) was used to determine particle size.

Preparation of citrate stabilized silver nanoparticles (cit-
SNPs):

Citrate stabilized silver nanoparticles (cit-SNPs) were
prepared following the reported sodium borohydrate (NaBH4)
reduction method40. Typically, 30 mL of sodium borohydrate
solution (2.0 mM) was placed in a 100 mL beaker, which was
then chilled in an ice bath. An aqueous solution of trisodium
citrate (2 mL, 1% w/v) was added into the chilled NaBH4
solution with continuously stirring. Finally, 10 mL silver ni-
trate solution (1 mM) was added into the reaction mixture
drop by drop with stirring for 30 min. A bright yellow colored
solution was formed which was stored in dark for further study.

Functionalization of cit-SNPs with 1-naphthol-4-sulphonic
(1Np4S):

To functionalize cit-SNPs with the fluorophore, 1Np4S, a
typical experiment was performed. An aqueous solution of
1Np4S (0.5 mL, 10 mM) was buffered to a pH 9.5. In keepingScheme 2. Molecular structure of 1-naphthol-4-sulfonic acid.
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the concentration of 1Np4S constant (1 mM), the concentra-
tion of cit-AgNPs was varied to a number of solutions (0.7–
3.8 nM). These mixtures were shaken thoroughly at room
temperature, settled for 10 min and recorded UV-Vis, excita-
tion and emission spectra.

Evaluation of PAs using 1Np4S functionalized cit-SNPs :
In order to evaluate PAs, an aqueous solution containing

fixed concentration of buffered 1Np4S (1 mM) and cit-SNPs
(2.4 nM) was prepared. It was then treated with varying con-
centrations of EDA (5.9–52.1 mM) and immediately recorded
UV-Vis, excitation and emission spectra.

For DETA, the same procedure was followed but the con-
centration range, 3.9–50.6 mM was maintained.

Results and discussion
Characterization of synthesized cit-SNPs:
Particles in nanometer range while preparing in bottom-

up approach are prone to aggregate to bulk material. Thus,
capping or stabilizing agent is required. Citrates are well
known capping and reducing agents. In the present study
we used citrate ions as a capping agent and NaBH4 as a
reducing agent. Thus, cit-SNPs were prepared by reducing
aqueous Ag+ ions with NaBH4 to particles40. The as-formed
particles are capped by the citrate ions, setting electrostatic
barrier among particles and providing necessary stability to

the particles. The cit-SNPs are well-dispersed in aqueous
solution and are yellow in colour. The UV-Vis spectrum of
the particles is shown in Fig. 1A. The particles show a strong
absorption bands at 390 nm. The absorption bands of metal
NPs, particularly those of the noble metals, are SPR bands
that arise from the coherent oscillations of conduction elec-
trons near the NP’s surfaces, resulting in strong localized
electric fields at its vicinity. When the frequency of coherent
oscillation of surface Plasmon matches with the frequency
of incident light, the absorption takes place to generate SPR
band. Among the three metals that display Plasmon reso-
nances in the visible spectrum (Ag, Au, Cu), Ag exhibits the
highest efficiency of Plasmon excitation and it is the only
material whose Plasmon resonance can be tuned to any
wavelength in the visible and near infrared (NIR) range by
modifying Ag NP’s morphology (e.g. size and shape)41, sur-
face chemistry42, the refractive index of the local environ-
ment43, etc. The sudy of morphology of particles by AFM
provides information about the surface aspects, especially
shape of particles. cit-SNPs are spherical in nature; it could
be understood from its AFM image in Fig. 1B. TEM image of
cit-SNPs in Fig. 1C reveals that the particles are indeed
spherical with diameter, 6.3 nm ( = 1.23). The particles are
well dispersed. The hydrodynamic size of the particles is
about 34 nm and their size distribution can be understood

Fig. 1. cit-SNPs: (A) UV-Vis spectrum; (B) AFM topography; (C) TEM image (Insert, size distribution); (D) DLS size distribution.
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from the DLS image, as shown in Fig. 1D.
Photophysical property of 1Np4S:
1-Naphthol-4-sulfonate (1Np4S) (Scheme 1) is a

photoacid37–39. The absorption spectra of it in neutral water
(pH 7), at pH 1.5 (adjusted with 1 M HCl) and at pH 12 (ad-
justed with 1 M NaOH) are shown in Fig. 2A. The 1Np4S
shows an absorption maxima at 330 nm in water and at pH
12 but shifts to blue, at 295 nm at pH 1.5. It indicates that
1Np4S remains mostly in deprotonated form in water and at
pH 12 as it has a pKa value of 8.2744. It gets protonated in
acidic medium, pH 1.5; thus the absorption in this medium is
due to its mostly neutral form (Fig. 2A).

Fig. 2. (A) UV-Vis spectra of (a) 1Np4S in water (pH 7.0), (b) basic
medium (pH 12) and (c) acidic medium (pH 1.5); (B) (a) exci-
tation spectrum at em, 480 nm and emission spectra at
(b) ex, 400 nm, (c) at ex, 300 nm of 1-Np4S.

The excitation and emission spectra of 1Np4S is shown
in Fig. 2B. 1Np4S shows two well defined almost equal in-
tensity excitation peaks (ex) at 280 nm (I = 594) and 370
nm (I = 608) at em, 480 nm. It shows an emission peak
(em) at 434 nm for either excitation, ex = 300 or 400 nm. 1-
Naphthol and its derivatives stand out due to their extremely
fast deprotonation rate45–47. 1Np4S in its first excited state
behaves as a very strong acid with pKa* approaching zero44.
As a result of the ultrafast deprotonation, in aqueous me-
dium, the fluorescence intensity of the neutral form is ex-
tremely low and has not been observed for pH values as low
as one. Therefore, it can be concluded that in aqueous me-
dia the observed emission is mainly due to the anionic form
of 1Np4S.

Interaction of 1Np4S with cit-SNPs:
Determination of adsorption constant (Kad):
Interaction of 1Np4S with cit-SNPs could be realised from

the study of changing excitation and emission spectral in-

Fig. 3. (A) Excitation spectra of (a) 1-naphthol-4-sulfonic acid (1Np4S)
at em, 480 nm and (B) emission spectra of (a) 1-naphthol-4-
sulfonic acid (1Np4S) at ex, 300 nm where (b-i) 1Np4S in
presence of cit-Ag-NPs (0.7–3.8 nM).

tensities of 1Np4S in the presence of cit-SNPs. The excita-
tion and emission spectra of 1Np4S in the presence of cit-
SNPs are shown in Fig. 3. The data shown in Table S1 re-
veal that excitation intensities at ex = 280 nm and ex = 370
nm decrease gradually with increasing concentration of cit-
SNPs (0.0–3.8 nM). The similar trend is observed in the
emission data of 1Np4S at em = 434 nm but the maximum
red-shifts to 472 nm. These data were utilized for calculating
adsorption constant of 1Np4S on the surfaces of cit-SNPs
from Stern-Volmer (eq. (1)).

I0
—— = 1 + Kad [cit-SNPs] (1)

Ix
where, I0 is excitation or emission intensity of 1Np4S; Ix is
excitation or emission intensity of 1Np4S in the presence of
cit-SNPs; Kad is the dynamic or static quenching constant
which is supposed to be equivalent to adsorption constant of
1Np4S ions onto the surface of SNPs. The plots of (I0/I)ex/em
vs concentrations of cit-SNPs are shown in Fig. 4A. The
curves show upward curvature, that is, towards y-axis after
certain concentration of SNPs. Fluorescence quenching in
between a fluorophore and a quencher may follow mainly
two type of mechanisms: (i) Collisional or dynamic quench-
ing. It suggests that the quencher comes in contact with the
fluorophore and bring it down to the ground state without
emission; (ii) Static quenching. The quencher forms com-
plex/associates with the fluorophore in the ground state, which
is non-fluorescence. Any of these two quenching processes
leads the Stern-Volmer plots of the eq. (1) linear; which is
used to determinate quenching constant. The present data
plots (Fig. 4A) are linear upto certain concentration of the
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particles, indicating optimum concentration for leading dy-
namic or static quenching process. Further, increase of con-
centration may lead to complex mechanism, i.e. occurring
both the mechanisms at a time. It may be the reason of co-
existing of both the mechanisms48–51. In order to get known
whether dynamic or static quenching occurs, the UV-Vis spec-
tra of cit-SNPs in the presence of 1Np4S at different concen-
trations were recorded and are projected in Fig. 4B. As shown
in Fig. 4B, the UV-Vis spectrum intensity at 330 nm of 1Np4S
(Fig. 4B(a)) gets blue-shifted to 308 nm (Fig. 4B(d)) and the
SPR band of the particles at 390 nm gets broadened, indi-
cating ground state interaction of 1Np4S with the particles.
The study thus confirms the static quenching process which
makes 1Np4S quite non-fluorescent. Moreover, the highest
concentration of the particles in the mixture leading static
quenching is termed as the concentration of the particles for
limit of linearity (LOL), which is found to be 2.8 nM in respect
of emission quenching graph (Fig. 4A(c)). The SV plots (eq.
(1)) upto LOL were performed for evaluating adsorption con-
stant (Kad); the data are given in Table S1. The Kad value
determined from the emission process (16.47×108 M–1) is
quite greater than that of the values from the excitation pro-
cess (6.23×108 M–1 at ex = 280 nm and 12.76×108 M–1 at
ex = 370 nm). Nevertheless, the high value of Kad indicates
very strong interaction of the photoacid, 1Np4S with the cit-
SNPs.

or fluorophoric moieties. We have therefore developed a
nanoprobe, 1Np4S functionalized SNPs for spectro-fluoro-
metric determination of PAs: EDA and DETA in buffered aque-
ous solution. The foregoing study helps us to construct the
nanoprobe by mixing 1Np4S in a buffer solution of pH 9.5
with cit-SNPs of concentration, 2.4 nM, which is less than
LOL, 2.8 nM (see Fig. 4A) to avoid complex quenching pro-
cess. The developed nanoprobe was thus explored as po-
tential sensor for quantification of EDA, and DETA.

Evaluation of EDA:
The evaluation of EDA concentration in aqueous solu-

tions, a calibration curve of a plot of change of emission in-
tensity (I) vs concentration of EDA was constructed. The
emission property of 1Np4S reversed back and its intensity
gradually increased as EDA at various concentrations (5.9–
52.1 mM) were added into the aqueous solutions of 1Np4S
functionalized cit-SNPs (see Fig. 5A). The emission band
position of 1Np4S functionalized cit-SNPs (24 nM) at 458
nm started blue-shifting to 434 nm (em of 1Np4S) in the
course of fluorometric titration. The phenomenon indicates
that in the presence of EDA, the particles’ surface adsorbed
1Np4S in its deprotonated form gets free from the surface
gradually; as a consequence the emission of 1Np4S starts
to reverse and increases gradually. In this context, it is rea-
sonable to mention that the interaction of EDA with 1Np4S
occurs through, perhaps, H-bonding and helps 1Np4S for
desorption. It is worthy to mention that PAs are potential H-
bond donors (-HNH/-NH- groups) whereas the deprotonated
forms of 1Np4S could be considered as H-bond acceptors
(–ONpSO3

– groups). Thus, the H-bonded association in be-
tween 1Np4S and EDA may occur through …HNH…–

ONpSO3
–… interactions. Calibration curve as constructed

from a plot of change of emission intensity (I) at 434 nm of
1Np4S functionalized cit-SNPs vs concentration of EDA is
shown in Fig. 5B. The I value increases lineraly with the
concentration of EDA. The data are well fit in a linear equa-
tion, I = 11.965 + 1.836 [EDA] with adj. R2 = 0.99032. The
slope ( = 1.836) of the calibration and the standard devia-
tion (s) of the blank assay data were used to evaluate the
limit of detection (LOD = 3/s = 2.42 mM) and limit of quan-
tification (LOQ = 10/s = 8.07 mM) for EDA. All data are
listed in Table S2.

Fig. 4. (A) Stern-Volmer plots for the fluorophore, 1Np4S: (a) excita-
tion band at 280 nm; (b) excitation band at 370 nm; (c) emis-
sion band at 432 nm in the presence of quencher cit-SNPs
(0.7–3.83 nM); (B) UV-Vis spectra of (a) cit-SNPs (100 nM );
(b) 1Np4S (concentration, 0.5 mM); (c) ‘a’ plus 1Np4S (conc.
0.2 mM); (d) ‘a’ plus 1Np4S (conc. 0.3 mM).

Evaluation of PAs:
The prime problem for direct detection of PAs, mimic of

BGAs, lies in their structures as they have no chromophoric
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Evaluation of DETA:
In order to evaluate DETA concentration in an aqueous

solution, as described in the preceding section, we have made
a calibration curve of a plot of change of emission intensity
(I) vs concentration of DETA. The emission spectra of the
1Np4S functionalized cit-SNPs in the presence of DETA at
various concentrations (3.9–50.6 mM) were recorded and
are shown in Fig. 6A. The figure reveals that the emission
intensity increases with increasing concentration of DETA.
Like EDA, the particles’ surface adsorbed 1Np4S in its
deprotonated forms get associated with DETA through H-
bonding (…HNH/NH…– ONpSO3

–…); consequently, 1Np4S
desorbs from the particles’ surface and its emission intensity
increases gradually. Calibration curve was constructed from
a plot of change of emission intensity (I) at 434 nm of 1Np4S
functionalized cit-SNPs vs concentration of DETA and is
shown in Fig. 6B. The I value increases lineraly with the
concentration of DETA. The data are well fit in a linear equa-

Fig. 5. (A) Emission spectra of (a) 1Np4S; (b) ‘a’ + cit-SNPs; (c-r) ‘b’ + EDA (5.9–52.1 mM); (B) calibration curve for EDA.

Fig. 6. (A) Emission spectra of (a) 1Np4S; (b) ‘a’ + cit-SNPs; (c-o) ‘b’ + DETA (3.9–50.6 mM); (B) calibration curve for DETA.

tion, I = 12.6884 + 2.95895 [DETA] with adj. R2 = 0.98964.
The LOD and LOQ values are found to be 1.88 mM and 6.25
mM, respectively. All data are listed in Table S2.

Conclusions
We have studied photophysical property of 1Np4S and

used it successfully for the functionalization of citrate stabi-
lized silver nanoparticles (cit-SNPs). The functionalized par-
ticles were treated as fluorometric nanoprobe for the evalua-
tion of two polyamines: ethylenediamine (EDA) and
diethylenetriamine (DETA) from their aqueous solutions. As
these two polyamines are mimicking of BGAs, thus, the
1Np4S functionalized cit-SNPs could be treated as potential
nanoprobe for evaluating BGAs.
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