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KEYWORDS Abstract Heavy metals (HMs), pollution of major environmental matrices and its attendant effects on
Carboxymethy! cellulose; human health and the environment, continue to generate huge scientific interest, particularly in mon-
Silver nanoparticles; itoring and detection. Herein, the optical property of carboxymethyl cellulose stabilized silver nanopar-
Gold (111) ion; ticles (CMC-AgNPs), supported with ascorbic acid, is exploited as a colorimetric probe for the
Ascorbic acid; detection of toxic Au** ion in solution. The as-synthesized CMC-AgNPs showed sharp absorption
Colorimetry; maximum at 403 nm, with sparkling yellow color and average particles size distribution less
Catalyst than 10 nm. It was further characterized using ATR-FTIR, TEM, FESEM/EDS, XRD and DLS/zeta

potential analyzer. Au>" ion detection strategy involves the addition of ascorbic acid (AA) to a pH
adjusted CMC-AgNPs, followed by the analyte addition. AA would facilitate the reduction of Au®*
on CMC-AgNPs (seed), with resultant color perturbations from light yellow to yellow, orange, ruby
red and purple red, under 8 min incubation, at room temperature (RT). The CMC-AgNPs could also
serve as a catalyst, by promoting AA mediated reduction of Au®", in-siru. Moreover, we propose, that
the color and the absorption spectra change is attributed to the deposition of gold nanoparticles
(AuNPs), on the CMC-AgNPs/AA probe, to form (CMC-Ag@Au) nanostructures, depending on
the analyte concentration. Absorbance ratio (Ass/A493) showed good linearity with Au** concentra-
tion from 0.25 to 100.0 uM, and an estimated LOD of 0.061 uM. The assay was applied to Au®* detec-
tion in environmental wastewater sample, showing satisfactory real sample detection potentiality.
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access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Among the various heavy metals (gold, mercury, lead, cobalt, silver,
cadmium, chromium, magnesium, iron etc), considerable attentions
are devoted to gold owing to huge applications of gold in jewelry man-
ufacture, as components of electronics and electrical appliances, and in
numerous industrial applications such as, medical, automotive, defense
and aerospace fields (Corti et al., 2002). From the perspective of toxi-
city, gold metal is not very toxic. However, gold in ionic forms (Au**),
is very toxic. For example, Au®>™ owing to its high thiophilicity, can
bind very strongly to DNA, proteins, amino-acids and enzymes form-
ing complexes/cleaving, and thus impart negatively on the optimal bio-
logical performance of such biomolecules (Kambam et al., 2015).
Moreover, soluble gold salts, such as gold chloride have been investi-
gated to cause severe damages on organs (spleen, liver, lungs, kidney)
(Block and Knapp, 1945). It is also important to state that with the
popular applications of gold nanoparticles-fabricated from (Au®")
salts, in diverse research areas, the possibility of (Au®*) leaching and
consequent pollution of various environmental matrices have risen in
the past few decades. Consequently, the need for consistent monitoring
of (Au*") pollution has attracted increased interest from scientists.
Reported detection strategy for (Au®*) include; inductively coupled
plasma-mass spectrometry ICP-MS (Losev et al., 2020), atomic
absorption spectroscopy AAS (Afzali et al., 2014), methods based on
electrochemistry (anodic stripping voltammetry) (Hall and Vaive,
1992; Wu and Lai, 2016), fluorescence-based methods (Hazarika
et al., 2020; Qin et al., 2021) and methods based on exploiting the opti-
cal properties of metal nanoparticles (Megarajan et al., 2019; Tantubay
et al., 2021; Yang et al., 2018). These methods can effectively detect
(Au*™), however, the assays design in terms complex sample prepara-
tion steps for AAS and ICP-MS, and the use of some toxic reagents for
fluorescence assays, calls for a more robust, sensitive, selective, timely
and facile approach for (Au®") detection.

The roles of nanomaterials in plenitude of human scientific engage-
ments have continued to gain wide acceptability owing to their unique
physico-chemical properties. In fact, their high surface area to volume
ratio, provide a versatile, reliable, and efficacious platform for the
incorporation of diverse materials for onward delivery to specific sites.
Silver nanoparticles (AgNPs) are notable nanomaterial with huge
biomedical interest in view of their high antimicrobial potentiality
(Eze et al., 2022; Jayeoye et al., 2021; Jayeoye et al., 2020). Further,
AgNPs surface plasmon resonance (SPR) property, which arises from
the activation of surface electrons on metals resulting from electromag-
netic interaction(Zeng et al., 2017), have been well exploited for the
detection of wide-ranging toxic metal ions in solution (Huang et al.,
2016; Ismail et al., 2018; Prema et al., 2022; Rajar et al., 2021). In
the detection strategies mentioned above, the perturbations in the
absorption maximum of AgNPs and its optical properties are well cor-
related with the concentrations of the various analytes of interest. For
example, Duan et al. proposed a colorimetric probe for toxic Hg>*
detection, based on the anti-aggregation of citrate stabilized AgNPs
(Duan et al., 2014). 6-thioguanine was used to induce the aggregation
of AgNPs, in the absence of Hg?". However, with prior mixing of
Hg®* and 6-thioguanine, the aggregation effect of 6-thioguanine is
prevented, owing to the high binding interaction between them. Con-
sequently, reverse color perturbations was realized, with impressive
sensitivity. Moreover, the detection of highly hazardous glyphosate
herbicide using AgNPs, supported with laser ablation device was
reported (De Goes et al., 2017). The stability of AgNPs is an important
property of interest to serve as optical probe. Thus, the changes in the
nanoparticles color and absorption spectra can be appropriately
related to the concentration of analytes.

Another important feature of metal nanoparticles is their catalytic
properties. This property is significant in facilitating the occurrence of
some naturally non-feasible reactions. Thus, AgNPs have been
employed towards the degradation of numerous contaminants and
recalcitrant pharmaceuticals in water (Baghbani-Arani et al., 2017;
Mosaviniya et al., 2019; Xu et al., 2020). AgNPs are used to reduce

the inherent energy barriers and thus provide a more suitable route
towards the successful actualization of the reaction path.

Biopolymers mediated synthesis of metal nanoparticles (MNPs)
have opened an exciting vista, especially in tuning the surface corona
of nanoparticles. They have been found to modulate the properties
of the fabricated MNPs, while also conferring better stability on the
material. Their perfect aqueous dispersity, good water solubility, huge
availability, affordability, biocompatibility, non-toxicity etc. made
biopolymers an important bio-resource with far-reaching applications
in the food industry, bio-medical field and pharmacy (Chen et al.,
2020). Among the available biopolymers, carboxymethyl cellulose
(CMQ), is one of the most applied, owing to its good solution forming
property in water, biodegradability, non-toxic and edible nature. Itis a
derivative of cellulose and thus one of the most readily available
biopolymers around. It is used in film forming for food packaging
and as a perfect reductant of metal salts or as a stabilizing agent in col-
loidal nanofabrication, arising from its numerous hydroxyl groups
(Lin et al., 2022; Madla-Cruz et al., 2020). CMC matrix also provides
an environment for the immobilization of metal ions and thus prevents
easy leaching of toxic metal ions in solution, which consequently
improves the biological properties of MNPs with CMC based synthe-
sis. The stability property of nanomaterials mediated by CMC
biopolymer is of huge interest in nanoparticles detection of wide-
ranging analytes. The adsorption property of polyvinyl alcohol
(PVA)/CMC hydrogel towards metal ions (Ni?*, Zn>", Cu*" and
Ag™) was investigated by (Wang and Wang, 2016). It was revealed
that the addition of CMC to PVA to form polymer blend (PVA-
CMC) hydrogel, improved the metal ion adsorption property of the
hydrogel, especially towards Ag™. Encouraged by this, in this work,
we used CMC for AgNPs synthesis, owing to its good aqueous disper-
sity, stability, availability, cost effectiveness and metal ions sensitivi-
ties. In fact, it is one of the cheapest biopolymers around, and thus
would reduce overall cost of the fabricated CMC-AgNPs.

In this contribution, we exploited the good stabilizing property of
CMC to fabricate CMC-AgNPs using highly reductive NaBH, at room
temperature. We used NaBH, to achieve nanoparticles with low parti-
cles sizes inside CMC-matrix, which can improve its catalytic property
while serving as seed for the growth of gold nanoparticles, formed via
ascorbic reduction of Au*". With the addition of Au®" (analyte), to
the CMC-AgNPs, coupled with an external reductant (Ascorbic acid
AA), A" would be reduced on the CMC-AgNPs seed to form
CMC-Ag@Au nanostructure, depending on the concentration of the
analyte. With this approach, a fast, sensitive, and selective colorimetric
detection strategy was built for Au®* detection in aqueous environment.
The detection strategy proposed relied on the use of CMC-AgNPs as a
seed/catalyst, under AA support, as detection strategy for Au**. With
analyte addition, CMC-Ag@Au nanostructure is formed with distinct
optical and absorption spectra property. This assay is different from
other reported works where AgNPs is used as detection probe for
Au’" through basic redox reaction. To the best of our search, this is
the first report of Au® " detection based on this method.

2. Experimental section

2.1. Reagents

Carboxymethyl cellulose (CMC), degree of substitution 1.2 and
molecular weight of 120 kDa, Ascorbic acid (AA) and gold (I11)
chloride trihydrate (HAuCly-3H,0) were purchased from Sigma
Aldrich. AgNO; was from RCI Labscan, Thailand. NaBH, was
from LOBA CHEMIE India. Different metal salts used in the
selectivity studies include: Ca(NO3),-4H,0, FeCl;, Cr(NO3)s,
HgCl, from LOBA CHEMIE, MgCl,-6H,0 and MnCl,-4H,0O
from QReC, KNO; and NaNOj3 from Spectrum Chem Corp
USA, BaCl,, NiCl,-8H,0, CuSOy4-5H,0, Al(NOs),-9H,O and
ZnS0O4-TH,0 are all from APS Ajax Finechem lItd., Pb(NO3;),
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and CdCl,-2-.5H,0 from Sigma Aldrich, CoCl,-6H,0, Fe,SOy-
“TH,O from Merck. The salts were used without any further
purification by dissolving appropriate mass in ultra-pure water,
obtained from a Millipore water purification set up.

2.2. Instruments

All absorption spectra were acquired on an Agilent 8453 UV-
vis spectrophotometer. The images of the CMC-AgNPs and
those after Au®* injection, were observed using a transmission
electron microscope (TEM) JOEL, JEM 2010 machine while
the Field emission scanning electron microscope (FESEM)
images (Apreo, FEI) was used to observe the morphology of
CMC and CMC-AgNPs film. The FESEM equipment was
connected to an energy dispersive X-ray spectroscopy (EDX)
set-up (X Max 80, Oxford Instrument, UK). X-ray diffrac-
togram (XRD), was profiled using a XRD diffractometer form
Empyrean, with the following features: operating degree (5 to
80°) on a Cu Ka incident beam, having a wavelength of
0.154 nm and a scan speed of 70.2 s. Zeta potential and the
hydrodynamic diameter (Dh) were collected on Dynamic Light
Scattering (DLS) machine, Malvern ZETASIZER NANO.
Appropriately diluted sample was measured into a 1 mL sized
capillary cell and then inserted into the sample holder of the
equipment. Each sample was run in triplicate and the equip-
ment set for (n = 100) for each run. Nicolet FTIR/ATR
iS50 from Thermo-Fisher was used for functional group eluci-
dation, by taking wavelength between 4000 and 500 cm™'.
Raman spectra were obtained using Raman microscope spec-
trometer, RAMANforce from Nanophoton. All photo images
were acquired on a Samsung A50 Android phone.

2.3. Preparation of CMC-AgNPs

0.3 % (w/v) of CMC was prepared by dissolving appropriate
weight in a beaker containing distilled water, under stirring.
The mixture was further raised to 60 °C for 2 hrs to form a col-
orless viscous solution. The CMC solution was stored at RT
overnight before use. CMC-AgNPs was synthesized based on
reported work (de Lima et al., 2014), with modification. Into
an aluminum foil wrapped beaker, 60 mL of 0.15 % CMC
solution was measured, then 3 mL of 10 mM of AgNO; was
injected under stirring at RT, 3 mL of chilled, freshly prepared
20 mM NaBH4 was added under vigorous stirring. The solu-
tion was further stirred for I hr and then transferred into an
amber bottle and stored at 4 °C before use.

2.4. Colorimetric detection ofAuj’+

Colorimetric detection of Au®* using CMC-AgNPs was con-
ducted as follows. Into a 5 mL tube, 300 uL of CMC-
AgNPs was added, 1300 pL of ultra-pure water was added
for dilution, followed by 150 pL of 50 mM NaOH, then
200 pL of 50 mM AA (optimal concentration) and finally,
50 pL of fresh Au®* (with different concentrations) was
injected, so that the final concentrations of Au®* ranged from
0.00 to 150.0 uM, in 2 mL reaction volume. The mixture was
vortex mixed, incubated at RT for 8 min, after which the photo
images and the UV-vis absorption spectra were collected on
an Agilent 8450 UV-vis spectrophotometer and Samsung
AS0 phone respectively.

2.5. Real sample preparation

The practical application of CMC-AgNPs/AA sensor for
Au’* detection in real sample, was demonstrated, using envi-
ronmental water sample from the Chulalongkorn University.
The water sample was collected in a polypropylene bottle
and then refrigerated at 4 °C before use. The refrigerated water
sample was removed and allowed to cool to RT. It was filtered
using a 0.22-um syringe filter, to trap out all dissolved solids.
Some part of the processed water sample was submitted for
ICP-MS to check if there is gold contamination. Then the
other part was assessed using our CMC-AgNPs/AA colorimet-
ric probe, by spiking appropriate concentrations of Au®". The
accuracy of the probe was expressed as percent recovery, using
the equation,

Recovery = (C; — Cp)/Cqgq * 100 % where, C; = concentra-
tion of spiked, Cy = concentration of unspiked sample and
C,iq 18 the concentration of added standard.

3. Results and discussion

3.1. Synthesis of CMC-AgNPs

In this work, we selected CMC as a stabilizer and NaBH, as
the reductant to obtain a very stable CMC-AgNPs with very
small particle sizes, since NaBH, is a very strong chemical
reductant of metal salts. The choice of AgNPs with very small
sizes, realized through NaBH, adoption for synthesis is based
on the direct correlation between catalytic proficiency of
nanoparticles and their sizes, as reported (Zhou et al., 2010).
The addition of aqueous NaBH, to a mixture of CMC and
AgNOj; at RT under stirring, generated a sparkling yellowish
CMC-AgNPs. The concentrations of Ag" in the synthesis
pot may have a strong effect on the resulting colloidal
nanoparticles and was thus optimized. Adding 3 mL of 1.0,
5.0,10.0, 15.0 and 20.0 mM of AgNO; solution to fixed
60 mL, 0.15 % CMC and 3 mL 20 mM NaBHy, the final con-
centrations of Ag™ in the synthesis pot are 0.045, 0.227, 0.455,
0.982 and 0.910 mM respectively. As shown in Fig. 1, the
absorption intensity increases as the concentrations of AgNO3,
with sparkling yellowish color, except for the first pot (Fig. |
(a) inset). There existed a sharp absorption maximum at
403 nm, which is attributed to the surface plasmon resonance
band of AgNPs with small particle sizes. Further information
on the stability of the colloidal solutions (containing different
AgNO; concentrations), could be obtained by plotting the
absorbance at 403 and 550 nm. As depicted in Fig. 1(B), the
ratio Ayg3/Asso increases as AgNO; concentration and then
diminishes after 0.455 mM. This shows synthesis with
0.455 mM AgNO; furnished CMC-AgNPs with the best col-
loidal stability, optical property and was thus selected.

3.2. Characterization of CMC-AgNPs

CMC and CMC-AgNPs were subjected to different instrumen-
tal characterizations to obtain information on the microstruc-
tural property of the synthesized materials. The TEM images
of CMC-AgNPs, as revealed in Fig. S1, shows spherical and
well dispersed images (Fig. S1(A)), while the hydrodynamic
diameter from the dynamic light scattering machine (DLS),
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Fig.1 (A) UV-vis absorption spectra of CMC-AgNPs, synthesized by varying AgNOj final concentrations at a. 0.045b. 0.227c. 0.455 d.

0.682 e. 0.910 mM, inset shows the photo images (B) Plot of A4g3/Asso versus the final concentrations of AgNO;.

(Fig. S1(B)), showed particle sizes of 69.8 + 2.4 nm, with zeta
potential value of —17.5 £ 0.5 mV (Fig. S1(C)), attesting to
the high stability of the synthesized CMC-AgNPs.

Furthermore, the interaction between biopolymer and
nanoparticles was further elucidated using ATR-FTIR.
Fig. 2A shows the identified peaks in CMC as: 3300, 2882,
1582, 1410, 1320 and 1010 cm™". These peaks are assigned to
the O—H stretching, C—H stretching, C—0O asymmetric
stretching vibration, CHj, scissoring, C—O bending vibrational
peak and the C—H in-plane bending vibrational peak (Asnag
et al., 2019). These peaks are all present in the CMC-AgNPs,
but are further shifted, which is attributed to the interaction
between CMC and the nanoparticles. Fig. 2B, shows the
diffraction peaks of CMC and CMC-AgNPs. As contained,
sharp peak at 21.3° is conspicuously displayed in CMC, con-
firming the amorphous nature of CMC biopolymer (Asnag
et al., 2019). In the CMC-AgNPs (Fig. 2B), sharp peaks at
20.0, 38.6, 46.3, 64.8, 77.8° are all present. These peaks are
assigned to amorphous CMC and (111), (200), (220) and
(311) face-centred cubic (fcc) crystalline plane of AgNPs.
This shows the CMC-AgNPs is reflective of the constituting
materials-CMC and the in-situ generated AgNPs. To show,
the impact of AgNPs impregnation in CMC matrix, FESEM
images of CMC film before and after nanoparticles synthesis
were acquired. Fig. 2(C), shows the polymer morphology were
smooth without no observable patches, while after AgNPs
deposition in the CMC-matrix using NaBH,4 based chemical
synthesis, white patches of AgNPs could be clearly observed
immobilized in CMC polymer matrix (Fig. 2(D)). Moreover,
the particles are spherical and dispersed, in consonance with
the TEM images above.

The EDS spectra of CMC-AgNPs is displayed in Fig.S2.
The identified elemental composition includes C, O, Na, and
Ag, which validated the attachment of AgNPs in CMC matrix.

Raman analysis is another reliable analytical tool for prob-
ing biopolymers’ interaction. As shown in Fig. S3, sharp peak
at 1106.4 cm ! is observed in CMC, which is attributed to the

C=O0 stretching vibration (Devi et al., 2020). This peak
increased to 1181.4 cm™', in CMC-AgNPs, with the introduc-
tion of other notable peaks, arising from the interaction of
CMC with AgNPs, in support of the result from ATR-FTIR.

3.3. Colorimetric detection of Av’" using CMC-AgNPs

Metal nanoparticles (MNPs) attraction by scientists in analyt-
ical detection continue to gain tremendous acceptability due to
their high extinction coefficients, far exceeding those of com-
monly available fluorophores. Consequently, they have higher
absorbing properties (Paramelle et al., 2014). The detection of
Au?", proposed in this work was conceptualized by linking the
formation of red/purple of AuNPs, in the presence of reducing
agent, with Au®™ detection. Since the highlighted color above
is characteristic of AuNPs only, thus the proposed method is
expected to benefit from high selectivity, since only gold
nanoparticles is known to shows purple/red color with absorp-
tion spectra around 520-550 nm (Krajczewski et al., 2017).
Thus, in this assay we adopted AA-an efficient biological
reducing agent as the complementary external reducing agent,
with CMC-AgNPs as the seed. As metal nanoparticles gener-
ally exhibit good catalytic properties (Santos et al., 2012), we
believe the CMC-AgNPs will serve as catalyst to promote
the reduction of AA in the reaction pot after the analyte
(Au®") addition. Fig. 3 shows the interaction between CMC-
AgNPs, NaOH, AA on the analyte detection. The absorption
spectra of CMC-AgNPs with sharp peak at 403 nm is dis-
played (Fig. 3(a)), with light yellowish color (Fig. 3(a) inset.
The addition of NaOH to CMC-AgNPs for pH adjustment
did not induce any significant change in the absorption spec-
trum (Fig. 3(b)), but a slight color change (Fig. 3(b) inset).
The addition of Au*" to CMC-AgNPs and NaOH led to an
immediate color fading to colorless. This is due to the redox
reaction between Au®' and Ag’ The standard reduction
potential of Au?*/Au® is 0.99 V, while that of Ag™/Ag® is
0.80 V. Accordingly, Au** can induce the oxidation of AgNPs
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Fig. 2
AgNPs.

with the generation of Au’. Since the Hg?"/Hg® standard
reduction potential is 0.85 V, also higher than that of Ag,
Hg?" can also induce oxidation of CMC-AgNPs, while also
forming Hg® (Sakly et al., 2017). As a result, designing a col-
orimetric detection of Au®" using only CMC-AgNPS would
be difficult to accomplish, owing to the high possibility of
Hg?" interference effect. This reality encouraged us to tune
CMC-AgNPs based assay, with the use of AA as an external
reducing agent. As can be seen, the addition of AA to CMC-
AgNPs and NaOH solution imparted absorption spectra incre-
ment (Fig. 3(d)), with a slightly more yellowish color, com-
pared to CMC-AgNPs (Fig. 3(d) inset). However, the
addition of Au*" to CMC-AgNPs, NaOH, AA aqueous mix-
ture, resulted in the formation of another peak at 540 nm,
which is characteristics of localized surface plasmon resonance
peak of small sized AuNPs (Fig. 3(e)), with ruby red color
(Fig. 3(e) inset). From the foregoing, it can be emphasized that
CMC-AgNPs/AA shows fast response to Au® ", while forming

S HV spot curr  mode det WD HFW
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(A) ATR-FTIR spectra (B) X-ray diffractogram (XRD) of CMC and CMC-AgNPs. FESEM images of (C) CMC film (D) CMC-

naked eyes recognizable colors, that can be used to distinguish
the analyte detection from other multifarious metal ions.

Since the concentration of AA in the final reaction pot, and
the incubation time, will play significant factors in determining
the overall sensing response, these parameters were thus
optimized.

3.3.1. Optimization of detection parameters

The effect of AA concentrations, in the detection system was
optimized, by varying from 0.25 to 10.0 mM, keeping Au’ "
concentration at 80.0 uM. Fig. 4(A), shows the absorption
spectra, where a progressive decrease in the absorption inten-
sity at 403 nm diminishes with an emergence of another peak
at 540 nm. The photo images equally showed color changes
from yellow to ruby red at 5.0 mM and beyond (Fig. 4(A)in-
set). The plot of As4o/A40; against AA concentration is dis-
played in Fig. 4(B). Accordingly, the ratio increased sharply
as AA concentration and peaked at 5.0 mM. This shows there
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Fig. 3 Investigation of CMC-AgNPs and AA effects, on
colorimetric detection of Au®* (80.0 pM final concentration) in
solution.

is an AA concentration saturation at 5.0 mM, and thus was
selected for subsequent study.

Appropriate incubation time is important in nanomaterials-
based detection to allow for adequate reaction between the
analyte and other reacting species. As shown in Fig. S4, the
reaction mixture was monitored under three different concen-
trations of Au®™ at 5.0, 40.0 and 100.0 uM, at 2 min interval.
As can be seen, the plot of As4o/A403 against Time, revealed a
fast reaction time with saturation at about 8 min, which was
thus selected for all studies.

3.4. Analytical performance of CMC-AgNPs/AA probe

3.4.1. Sensitivity

The sensitivity of CMC-AgNPs/AA nano sensor for Au’*
detection was investigated under the optimal detection condi-

Absorbance
=
-

300 400 500 600 700 800
Wavelength (nm)

Fig. 4

tions. In a 2 mL reaction solution, the addition of pH adjusted
CMC-AgNPs, AA and Au’", with subsequent vortex mixing
and RT incubation for 8 min, a concentration dependent
response (naked eye observation) and UV-vis absorption
changes were realized. Fig. 4 shows the effect of consistent
increment in Au®' concentration from 0.00 to 150.0 pM, on
CMC-AgNPs/AA probe. As can be observed, the light-
yellow color of CMC-AgNPs/AA, gradually changed to dark
yellow, orange, ruby red and purple red color as the concentra-
tions of Au®" increases in the reaction pot (Fig. 5(A)). Fig. 5
(B) shows the absorption spectra of CMC-AgNPs/AA under
different concentrations of Au’" ranging from 0.00 to
150.0 uM. As depicted, the absorbance at 403 nm diminished
progressively, with the emergence of another at longer wave-
length (540 nm), which is attributed to the formation of small
sized AuNPs in the reaction pot, deposited on the CMC-
AgNPs seed colloidal solution. The plot of Asso/A403 against
Au®” concentrations from 0.00 to 150.0 pM, is revealed in
Fig. 5(C), with linear range from 0.25 to 100.0 uM. The absor-
bance ratios (Asgo/As03) perfectly summed up the analytical
response of this assay. The higher the As4o/A403 ratio, the
higher the AuNPs formation in solution and the more devia-
tion from light yellow color. The calibration plot can be fitted
into the equation Y = 0.0108X — 0.006 or As49/Ag0z = 0.0108
[Au®"] - 0.006, with R square value of 0.9937. The limit of
detection (LOD) and limit of quantification (LOQ) were calcu-
lated using the equations, 3.3xSy/x /slope and 10x Sy/x /slope.
Sy/x represent the standard deviation of the regression, and the
slope is obtained from the calibration plot (ICH,1996). The
LOD and LOQ, was thus estimated as 0.061 and 0.185 pM,
respectively.

The analytical features of the CMC-AgNPs/AA probe
towards Au® " detection was compared with reported methods
and presented in Table 1. As observed, the LOD and linear
range of the present detection strategy is comparable or better
than previous works (Chen et al., 2018; Gao et al., 2019;
Megarajan et al., 2019; Tantubay et al., 2021). While it may
be quite challenging applying some of the fluorescence-based
assays in water, the present assay is fully operational in an
aqueous environment. It is also germane to argue from the per-
spective of availability and affordability between a visible spec-

o
3

2 . 6 8 10 12
Concentration of AA (mM)

(A) UV-vis absorption spectra of CMC-AgNPs probe, under different concentrations of AA, while keeping Au® ™ concentration

at 80.0 uM, inset shows the photo images of a. 0.25b. 1.00c. 2.50 d. 5.00 e. 7.50f. 10.0 mM AA (B) Plot of As40/A403 Vs AA concentrations.
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(A) Photo images of CMC-AgNPs/AA optical probe, in response to Au®" concentrations from 0.00 to 150.0 pM (B) UV-vis

absorption spectra of CMC-AgNPs/AA when charged against Au®™ concentration from 0.00 to 150.0 uM (C) Plot of Ass/A4; against
Au*" concentration from 0.00 to 150.0 pM, showing linearity between 0.25 and 100.0 pM.

trophotometer and a fluorimeter. Our method, which is based
on UV-visible machine, as read out device, is well more afford-
able and cost effective than a fluorimeter that is several times
more expensive. As a result, this assay can be easily replicated
and applied for Au®" monitoring in the environment, espe-
cially for economically challenged countries. The naked eye
detection capacity of the present assay is far superior to other
reported assays. As can be visualized, Au** concentration as
low as 0.25 uM can be obviously distinguished from the blank
sample, which further lay credence to the assays high
sensitivity.

We further investigated the possible mechanistic basis of
CMC-AgNPs/AA probe for Au®" detection, as follows.

With the use of NaBH, (a strong chemical reductant), for
the synthesis of CMC-AgNPs, rapid reduction of AgNO;

Table 1

was realized and further validated with the absorption maxi-
mum at 403 nm. Thus, the nanoparticles are impregnated in
the biopolymer matrix, as shown in Scheme 1. The addition
of NaOH solution for pH adjustment, AA-as external reduc-
tant, followed by the analyte (Au®™), then vortex mixing and
allowing RT incubation. A progressive color perturbation
was observed, that is dependent on the concentration of
Au’" jon added. We propose that the CMC-AgNPs could
act as seed material, upon which AA can reduce the added
Au*t, to form Ag@Au nanostructure, inside CMC matrix
i.e. (CMC-Ag@Au nanostructure). The formation of CMC-
Ag@Au nanostructure is marked with naked eye observable
color changes, that is proportional to the Au®" concentra-
tions. At the low concentration of Au®™, small Au shell is
formed, consequently, the optical property of the nanomaterial

Comparison of CMC-AgNPs/AA probe with other reported methods for Au®" detection.

Detection methods/ probe

Limit of detection LOD (uM)

Linear range (uM) Reference

Electrochemistry [Oligo-adenin nucleotide] 0.050
Fluorimetry [phosphorus-Cdots] 5.86
Fluorimetry [GO-PVA] NA
Fluorimetry 0.070
Fluorimetry [N—S Cdots] 0.063
Fluorimetry [NeCDs] 0.016
Fluorimetry [HCD & OCD carbon dots] 3.35
Colorimetry [N10TM-AgNPs] 3.53
Colorimetry [Ag/NCNPs] 0.160
Colorimetry [FSN-AuNPs] 0.050
Colorimetry [CMC-AgNPs/AA] 0.061

0.00 — 0.600 (Wu and Lai, 2016)
6.00 — 1000.0 (Chen et al., 2018)
0.00 - 300.0 (Kundu et al., 2012)
0.00 — 60.0 (Kambam et al., 2015)
50.0 — 750.0 (Sharma et al., 2018)
0.00-25 (Raji et al., 2022)

0.00 — 80.0 (Gao et al., 2019)
3.33-50 (Megarajan et al., 2019)
0.10 — 2.20 (Tantubay et al., 2021)
0.10 — 2.50 (Yang et al., 2013)
0.25-100.0 This work

FSN-AuNPs = Fluorosurfactant-capped gold nanoparticles; Ag/NCNPs = Silver/Nitrogen-doped Carbon nanoparticles; N10TM-
AgNPs = N-deconyltromethamine functionalized silver nanoparticles; HCD & OCD carbon dots = Hydrophilic and organophilic carbon dots;
NeCDs = Neem seed derived carbon dots; N—S Cdots = Nitrogen-sulfur co doped carbon dots; GO-PVA = Graphene Oxide-Poly(vinyl

alcohol) Hybrid; NA = Not available.
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1. NaOH
2. AA

3. Auv*
4. Vortex mix

CMC-AgNPs

n_?,)=cmc

Scheme 1

= Ago

is reflective of AgNPs core (yellowish color), Scheme 1, image
A. However, at high concentration of the Au’", an immediate
yellow color fading of CMC-AgNPs to colorless was observed,
then to ruby red or purple red within 8 min. This observation
can be explained, based on the formation of high Au shell on
CMC-AgNPs core, consequently, Au shell dominate the char-
acteristic color of the formed nanomaterial, hence the strong
purple color of AuNPs is observed, Scheme 1, image B.

To buttress the proposed mechanism, we acquired the TEM
images, DLS and zeta potential, of CMC-AgNPs under differ-
ent Au*" treatment, as presented in Fig. 6. The TEM images
(Fig. 6(A)) and DLS (Fig. 6(D)) of CMC-AgNPs/AA when
treated with no Au®™, i.e., blank sample, showed monodis-
persed morphology, with particle diameter of 80.6 + 2.5 nm.
However, with Au®” injection at 40.0 pM, the TEM image
showed spherical particles with decreased morphology
(Fig. 6(B)) and an average particle size of 55.5 + 4.3 nm
(Fig. 6(E)). The same trend was observed when Au®* concen-
tration was maintained at 100.0 uM (Fig. 6(C)), while the
hydrodynamic size was 45.2 £ 3.5 nm (Fig. 6(F)). The above
validated the proposition that at high concentration of Au’™",
Au shell dominates the optical property of the generated
CMC-Ag@Au nanostructure.

The zeta potential of Au®* addition to CMC-AgNPs/AA
at 0.00, 40.0 and 100.0 uM is depicted in Fig.S5. Accordingly,
the zeta values are quoted at —26.0 + 2.4, —24.2 + 1.0 and —
23.6 = 1.1 mV, respectively. This shows the particles are all
very stable, though with a decreasing stability from CMC-
AgNPs/AA to the Au" treatment at 100.0 M.

We further investigated the microstructural property of
CMC-AgNPs/AA after Au**t addition at 60.0 pM, by cen-
trifuging the solution and thereafter freeze drying afterwards.
The FESEM image as shown in Fig. 6(G) at very high magni-
fication confirmed the formation of spherical nanomaterials,
marked with blue arrows, inside the CMC polymer matrix.
The EDS spectrum confirmed the presence of elements, such
as C, O, Ag and Au (Fig. 6(H)), with higher percentage of
Au than Ag (Fig. 6(H)inset). The elemental mapping revealing
Ag and Au elements are shown in Fig. 6(I) and (J)), respec-
tively. These observations finally maintained that AA reduced

5. RT incubation (8 min)

A B

CMC-Ag@Au
Nanostructure
at low |[Au’')

CMC-Ag@Au
Nanostructure
at high [Au’']

O = Ag@Au nanostructure

Mechanism of CMC-AgNPs/AA based optical nanoprobe for Au®* detection in solution.

Au*" to AuNPs inside CMC polymer matrix, with concomi-
tant formation of CMC-Ag@Au nanostructure proportionate
to Au®" concentration injected in the reaction solution.

3.4.2. Precision

Precision is another important analytical parameter of interest
in method development. It is a measure of repeatability and
reproducibility of measurements, expressed in relative stan-
dard deviation (RSD%). We acquired the UV-vis spectra of
Au®” injection at 5.0 and 80.0 uM (high and low concentra-
tions), on CMC-AgNPs/AA for (n = 10) to represent intra-
day precision and at three consecutive days as inter-day preci-
sion. RSD of 1.3 and 3.6 % were obtained which shows the
detection strategy can be easily replicated, at the optimal con-
ditions, without significant variability.

3.4.3. Selectivity

Selectivity of the CMC-AgNPs/AA probe towards Au®" was
demonstrated by charging different common metal ions
(Ca“, Mg2+, Mn2+, Zn2+, K+, Na+, Ba”, Ni2+’ Ca“,
AP", Cr’t, PB*T, Co?t, Cd*T, Fe', Fe*', Hg*', Ag™
and Au®"), all at 60.0 pM, similar to previous reports
(Bhamore et al., 2021; Shellaiah et al., 2016), then acquiring
the photo images and the UV-vis absorption spectra. It is
apposite to state here that a 1:1 ratio between the analyte
and interfering metal ions, maintained in this work, may be
unrealistic in real sample situation, as the interfering may
occur at much higher concentrations. As shown in Fig. 7(A),
only the presence of Au®* could furnish a ruby red color, in
comparison with other metal ions. However, Ag" generated
deep yellowish color, while Hg>* induced color change to col-
orless. This is further revealed in Fig. 7(B), where the UV—vis
spectra clearly underscored that only Au®* induced red shift in
CMC-AgNPs/AA spectra with a sharp peak at 540 nm. Ag™
(Fig. 7(B)blue line), showed peak increment at 403 nm, which
may be due to the reduction of Ag" to more AgNPs, that is
further deposited on the CMC-AgNPs seed. Hg> " showed a
blue shift, thus, the present method is capable of distinguishing
between very similar metals (Au®", Ag* and Hg?"). The plot
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Fig. 6 TEM images of (A) CMC-AgNPs/AA probe; CMC-AgNPs/AA probe on addition of (B) 40.0 uM (C) 100.0 uM Au**. (D), (E)
and (F) are the hydrodynamic diameters from DLS corresponding to the samples (A) (B) and (C) from TEM (G) FESEM image of CMC-
AgNPs/AA after Au** injection at (60.0 uM) (H) EDS Spectrum of CMC-AgNPs/AA after Au®" injection at (60.0 uM), Elemental

mapping showing Ag (I) and Au (J).

of As40/A403 against all metal ions tested is shown in Fig. 7(C).
Only the addition of Au®* could generate a ratio that is signif-
icantly different from the blank sample (p > 0.05). Thus, tun-
ing the CMC-AgNPs/AA probe for Au®' detection by
correlating response with AuNPs property is the major
strength of this assay. Since AulNPs optical properties is specif-
ically generated from its parent salt (Au®"). As a result, this

assay showed significant selectivity when compared with other
reported detection probes.

3.4.4. Real sample application

To demonstrate the practical application of the probe for
Au’" detection, wastewater sample was collected from the
Chulalongkorn University campus, Thailand. Demonstration
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Fig. 7 (A) Photo images of CMC-AgNPs/AA tested against possible interfering metal ions (Blank, Ca®>™, Mg?*, Mn2", Zn®", K",

Na™, Ba’™, Ni?", Ca®", AP, Cr**, Pb?*, Co?™, Cd*™, Fe* ', Fe**, Hg?*, Ag™) and Au®™ all at 60.0 pM (B) UV-vis absorption
spectra of CMC-AgNPs/AA charged against metal ions (C) Plot of As4o/A403 against tested metal ions at 60.0 pM.

of metal ions in real water samples including, (lake water,
drinking water, tap water, river water) is a common approach
to investigate detection probe practicality (Li et al., 2022). The
water sample was collected in a polypropylene bottle and then
refrigerated in the laboratory at 4 °C. Before analysis, the sam-
ple was removed from the refrigerator and allowed to maintain
RT. It was then centrifuged at 6000 rpm for 20 min to remove
all particles, and further passed through a 0.22-um syringe fil-

Unspiked »100.0 pM
0.9
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Fig. 8

from the unspiked sample to Au®™ concentration at 100.0 uM (C) Plot of Ass/As0s vs Au’

spiked in wastewater sample.

ter. The processed water was submitted for Au detection using
ICP-OES (no Au concentration was detected), while the other
part was subjected to Au®" detection using the CMC-AgNPs/
AA probe, by adopting the popular standard addition method.
Here, different concentrations of Au®* were spiked into the
water sample, after which, 50 pL of the prepared samples were
charged on the CMC-AgNPs/AA following the steps in section
2.4. The final concentrations of Au®* were maintained within

L1

1.0 1 y=0.0111x - 0.0002
09 - R = 0.9906 ]

0.8 A
207 L)
~ 0.6 4
os
0.4 A
0.3 A
0.2 A §
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(A) photo images (B) UV—vis absorption spectra of CMC-AgNPs/AA probe applied to Au®* detection in wastewater sample,

* concentrations from 0.25 to 100.0 uM,
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Table 2 Determination of Au”" in wastewater sample using
CMC-AgNPs/AA probe.

Concentration Concentration Recovery RSD (%)
added (uM) estimated (uM) (%) n=3
0.00 0.00 — —
5.00 4.59 £ 0.12 91.8 1.8
40.0 38.28 £+ 0.09 95.7 2.7
100.0 103.4 £+ 0.14 103.4 3.6

the linear range obtained during the calibration plot (0.25 —
100.0 pM). Fig. 8(A) shows the photo images of Au®* spiked
in wastewater sample and the unspiked sample. Accordingly,
obvious color changes similar to the progression observed
for the calibration plot was realized. This shows the CMC-
AgNPs/AA probe can respond to Au®" concentrations ion
in complex real sample. The UV—vis absorption spectra were
plotted and displayed in Fig. 8(B). The absorbance at
403 nm decreased consistently with an emergence of another
peak at 540 nm, while the plot of absorbance ratios Assg/
Agos versus Au ™ concentration is shown in Fig. 8(C). The real
sample plot furnished an equation, As4o/Ag0; = 0.011 1[Au? "]
— 0.002, with R? value of 0.9906, for Au®* concentrations
within 0.25 to 100.0 pM. We further compared the Asy/A403
for the calibration plot (Std Cal) and the plot in wastewater
sample (Real Samp), within the concentration range 0.25 to
100.0 uM, as shown in Fig.S6. Comparison of the responses
in the two media using a two-way ANOVA, shows there
existed no significant differences (P > 0.05). Consequently,
we estimated the accuracy of the CMC-AgNPs/AA probe
towards Au®" detection in wastewater sample using the plot
from the real sample plot, by estimating the recovery at
Au*" concentrations (0.00, 5.0, 40.0 and 100.0 uM). The per-
cent recovery, calculated using the equation stated in section
2.5, is shown in Table 2, with values ranging between 91.8
and 103.4 %, with RSD less than 4 %, validating the practical
effectivity of the probe. This shows the optical probe can effec-
tively respond to Au®" in complex real samples.

4. Conclusion

In this work, a sensitive and selective colorimetric strategy was pro-
posed for facile detection of toxic Au®" ion in aqueous environment
using CMC-AgNPs. For the realization of CMC-AgNPs with small
particles size (less than10 nm), NaBH,4 was used for AgNOj; reduction
at RT. The synthesized CMC-AgNPs, shows sparkling light-yellow
color, with absorption maximum at 403 nm. CMC-AgNPs was further
supplemented or supported with AA, an effective biological reducing
agent, for the in-situ reduction of Au®" (analyte), on the preformed
CMC-AgNPs sced. Thus, the addition of Au®" to pH adjusted
CMC-AgNPs, with AA addition support in the detection mixture,
an efficient colorimetric probe (CMC-AgNPs/AA), was realized. The
addition of different concentrations of Au®>" to the probe, resulted
in RT color perturbation from light yellow, to yellow, orange, red
and purple red within 8 min incubation at RT. The absorption spectra
red shifted with a new peak development at 540 nm which is character-
istic of small sized AuNPs, formed on the CMC-AgNPs. Conse-
quently, CMC-Ag@Au nanostructure was proved to be formed in
the detection solution. The detection approach demonstrated high
selectivity in comparison with possible interfering metal ions. Linearity
between 0.25 and 100.0 pM, and an estimated LOD of 0.061 uM, was
realized. The practical usage of the assay was investigated using

wastewater sample, through the spiked recovery method, with percent
recovery between 91.8 and 103.4 % and RSD less than 4 %. Thus,
without complex detection strategy, a sensitive optical probe was pro-
posed for Au®" monitoring in environmental samples with reliable
analytical performances.
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