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ABSTRACT

We present herein a fluorescence-based method for the determination of both trivalent and
hexavalent forms of chromium in aqueous solutions using unmodified gold nanoparticles. The
concept of the sensor was designed based on the aggregation of gold nanoparticles (Au NPs) by
Cr (III), which resulted in a color change from red to blue and the appearance of a new
secondary peak at 714 nm. The complexation of Au NPs by Cr (III) consequently led to the
quenching of the fluorescence intensity of Au NPs proportional to the concentration of Cr (III).
The Au NP aggregation upon the addition of Cr (III) has been correlated well with the mean
hydrodynamic size measurements and scanning electron microscopic images. The system was
found to possess a good linear correlation between the chromium concentration and the degree of
reduction of fluorescence intensity (R*=0.989) in the range of 107'~10~ M and an excellent limit
of detection of 107 M (5 ppb). The prospective application of our designed probe for
environmental sensing can be highlighted as it has been found to successfully determine the
chromium concentration in the real water samples. Our method has the advantage of cost-
effectiveness and does not use any additional fluorophores for the sensitive detection of both

forms of chromium.

KEYWORDS: Gold nanoparticles; Chromium (III); Fluorometric detection; Colorimetric

SE€NsSor.

Page 2 of 30



Page 3 of 30

©CoO~NOUTA,WNPE

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Analytical Methods

INTRODUCTION

Anthropogenic activities in the last few decades have brought about the release of
effluents high in chromium and other heavy metals. The discharges from several industries like
dye and pigment manufacturing, chrome plating, and leather and wood preservation are the
major routes of entry into the environment.' The two most prevalent forms of chromium based
on its oxidation state are Cr (II[) and Cr (VI).> The trivalent form is an essential trace element
which has a great influence on metabolizing lipids, glucose, and proteins and is required at low
concentrations of 50-200 pg/dL/day.” However, at elevated concentrations, it can negatively
impact the cellular components by crosslinking or binding to proteins and DNA to finally cause
mutations that can lead to cancer.” The hexavalent form is more hazardous to humans due to its
high solubility in combination with its carcinogenicity, and it can be easily taken up by the body.
In compliance with the US EPA (Environmental Protection Agency), the hexavalent chromium
concentration in drinking water should be below 0.1 pg/mL.’ There are also possibilities for the
transformation of Cr (III) into more lethal Cr (VI) under oxidizing conditions® that make the

close monitoring inevitable for both forms of chromium in the environment.

Other analytical techniques like inductive-coupled plasma mass spectrometry (ICP-MS)
and atomic absorption spectroscopy (AAS) suffer from drawbacks like high time consumption,
expensiveness, and the requirement of sophisticated instrumentations’ which can be
circumvented by the use of our fluorometric approach for Cr (III) detection with the aid of
unmodified Au NPs. Also, unlike the other methods which analyze the total chromium content of

the sample, our technique can be used for the analysis of both Cr’" and Cr®"; however, the
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accuracy and sensitivity of our technique fall short only in comparison to ICP-MS. In general,
nanomaterial-based sensors are incorporated due to their simplicity, cost-effectiveness, and rapid
determination of chromium in the environmental and biological samples. Gold nanoparticles are
known for their exceptionally high plasmon resonance characteristics, excellent fluorescent
properties, and strong extinction coefficient.® Several colorimetric methods have been used for
the detection of both trivalent and hexavalent chromium.” Au NPs have been reported for the
estimation of various metals like cadmium,'® copper,'’ mercury,'? lead" etc., which displayed a

colorimetric response specific to the analyte.

The significance for the detection of Cr (III) and Cr (VI) in the environment has led to
various developments in the field of nanosensors. In our previous study, we had used unmodified
Au NPs on paper strips for the facile colorimetric detection of Cr (II) with an LOD of 1.53x10”
M." Hughes et al have constructed a 13-nm Au NP probe labeled with 5,5'-dithio-bis-(2-
nitrobenzoic acid) for the detection of Cr (III) and achieved an excellent limit of detection of
5x10"'° M with the aid of Hyper Rayleigh Scattering.'” Zhao et al have reported the use of Au
NPs labelled using dithiocarbamate-modified N-benzyl-4-(pyridin-4-ylmethyl)aniline ligand for
the determination of Cr (III) with a minimum detectable concentration of 6.2x10” M and can be
further used for the indirect estimation of Cr (VI).'® Ouyang et al fabricated a carbon electrode
supporting self-assembled flower-like Au NPs for the detection of Cr (VI) with a limit of 2.9x10
® M."” Upconversion nanoparticles have been utilized by Liu et al for Fluorescence resonance
energy transfer (FRET) assay and a detection limit of 0.8 nM was yielded for Cr (II)."* Gold
nanoclusters stabilized by glutathione were used for estimation of both Cr (III) and Cr (VI) by

Zhang et al with a limit of 2.5x10° M and 0.5x10° M, respectively.'” From these diverse studies,
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it can be concluded that plasmon resonance properties of Au NPs have been used widely for

sensing chromium in both the forms.

The wusage of fluorometry for chromium sensing has recently gained a lot of
momentum.”’?’ Various fluorophores for the fluorometric determination of chromium have been
listed along with their detection limit in Table 1. It can be seen that our method provides a
detection limit of up to 10”7 M for Cr (III), which is lower than the other organic fluorophore-
based sensing strategies, and also lower than the US EPA prescribed limit for Cr (VI) in drinking
water. Also, there has been no fluorophore-based method for detecting both Cr (IIT) and Cr (VI)
in water in prior studies. In comparison to our own reported paper, wherein Ag NPs were used as
a fluorescent probe for Cr (III) estimation, Au NPs have several advantages over Ag NPs.* Au
NPs have been found to have higher extinction coefficient.”’ They have higher stability due to
their chemical inertness, and thus, ions do not leach out unlike Ag NPs, which may alter the
working of the probe. Also, the leaching of Ag ions may also have a deleterious effect on the

environment.’

To the best of our knowledge, there have been no reports so far for a strategy wherein
fluorescence-based sensing of Au NPs have been used for the estimation of both Cr (IIT) and Cr
(VD). As an added advantage, our method does not use any costly organic extrinsic fluorophores
nor any complex capping agents. This is a straightforward technique for the sensitive and
selective estimation of both trivalent and hexavalent chromium. Complexation of Cr (III) with
the Au NPs triggers the instantaneous aggregation leading to the quenching of the fluorescence
properties and a red-shift in the fluorescence emission peak. The variation in the intensity of the

red-shifted peak proportional to the chromium concentration was used as the sensing principle.
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EXPERIMENTAL
Reagents and solutions

Distilled water from Milli-Q was used throughout the studies. Hydrogen tetrachloroaurate
dihydrate (HAuCl,) was purchased from SRL Pvt. Ltd and SD Fine Chemicals Ltd (India).
Heavy metal salts were purchased from Himedia Laboratories Pvt Ltd (India). The heavy metal
solutions of 1 mM were used for the selectivity experiments by mixing the requisite amount of
salt with the Mili-Q water [salts used were chromium nitrate, potassium di-chromate, cadmium
sulphate, cobalt nitrate, mercury chloride, magnesium chloride, manganese sulphate, nickel
chloride, lead nitrate, ferrous sulphate, zinc sulphate, aluminum sulphate, copper sulphate].
Chromium nitrate was used to prepare the stock solution of trivalent chromium (10* M) and was
serially diluted to obtain the required concentrations. Dilute hydrochloric acid solution [0.1 N]

was used for the pH adjustments.

Synthesis of gold nanoparticles (Au NPs)

All the glassware used were washed thoroughly with Mili-Q water, air-dried and then used for
the experiments. The Au NPs were synthesized based on the Turkevich method.”’ 100 mL of
aqueous solution of I mM HAuCl, was allowed to boil for 15 min under rapid stirring. Then, 5
mL of 38.8 mM trisodium citrate was added drop-wise and the mixture was kept rapidly stirred
for 15 min, till the appearance of intense color change from yellow to wine red. The resulting
solution was let to cool to room temperature (27°C) and then centrifuged at 6000 rpm for 15

minutes to collect the supernatant for further use.
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Characterization
UV-Visible Spectroscopy

The synthesized colloidal Au NPs were subjected to preliminary characterization using UV-
visible spectroscopic techniques. The spectra were recorded on the UV-Visible spectroscope
(UV-Visible Systronic-2204, India) in the range of 200 to 700 nm. Millipore water was used as a

blank. The spectra recorded were then replotted using Microsoft Excel.
Fluorescence Spectroscopy

The fluorescence spectra of as-synthesized Au NPs were recorded using Agilent from 200 nm to
700 nm. The Au NPs were also interacted with 10° M of Cr (III) and the fluorescence spectra

were recorded.
Particle Size Analysis

The particle size distributions of the as-prepared Au NPs and Au NPs after interaction with the
Cr (III) of 10 M concentration were measured using a particle size analyzer (90 Plus Particle
Analyzer, Brookhaven instruments Corporation, NY, USA). The particle size was determined by
calculating the mean hydrodynamic diameter from the auto correlation function of the light
intensity scattered from the particles undergoing Brownian motion. Around 3 mL of the

synthesized Au NP colloids were subjected for analysis.
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Scanning Electron Microscopy

The morphological features of the colloidal Au NPs and Au NPs interacted with the 10° M Cr
(IIT) were characterized using a scanning electron microscope (S4000 Hitachi, Tokyo, Japan) at a

voltage of around 10 keV.

Fluorescence Determination of Cr (III)

For the detection of Cr (III) in fluorescence spectrometer, 700 pL of Au NP solution was added
to 300 uL of different concentrations of Cr (II) (107—10" M). This method was observed to be
pH specific. The concentration of Cr (III) in the solution was calculated by correlating the

fluorescence intensity at 582 nm.

Fluorescence Determination of Cr (III) and Cr (VI)

The Cr (VI) was pre-reduced to Cr (III) by using 1 mM sodium borohydride and then the

fluorescence intensities of various concentrations of Cr (VI) interacted with Au NPs was noted.
Statistical analyses

Each set of experiments was carried out in triplicate and the mean values with the S.D. were
reported. The error limits of the experiments were strictly kept within + 5% limits. Repetitions of
experiments were done to check for reproducibility. One-way ANOVA with Bonferroni's
multiple comparison tests was carried out using Microsoft Excel to determine the statistical

significance of selected experimentally obtained results.
8
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RESULTS AND DISCUSSION

Characterization of the particles before and after interaction with Cr (III)

The synthesized colloidal Au NPs gave a strong plasmon resonance band at 526 nm as reported
by earlier studies."* After interacting with Cr (III) solution of 10~ M, the particles immediately
aggregated due to the cross-linking of Au NPs by Cr (III). This led to an intense color change
from wine red to blue and the appearance of a second peak towards the right of the primary peak
at 714 nm when observed with UV-visible spectroscopy [Fig. 1].

For additional confirmation for the aggregation of nanoparticles, scanning electron microscopy
was carried out to note the morphological changes of the nanoparticles. The SEM images of Au
NPs showed predominantly spherical shape before interaction [Fig. 2a], while after interacting
with 10~ M of Cr (III), there were aggregates as the Au NPs complexed upon aggregation [Fig.
2b].

The hydrodynamic size analysis of the particles also correlated with microscopic and the
spectroscopic analysis. The particle size distribution of the as-synthesized particles were
analyzed using DLS and the particles were found to be stable in solution with a mean
hydrodynamic diameter of 31.178 nm [Fig. 3a] and after interaction of the Au NP colloidal
solution with 10~ M of Cr (III), there were aggregates, the size of which had an increased mean

diameter of 59.837 nm [Fig. 3b].

Optimization of the analytical procedure
The effects of pH and volume ratio of the Au NP dispersion to Cr (III) concentration were
studied under different ranges (details provided in Table S1, supplementary information). The

optimum volume ratio for sensing was found to be when 700 uL of Au NPs were interacted with

9
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300 pL of Cr (III) solution. As the pH of the solution plays a major role, we have carried out pH
optimization experiments with various pH values to determine that pH 3.0 for Cr (III) and an as-
synthesized pH 4.0 for Au NPs were most favorable (see Table S2, supplementary information)

and the same were used throughout the studies.

Fluorescence Quenching studies of Cr (III) with Au NPs:

The coordination of Au NPs with Cr (III) had resulted in the reduction of the fluorescent
properties of Au NPs, thereby resulting in the quenching of fluorescence intensity exhibited by
Au NPs. Similar modification of the fluorescence emission levels of Au NPs have been observed
by Yan et al. for the detection of Hg*".** The quenching effects of Au NPs with different
concentration of Cr (II) from 107 M to 10° M were represented in Fig. 4. On interaction of
AuNPs with the various Cr (III) concentrations, the color of the samples were found to change
from wine red to blue. [see Figure S1, supplementary information] It can be noted that higher
concentrations of Cr (IIT) caused the fluorescence emission levels to decrease proportionately.
Thus, the extent of fluorescence quenching corroborated with the Cr (III) concentration. The
fluorescence intensity was significantly quenched by the addition of Cr (III) to Au NPs which
was determined by the Stern-Volmer relation. The Stern-Volmer equation can be used to
determine the number of binding sites (n) and binding constant (K) when a molecule/ion
independently binds to a definite number of sites on a macromolecule.”

Further, to plot the Stern-Volmer relation, a linear calibration curve was plotted for intermolar
concentrations of the range 107 M=10"°M of Cr (III) versus the fluorescence intensity ratio F/Fo

(Fig. 5) and the Ksy was calculated. A good linear correlation (R?=0.989) was observed and a

detection limit of 107 M was calculated for the probe. The quenching effect of fluorescence

10
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emission on Au NPs by Cr (III) when further investigated showed that this process is highly
concentration-dependent and could be determined by the Stern-Volmer relation.** The sensitivity
of Cr (III) towards Au NPs for quenching the fluorescence can be arrived from the equation.

The number of binding sites (n) and binding constant (K) of Cr (III) with Au NPs were
calculated by using the equation:

Log Fo.F/ F =log K + n log [Q] *°

Here, the F and Fy represent the fluorescence intensities with the presence and absence of Au
NPs. K and n represents the binding constant and number of binding sites available on the Au
NPs respectively and Q is the concentration of Au NPs. By linear fitting of the plot of log (F-
Fo/F) versus log [Q], the value of n number of binding sites were 1.5786 and K number of
binding constant were obtained from the slope and y-axis intercept (Fig. 6) were found to be
8.358. The quenching constant K is an indication of the sensitivity of the Au NPs towards the Cr

(1) ions that help to quench the fluorescence of Au NPs.**

Effect of potentially interfering ions

To evaluate the specificity of the probe, we have tested if the probe gave any interference with
other transition heavy metal ions. Cr (III) of 10”7 M concentration was compared with other
heavy metal ion solutions namely, Cd2+, C02+, Cu2+, Fez+, Pb2+, Hg2+, Mg2+, A13+, Mn2+, Niz, and
Zn*" of a higher concentration of 10> M. No color change or peak shift in the fluorescence
spectra was observed and this served as an additional confirmatory test to prove that this method
is only specific to Cr (IIT). The quenching effect was observed to be more in the case of Cr (III)
in comparison to other heavy metals. From Fig. 7, it can be observed that only trivalent

chromium interacts with the designed probe and that no other metal ions showed much

11
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interference in the detection. Thus, it can be clearly noted that other metal ions have relatively
little influence on the fluorescence of the system, indicating that the developed fluorescence

sensor exhibits considerable specificity only to Cr (III).

Fluorometric detection of Cr (VI) using Au NPs

The pre-reduction of Cr (VI) was carried out by using 1 mL of 1 mM sodium borohydride. 1 mL
of different concentrations of Cr (VI) (107 =107 M) were interacted with sodium borohydride for
5 min and after reduction of Cr (VI) to Cr (III), the pre-reduced chromium were interacted with
Au NPs and there was an immediate color change from wine red to blue and an emission peak
was found at 582 nm by fluorescence spectroscopy. Since the sodium borohydride is a strong
reducing agent ensuring complete reduction of Cr (VI) to Cr (III), the amount of pre-reduced Cr
(III) detected can be directly linked to the amount of Cr (VI) that was present initially, and
hence, this method can be exploited for the estimation of both forms of chromium. A linear
calibration was plotted against concentration of the pre-reduced Cr (III) 10° M versus F/F, and
the R*= 0.975 was found to be good linear correlation (Fig. 8). It can be noted that as the
concentration of pre-reduced Cr (III) increases, the fluorescence intensity ratio F/Fo also
decreases proportionately i.e. higher the Cr (III) concentration, higher is the fluorescence
quenching of Au NPs. The limit of detection of pre-reduced Cr (III) was also calculated to be 10
7M. All the experiments were carried in triplicates and One-way ANOVA with Bonferroni’s

multiple comparison test (p value < 0.0003) was performed to assess the sensitivity of the assay

12
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Mechanism of fluorescence determination of Cr (III)

The colloidal Au NP suspension has a citrate stabilizer. In fluorescence spectrum, the emission
peak was obtained at 582 nm on interaction between Cr (III) and Au NP.' The as-synthesized
Au NPs in aqueous solution were stabilized against aggregation owing to the strong electrostatic
repulsion between the negatively charged citrate ligands on the surface of the particles. The
observed aggregation of Au NPs can be mainly due to the chelation of citrate ions on the Au NPs
by the added Cr (III) ions.* Theoretically, two citrate ions can be chelated by one Cr (III) ion,
through one hydroxyl and two carboxyl groups in each citrate ion. Thus, Cr (III) can act as a
cross-linking agent for one pair of citrate-coated Au NPs, thereby inducing the aggregation of Au
NPs. Since this chelation happens specifically by Cr (IIl), this method is selective to the
detection of trivalent chromium.’” As the aggregation of Au NPs take place, the interparticle
distance of Au NPs also changes, and the fluorescence emission levels of Au NPs also varies.
The absorption frequency of the SPR band of Au NPs depends on the interparticle distance as
well as aggregate size.®® With increasing concentrations of Cr (III), the Au NPs come in
proximity to each other, whereby the fluorescence level of the Au NPs decreases, resulting in the
quenching of the fluorescence. Thus, Cr (III) can act as a quencher that modifies the fluorescence
signal emitted by Au NPs.* The schematic representation of the mechanism has been provided in

Fig. 9.

Analytical applications
Furthermore, to evaluate the performance of the fluorometric probe in real environmental
matrices, tap water and lake water samples were analyzed. The fluorescence intensities at 582

nm for tap water and lake water were noted to be 562 and 523, both of which were found to

13
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possess Cr (III) within the range of concentrations of 500-50 ppb.'"* The chromium
concentrations in the real samples (i.e. tap water and lake water) were also analyzed using a
reference method, namely atomic absorption spectrometry (AAS, graphite furnace). The
chromium concentrations in tap water and lake water as determined by AAS were noted to be
187 and 125 ppb respectively (see Table S3, supplementary information). Thus, this validates our
newly developed fluorescence detection method as the Cr (III) concentration determined by our
method correlated well with the values obtained from AAS and also because the different

matrices used did not affect the concentration of the chromium determined.

CONCLUSION

In summary, we have established a rapid, facile, and time-efficient sensing strategy for
the detection of Cr (III) using Au NPs as a simple fluorophore without any surface modification.
The interaction of Au NPs with Cr (III) leads to a color change from wine red to blue which
indicates the aggregation of the Au NPs with a corresponding peak shift towards the right.
Further, the pre-reduction Cr (VI) to Cr (III) using sodium borohydride can be used for the
estimation of total chromium which is the highlighting aspect of this method. Up-to-date no
reports exist for the speciation of chromium using fluorimetry and both Cr (III) and Cr (VI) were
found to have similar linearity and detection limit (107 M ). Hence, our method was found to be
advantageous over existing probes as it uses the intrinsic fluorescence of Au NPs, and it is cost-

effective, sensitive, and can be used for the speciation of both forms of chromium.
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Figures Captions

Figure 1.The UV-Visible spectra of the Au NPs and Au NPs after interacting with 10° M Cr

(11D).

Figure 2a. The Scanning electron microscopic [SEM] image of Au NP un-interacted.

Figure 2b. The Scanning electron microscopic [SEM] image of Au NPs after interacting with
10° M of Cr (III).

Figure 3a. A particle size distribution of synthesized Au NPs

Figure 3b. A particle size distribution of Au NPs interacted with 10~ M Cr (III).

Figure 4. A Fluorescence spectra of Au NPs after interaction with different concentration of Cr

(1) [107-107 M]

Figure 5. A Stern-volmer plot of Au NP quenching with different Cr (III) concentrations.
Figure 6. A logarithmic plots of Au NPs after interaction with Cr (III) representing the binding

constant (K) and no. of binding sites (n)

Figure 7. A Comparison of fluorescence ratios of Au NPs with 107 M of Cr (III) and 10° M of

different heavy metals [Cd*", Co", Cu*", Fe*", Pb*", Hg*", Mg*", A", Mn®", Ni*", and Zn*"].
Figure 8. A Linear correlation of Cr (II) versus. F/F after pre reduction of Cr (VI) to Cr (III).

Figure 9. Schematic representation of the mechanism indicating the fluorescence quenching of

Au NPs on interaction with Cr (III)
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Table 1: Brief account of various fluorescence-based sensing methods for Chromium detection

Detection
Sensor probe Capping agent Analyte References
limit (M)
Rhodamine Naphthalimide Cr (IIT) 2x 10" [20]
Rhodamine Polyamidoamine dendrimer Cr (IIT) 1x 107 [21]
Rhodamine Thiophene-2-furanaldehyde Cr (IIT) 13x 10° [22]
Benzimidazole Imine linked Cr (IIT) 7.9x 107 [23]
9-Acridone-4- 6
o - Cr (1I1) 9x 10° [24]
carboxylic acid
Terbium composite ;
' Unmodified Cr (VI) Ix10 [25]
nanoparticles
CdTe quantum dot Glutathione Cr (VI) 1.6x 107 [26]
Ag NPs Unmodified Cr (IIT) 2x 107 [27]
Cr (1I)
AuNPs (current . 7
Unmodified & Ix10
method)
Cr (V])
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