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Abstract

A paper based analytical device is presented for the determination of Cr(IlT) and Cr(VI) using gold nanoparticles (AuNPs)
modified with 2,2'-thiodiacetic acid. The modified AuNPs were characterized using UV-Vis spectrophotometry, Fourier trans-
form infrared, dynamic light scattering, zeta potential, energy dispersive spectroscopy and transmission electron microscopy.
Cr(III) ions induce the aggregation of the modified AuNPs, and the color of the nanoprobe changes from red to blue. This can be
detected visually, or by colorimetry, or with a camera. No interference is observed in the presence of 19 other cations and anions.
Cr(VI) (chromate) can be determined by after reduction to Cr(III) by using ascorbic acid and then quantified total Cr(III). The
concentration of Cr(VI) is obtained by subtracting the concentration of Cr(Ill) from that of total chromium. Under optimal
conditions, the ratio of the absorbances measured at 670 (blue) and 522 (red) increases linearly in the 1.0 nM to 22.1 uM
chromium concentration range, with 0.66 nM (0.034 ppb) limit of detection (LOD) in solution. In case of the paper device, the
linear range extends from 1.0 nM to 0.1 mM, and the LOD is 0.64 nM (0.033 ppb). The method was applied to the determination
of chromium in spiked water, urine and dilutes human plasma, and results were confirmed by GF-AAS analysis. This method is

highly selective, fast and portable, requires minimum volume of reagents and samples and no washing steps.
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Introduction

Chromium(III) ion in low concentration acts as a cofactor for
the action of insulin to regulate sugar levels, but high concen-
trations of Cr(III) can cause DNA damage, genetic lesions and
cell mutation. Hexavalent chromium (chromate) is even more
toxic. It causes health problems such as injury in the nasal
septum, skin allergies, gastrointestinal effects, kidney and liv-
er damage and cancer in various organs. The World Health
Organization has set maximum permissible level of Cr(VI) in
drinking water as 0.05 mg L' [1, 2].
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Electrothermal atomic absorption spectrometry (ETAAS)
[3], HPLC-ICP-MS [4], fluorescent [5] and electrochemical
analysis [6] are common methods for the determination of
chromium in various real samples. However, these methods
often require sample preparation and complicated equipment.
Colorimetric methods by using AuNPs and AgNPs have be-
come attractive because they can easily be detected visually or
by UV-Vis spectrophotometry [7].

Gold nanoparticles have been reported as probes for heavy
metal ions [8], DNA [9] and protein [10] assays. Surface plas-
mon band shifts to longer wavelength and the color solution is
change from red to blue due to the aggregation of AuNPs in
the presence of target. For example, a colorimetric probe using
tyrosin-AuNPs has been developed for simultaneous determi-
nation of Cr(III) and Pb(I) [11]. Also mercaptosuccinic acid
[12] and 4-amino-5-methyl-4H-1,2 4-triazole-3-thiol [13] can
be used to promote the aggregation of AuNPs in the presence
of Cr(III). Nanodiamonds@AuNPs can be considered as a
colorimetric probe for the determination of clenbuterol and
Cr(IIl) ions in water and urine samples [14]. A colorimetric
paper-based on non-aggregation of AuNPs was presented for
Cr(VI) assay in water samples [15].
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A paper-based or lab-on-paper analytical method was
first applied for bioassay by Whitesides’s group in 2007
[16]. Paper was applied in colorimetric, fluorescent and
electrochemical methods due to its outstanding features
including low price, proper porosity, biocompatibility, bio-
degradability and flexibility [17, 18]. Portable, fast and
low-cost paper-based methods are preferred to time-
consuming laboratory analysis. They are widely used for
point of care medical diagnostics [19] and environmental
analysis [20].

The Chromium measurements in urine and plasma can be a
reliable marker for chromium exposure [21, 22]. For this pur-
pose, a straightforward and low-cost analysis for Cr(III) assay
is lab-on-paper colorimetric method.

We have developed an efficient TDA-AuNPs probe for the
determination of Cr(Ill) and Cr(VI) in a paper based analytical
device. The aim of this study is to design a portable and min-
iaturized method for monitoring Cr in biofluids and on-site
environmental analysis. The TDA-AuNPs were characterized
using various identification techniques. The color of TDA-
AuNPs probe changed from red to blue upon addition of
Cr(IIT) which can be monitored by the bare eye, UV-Vis spec-
trophotometry or with a smartphone camera. Under optimal
conditions, this method exhibited high selectivity, low detec-
tion limit and a wide linear range for speciation of Cr(IIl) and
Cr(VI).

Experimental
Reagents and chemicals

Chloroauric acid trihydrate (HAuCly.3H,0), tri-sodium cit-
rate dehydrate, Cu(NO3),, Cd(NO3),, Pb(NO3),, Co(NO3),,
Ni(NO3)2, AgNO;, AI(NO;3);, Fe(NO3);, Mg(NO3),,
Ca(NO3), and Cr(NO3); were purchased from Merck
(Darmstadt, Germany, www.merck.com) and 2,2’-
thiodiacetic acid (TDA), NaNO;, Zn(SOy),, Fe(SO4),,
Mn(SO,),, Na,SO,4, K,Cr,04, HgCl,, KBr, KCI, Triton X-
100, nitric acid (65%), ascorbic acid, acetic acid, boric acid
and sodium hydroxide were purchased from Sigma-Aldrich
company (www.sigmaaldrich.com). Doubly distilled-
deionized water was used in all the experiments.

Instrumentation

The UV-Vis spectrometry measurements were performed using
an Analytic Jena Specord 210 spectrophotometer (www.
analytik-jena.com, Germany). Elemental analysis was obtained
with an EDS Sirius SD. Transmission electron microscopy
(TEM) images were recorded with a Zeiss-EM10 Cooperated
at 80 keV. Fourier transform infrared spectra were recorded on
a Vector 22 BRUKER spectrophotometer (Germany). A Varian
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spectra 220 (Australia) atomic absorption spectrometer equipped
with a deuterium background correction system and electrother-
mal atomizer, GTA-110 was used for chromium determination.
Dynamic light scattering (DLS) was measured via a Malvern
Zetasizer-nano zs (England). The pH measurements were carried
out using Metrohm 713 model pH-meter (with precision of
+1 mV) furnished with a combined glass-saturated calomel elec-
trode. The photos were taken with a Samsung Galaxy E5 mobile
phone.

Preparation of AuNPs and TDA-AuNPs

AuNPs were prepared by reducing HAuCly with tri-sodium
citrate in the aqueous phase [23]. Briefly, tri-sodium citrate
(25 mL, 38.8 mM) was added to a boiling solution of
HAuCl, (250 mL, 1.0 mM). After 30 min, a wine-red solution
was obtained.

For the preparation of TDA-AuNPs, the AuNPs (250 mL)
were incubated with a 12.5 mL of 0.01 mM TDA aqueous
solution under stirring in a dark place for 2 h. The TDA mol-
ecules were capped on AuNPs through ligand exchange with
citrate via -S- atoms. A very stable dispersed solution was
obtained. The solutions were centrifuged to remove free
agents. The TDA-AuNPs were stored at 4 C and remained
stable for more than 6 months.

Speciation of chromium

First, Cr(VI) ions were reduced to Cr(IIT) with 2.0 mM ascor-
bic acid for 30 min [24]. Then, the colorimetric assay proce-
dure for Cr(IlT) was repeated for total Cr determination. The
concentration of Cr(VI) was obtained by subtracting the con-
centration of Cr(IIl) from the total chromium.

Urine and human serum plasma samples

For colorimetric assay, 100 pL of the urine and human serum
plasma were treated with 20 pL of nitric acid 0.2 M. The
treated solutions were diluted 50 times.

For graphite furnace atomic absorption spectrometry (GF-
AAS), 100 uL of the biofluids were treated with 20 uL of
nitric acid 0.2 M. Then each treated urine and human serum
plasma samples were mixed separately with 20 uL of HNO;
(1%) and Triton X-100 (1%) as modifier, respectively. The
resulting samples were introduced to GF-AAS [25].

Results and discussion
Choice of material

AgNPs and AuNPs exhibit a size dependent optical property
known as surface plasmonic effect, which has a strong UV—
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visible absorption band located in the visible region. The use of
AuNPs has been more popular than AgNPs because AuNPs are
easier modified with one or more sulfur moieties and are chem-
ically more stable than AgNPs. The TDA molecule was a favor-
able choice for chromium determination because of its water
solubility and due to hard nature of two basic COO™ groups
can offer strong interaction with hard acid such as Cr*".

Characterization of TDA-AuNPs

As shown in Fig. S1A, the TDA-AuNPs exhibited SPR ab-
sorption at 522 nm. Fig. 1a and b show the FT-IR spectra of
citrate and AuNPs-citrate, respectively. The presence of C=0,
C-O and OH in Fig. 1b demonstrates that citrate may be
capped on the surface of AuNPs. The C-O peak of citrate at
1276 cm ™' in Fig. la shifts to 1242 cm™ ' in Fig. 1b. This
probably indicates that C-O interacts with AuNPs and the
band weakens and hence shifts to lower frequency. In addi-
tion, Fig. 1c and d illustrate the FT-IR spectra of pure TDA
and TDA-AuNPs, respectively. In Fig. 1c, the very broad peak
at 3100-2030 cm™ ' may be due to OH stretching of carboxylic
acids. The peak at 2910 cm™' can be attributed to the
stretching of aliphatic -CH, groups. The peak at 1693 cm '
is due to C=0 stretching of carboxylic acids. The shift of C=0
from 1693 cm ™' (Fig. 1¢) to 1593 cm ™' in Fig. 1d shows that
the TDA agent may be capped on the surface of AuNPs.
According to these results, the capping of citrate and TDA
on the surface of AuNPs can be separately identified.
However, a comparison of Fig. 1b and d shows that AuNPs-
citrate and TDA-AuNPs have similar spectra. This method has
not been able to differentiate between them. Therefore, the
ligand exchange of citrate to TDA is not confirmed by FT-
IR. This can be due to the low concentration of TDA used in
our study. A comparison of Fig. 1d and e indicates the FT-IR
spectrum of TDA-AuNPs and TDA-AuNPs in the presence of
50 uM Cr(IID), respectively. As can be seen, the C=0 band at
1593 cm™ ! (Fig. 1d) shifts to lower frequency (1587 cm V) in
Fig. 1e which can be due to interaction of Cr(Ill) with TDA-
AuNPs. According to hard-soft acid-base (HSAB) theory, the
hard acid Cr(III) tend to interact with hard base (oxygen atoms
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Fig. 1 FT-IR spectra of (a) citrate, (b) AuNPs-citrate, (¢) TDA, d) TDA-
AuNPs and (e) TDA-AuNPs in the presence of 50 uM Cr(I1I)

in COO™ groups). After interaction of Cr(III) with AuNPs, the
double band character of C=0 decreases and thus a shift to
lower frequency is observed.

We studied the ligand exchange of citrate with TDA using
EDS, TEM and zeta potential analysis. The EDS spectrum of
TDA-AuNPs shows carbon, oxygen, sulfur and gold peaks (Fig.
S1B). The presence of sulfur in the EDS spectrum confirmed the
presence of TDA on the surface of AuNPs. Characterization of
AuNPs-citrate and AuNPs-TDA core-shell nanoparticles were

Fig. 2 (a) TEM image of AuNPs-citrate, (b) TEM images of TDA-AuNPs in the absence and (c¢) in the presence of 10 uM Cr(11I)
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investigated using TEM. The citrate shell around AuNPs was not
clear in the TEM image (Fig. 2a). However, the TDA shell
around AuNPs was determined at 2.3 nm (Fig. S2). As a result,
the presence of TDA shell around AuNPs confirmed the ligand
exchange of citrate to TDA. The zeta potentials of AuNPs-citrate
and TDA-AuNPs were — 13.9 and —31.8 (Fig. S3D and E). The
TDA-AuNPs had —17.9 times more negative charge than
AuNPs-citrate and were more stable. As shown in the TEM
image, the TDA-AuNPs are spherical and well dispersed in aque-
ous solution with an average size of 14.4+1.9 nm for n =60
(Fig. 2b). The TEM image of TDA-AuNPs in the presence of
10.0 uM Cr(IIT) shows that TDA-AuNPs aggregated to large
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Fig.4 (a)Photographs of TDA-AuNPs spots on the paper in the presence
of different concentrations of Cr(Ill) in the range of 1.0 nM-0.1 mM, (b)
Linear calibration for color intensity versus logarithm concentration of
Cr(IIT)
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particles (Fig. 2¢). Furthermore, the average hydrodynamic di-
ameter of TDA-AuNPs was obtained at 19.97 (Fig. S3B) with a
dispersity index of 0.556 by DLS analysis. The average hydro-
dynamic diameter of TDA-AuNPs increased to 41.05 in the
presence of Cr(Ill) (Fig. S3C). Increasing hydrodynamic diame-
ter showed that Cr(IIl) induces the aggregation of AuNPs. The
zeta potentials of AuNPs-citrate, TDA-AuNPs and TDA-AuNPs
in the presence of 10.0 uM Cr(IIl) were—13.9, —31.8 and —
28.5, respectively (Fig. S3D-F. The TDA was deprotonated at
pH =5.0 acetate buffer (TDA, pK,; =3.14 and pK,, =4.01
[26]). The TDA-AuNPs were more stable than AuNPs-citrate
due to more negative TDA ions caped on the AuNPs than citrate
ions. The negative charge of TDA-AuNPs decreased in the pres-
ence of Cr(IIT) due to complexation which leads to low stability
and therefore aggregation of nanoparticles.

Dynamic light scattering (DLS) and zeta potential
analysis

Fig. S3, illustrates determination of the average hydrodynamic
size, polydispersity indices and zeta potentials. The polydis-
persity indices for AuNPs-citrate, TDA-AuNPs and TDA-
AuNPs-Cr(IIT) were 0.519, 0.556 and 0.552, respectively. It
is noteworthy that the polydispersity of AuNPs-citrate and
TDA-AuNPs were a bit slightly higher when compared to
each other, as a possible result of a few larger nanoparticles.
The DLS method is based on light scattering. The intensity of
the light scattered by particles enhances as the sixth power of
the diameter and the signal is prevailed by the largest particles;
this means that when samples contain the small and large
nanoparticles, the small ones cannot be detected [27].
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Scheme 1 The mechanism of paper analytical device based on TDA-AuNPs for Cr(IlI) assay

Therefore, the samples with high polydispersity cannot be
evaluated using DLS alone. Electron microscopy is another
method that is less sensitive to polydispersity. Thus, we sup-
ported our results by TEM technique. As shown in Fig. 2b, the
TEM image of TDA-AuNPs in the absence of Cr(III) shows
good dispersion. In addition, the zeta potential of TDA-
AuNPs is high, approximately —31.8 (Fig. S3E). Therefore,
the TDA-AuNPs are stable because the strong electrostatic
repulsion between the nanoparticles prevents their
aggregation.

Colorimetric assay for Cr(lll) in solution

For Cr(IIl) assay, 0.5 mL of acetate buffer with pH=15.0
was mixed with 100 uL of TDA-AuNPs. Then, different
concentrations of Cr(III) were added to this solution. UV-

Vis absorption spectra were recorded after 5 min at room
temperature. The addition of Cr(III) to TDA-AuNPs

solutions led to the red shift in its SPR band as shown in
Fig. 3a. Depending on the concentration of Cr(IIl), the
color of solution was changed from red to purple, and in
the higher concentrations to blue (Fig. 3b). The aggrega-
tion of TDA-AuNPs was induced by interaction between
oxygen groups in TDA with Cr(III). The decrease interpar-
ticle distance between nanoparticles lead to a remarkable
red shift in the LSPR band and a visual color change from
red to blue. A linear correlation was obtained between
Ag70/522 and Cr(IIl) concentration in the range of 1.0 nM-
22.1 uM with LOD = 0.66 nM. The relative standard devi-
ations (RSDs) of the colorimetric method were in the range
of 1.4-8.7% which demonstrated the good repeatability of
this method. As shown in the TEM image, the TDA-
AuNPs are well-dispersed in the absence of Cr(IIl) (Fig.
2b), but aggregated together in the presence of 10.0 uM
Cr(IIl) (Fig. 2c). These results confirm that Cr(IIl) is in-
duced the aggregation of TDA-AuNPs.

Table 1 Comparison of this method with some reported studies

Methods Probe Analyte LOD Linear range Ref.

Colorimetric DMSA-AuNPs Cr(IIl) and Cr,0, 2 10 nM 10-500 nM [28]

Colorimetric PAH-AuNPs Cr(1I) 1.17 uM 5.0-120 uM [29]

Colorimetric Tween 20-AuNP Cr (1II) 0.016 uM 0.5-5.0 pM [30]
Cr (VD) 0.009 uM 0.02-2.5 uM

Colorimetric SH-AuNPs Cr(11I) 0.78 nM 0.001-0.020 M [31]
Cr(VI) 2.90 nM 0.005-1.0 uM

ET-AAS - Cr(IIl) and Cr(VI) 0.02 ng mL™" 0.05-5 ng mL™! [32]

Paper-based colorimetric AuNPs Cr(IIT) 0.106 uM 1.0-1000 uM [33]

Colorimetric DTPA-AuNPs Cr(1II) 0.05 uM 0.07-0.40 pM [34]
Cr(VI) 0.005 uM 0.01-0.25 uM

Fluorescent g-C3N4 NS Cr(VI) and Cr(III) 3 M 0.01-100 pM [35]

Paper-based colorimetric TDA-AuNPs Cr(1II) and Cr(VI) 0.64 nM 1.0 nM-0.1 mM This work
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Lab-on-paper based assay for Cr(lll)

A 10 uL of TDA-AuNPs with pH=5.0 were spotted on
punched filter papers, and the spotted papers were dried at
room temperature for 20 min. This work was repeated twice.
The TDA-AuNPs spots on the paper were interacted with
different concentrations of Cr(III). Depending on the concen-
tration of Cr(III), the color was changed from red to blue. The
photographs of TDA-AuNPs spots on the paper were taken
with a Sumsung ES mobile phone (Fig. 4a). Color intensities
were calculated using Adobe photoshop CS5. The mechanism
of lab-on-paper colorimetric assay for Cr(Ill) is shown in

Fig. 5 (a) UV-Vis absorption

Scheme 1. A linear correlation was obtained between color
intensities and the logarithm of Cr(IlI) concentration in the
range of 1.0 nM-0.1 mM with a correlation coefficient (R?
of 0.98, and LOD =0.64 nM for paper based colorimetric
assay (Fig. 4b). Table 1 provides a comparison of our results
with some reported studies.

Optimization of method

The following parameters were optimized: A) TDA concen-
tration; B) Sample pH value; C) Incubation time. Respective
data and Figures are given in Fig. S4. The following
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Table 2 Determination of Cr(IlI) and total chromium ions in real samples
Sample Added (ppb) Founded (ppb) Recovery (%) (n=3) RSD (%) (n=3) GF-AAS? RSD (%) (n=3)

Cr(ll) Cr(VDH  Crdll) Cr(VI)  Cr(I) Cr(VI) Cr(III) Cr(VI) Cr(Ill)  Cr(VD  Cr(IID) Cr(VI)
Tap water 0 0 0 0 - - - 1.0 - - -

40 0 37.9 0 94.7 — 5.3 - 35.0 — 8.3 -

40 34 37.9 36.0 — 105.9 — 59 — 33.0 - 9.1
River water 0 0 0 0 - - - - - - -

40 0 39.0 0 97.6 — 2.5 - 38.0 — =5.0 -

40 34 39.0 34.8 - 102.4 - 2.4 — 35.5 - 3.8
Urine 0 0 0 0 - - - 1.05 — - -

40 0 36.5 0 91.4 —8.7 - 432 — 6.8 -

40 34 36.5 34.5 - 101.4 - 1.4 - 35.0 - 29
Human serum 0 0 0 0 - - - 5.24 - - -

plasma 40 0 370 0 9.5 -75 - 441 - 8.6 -

40 34 37.0 34.6 - 101.9 - 1.9 - 36.1 - 6.2
# Graphite furnace atomic absorption spectrometry
experimental conditions were found to give best results: A) Conclusion

Optimal TDA concentration: 0.5 uM; B) Best sample pH
value: 5.0 and C) Best incubation time: 5 min.

Interference study

Colorimetric assay was studied in the presence of 16.7 uM
Cr(IIT) and 10.0 fold of 19 other cations and anions including
Cu2+, Cd2+, Pb2+, C02+, Ni2+, Ag+, Hg2+, Mn2+, Zn2+’ A13+!
Fe**, Mg?*, Ca®*, Na*, Fe**, SO, 2, Cr,0; %, Br and CI. As
can be seen from Fig. 5(a-c), the remarkable red shift in the
UV-Vis spectra and a visual color change generated by Cr(IIT)
shows the selectivity of the colorimetric method. Also we
demonstrate the selectivity of paper-based method for Cr(III)
in Fig. 5d.

Real samples

The probe was evaluated for the measurement of Cr(III)
and total chromium in water, urine and plasma samples
using standard addition method and the results were com-
pared with GF-AAS as the standard method. A good
agreement can be seen between our results and GF-AAS
standard method. The results are presented in Table 2.
Speciation analysis of Cr(VI) and Cr(IlI) was performed,
as described in Experimental section. As shown in Table 2,
the recoveries were obtained in the range of 91.4-105.9%
and RSDs in most cases are lower than 8.7%. The findings
indicate that the matrix real samples did not have any
interference for speciation of Cr(IIl) and Cr(VI) specially
in water samples.

For biomonitoring study, we developed a TDA-AuNPs probe
in paper based analytical device as a marker for chromium
exposure in biofluids and also for on-site analysis in water
samples. This method is fast, low-cost and portable with high
sensitivity and selectivity. It can be used with a portable
smartphone detector and does not require any complicated
equipment. The addition of Cr(IIl) to the TDA-AuNPs spots
on the paper lead to a change in SPR band of AuNPs and
consequently the color changed from red to blue. Images
of TDA-AuNPs spots on the paper were taken with a
smartphone. A linear correlation was obtained between color
intensity and the logarithm concentration of Cr(IIl) with
LOD =0.64 nM. Selectivity of the TDA-AuNPs probe was
confirmed against different cations and anions. Finally, this
method has provided a convenient approach for the determi-
nation of Cr(III) and total chromium in real samples.
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