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and formaldehyde sensing with
silver nanocubes†

Hemant Ramakant Hegde, Santhosh Chidangil and Rajeev K. Sinha *

We report the synthesis of Ag nanocubes by using a sodium sulfide assisted solvothermal method. Small

edge-length nanocubes (32 and 44 nm) were obtained at 145 and 155 �C reaction temperature in the

synthesis process. The refractive index sensitivity of synthesized nanocubes was investigated with an

aqueous solution of glucose. The refractive index sensitivity of 161 nm per RIU was found in the colloidal

dispersion of nanocubes. On the LSPR chip made by immobilization of nanocubes on the (3-

aminopropyl)trimethoxysilane modified glass coverslip, the obtained sensitivity was 116 nm per RIU.

Detection of formaldehyde in water and milk samples was also performed with nanocubes of edge-

length of 44 nm. Formaldehyde detection was performed by utilizing the interaction of the aryl amine of

4-aminothiophenol immobilized on the nanocubes and electrophilic carbon atom of the formaldehyde.

In water and in diluted milk, the formaldehyde sensitivity of 0.62 and 0.29 nm mM�1 was obtained,

respectively.
1. Introduction

Noble metal nanoparticles exhibit unique optical properties due
to resonant oscillation of conduction electrons present on the
surface, this phenomenon is known as localized surface plas-
mon resonance (LSPR).1 The LSPR peak position of plasmonic
nanostructures is sensitive to the changes in the refractive index
of the surrounding medium.2 Anisotropic plasmonic nano-
particles exhibit higher refractive index sensitivity due to large
surface charge polarizability and local eld enhancement.3,4

Strong response of LSPR peak position of anisotropic plasmonic
nanoparticles enables the sensing of small molecules5 to large
biomolecules.6 These nanoparticles can be utilized to construct
LSPR based sensors both in solution and on the substrate. Due
to difficulties in colloidal stability, immobilization of the
particles on the substrate is gaining interest.7

Silver nanocubes (AgNCs) are anisotropic nanoparticles and
are widely used in surface enhanced Raman scattering
(SERS),8–10 uorescence enhancement,11–13 refractive index
based sensing14–16 due to its strong plasmonic properties. The
synthesis of different edge-length nanocube strongly depends
on the reaction atmosphere.17 Various routes have been fol-
lowed to synthesize silver nanocubes including polyol
synthesis,17,18 solvothermal method,19–22 hydrothermal
synthesis,23 wet chemical method24 and microwave assisted
method.25–27 In the synthesis process using ethylene glycol,
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silver nanocubes were synthesized by reducing the silver ions in
ethylene glycol in the presence of polyvinylpyrrolidone (PVP) at
higher temperatures. To promote the formation of perfect silver
nanocubes chemical reagents such as HCl,28,29 Na2S,30 NaHS31

and FeCl3 32 are used in the polyol process.
Formalin (37% aqueous solution of formaldehyde) is widely

used for the increase of shelf-life of food products such as sh,
meat and milk. Although, formaldehyde is also a metabolic
product in animals, it is classied as human carcinogen and
higher dose of it can cause eyes and nose irritation, damage to
the central nervous system, immune system disorders, naso-
pharyngeal cancer and leukemia.33 The carcinogenic nature of
formaldehyde makes its sensitive detection in the food product
of utmost importance. In the recent past, several analytical
methods such as high performance liquid chromatography34

(HPLC), gas chromatography35,36 (GC), gas chromatography/
mass spectrometry37,38 (GC/MS), chemiluminescence39,40 and
uorimetry41 have been utilized to detect formaldehyde in trace
amount. Although these methods show very high sensitivity for
formaldehyde detection, the equipment used in these tech-
niques are bulky and of high cost, which is not suitable for the
on-site real time analysis of samples. Apart from these methods,
among the optical detection modes, spectrophotometry41–43 and
surface enhanced Raman scattering (SERS)44–47 have also been
utilized for formaldehyde detection. While sensitivity of spec-
trophotometry method is limited, the equipment used in SERS
is expansive. Also, SERS detection of formaldehyde requires
derivatization of metal nanoparticles. Apart from these studies,
silver nanoparticles sensitized titanium dioxide,48 Ag nano-
particle decorated carbon nanotube49 have also been used for
formaldehyde sensing. Mart́ınez-Aquino et al. have used
© 2021 The Author(s). Published by the Royal Society of Chemistry
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resorcinol functionalized gold nanoparticles for the colori-
metric detection of formaldehyde.50 Gold spherical nano-
particles and nanorods were also utilized for formaldehyde
detection through refractive index sensing.51 Although, scat-
tered reports on sensing of formaldehyde based on Ag and Au
nanoparticle is available in literature, there is a need of further
investigation of use of metal nanoparticles as formaldehyde
sensor as these refractive index based sensors have potential to
be developed into miniaturized and multiplexed platform.52

In this work, we present the synthesis of silver nanocubes
(AgNCs) using PVP and sodium sulde nonahydrate. The
synthesis method used in the work is solvothermal method, as
this method provides excellent control over the reaction atmo-
sphere, which is necessary for the silver nanocube synthesis.
The synthesized AgNCs of edge lengths 32 and 44 nm were
investigated for their refractive index sensing capability
utilizing the aqueous solution of glucose. The LSPR sensor chip
is prepared by immobilization of the AgNCs on (3-aminopropyl)
trimethoxysilane modied glass coverslips. The sensing capa-
bility of LSPR chip is also demonstrated with aqueous solution
of glucose. In the nal section of work, the sensitive detection of
formaldehyde in water and diluted milk is demonstrated with 4-
aminothiophenol functionalized synthesized Ag nanocubes.

2. Experimental
2.1 Chemicals and reagents

Chemicals used in the present work, silver nitrate (AgNO3,
99.5%), sodium sulde nonahydrate (Na2S$9H2O, 98%),
ethylene glycol (99.8%), 4-aminothiophenol (4-ATP, 97%) and
(3-aminopropyl)trimethoxysilane (APTMS, 97%) were procured
from Sigma-Aldrich. Polyvinylpyrrolidone (PVP) was purchased
from Loba Chemie. Anhydrous glucose (99%) and ethanol (94–
96%) were obtained from Alfa Aesar. All chemicals were used
without any further purication. Deionized water from Milli-Q
purication system was used for all synthesis.

2.2 Synthesis of Ag nanocubes

Silver nanocubes were synthesized by solvothermal method
following the procedure reported in a previous report.19 For the
synthesis, 100 mM of sodium sulde (Na2S$9H2O) and 0.15 M
PVP solution was prepared in 20 mL of ethylene glycol. This
solution was mixed with 20 mL of 0.1 M AgNO3 in ethylene
glycol with constant stirring. This mixture was transferred to
50 mL Teon lined autoclave and heated for three hours. For
three set of samples, the heating temperature was xed at 145,
155 and 165 �C. Aer completion of the reaction, the autoclave
was allowed to cool to room temperature naturally. The prod-
ucts were washed with acetone and water and centrifuged at
6000 rpm for 20 minutes. The particles settled at the bottom
were re-dispersed in water and further used for characteriza-
tions and applications.

2.3 Spectral and morphological characterization

The spectral characterization of synthesized silver nanocubes
was performed using lab-built UV-Vis spectroscopy setup
© 2021 The Author(s). Published by the Royal Society of Chemistry
explained in our earlier work.53,54 All the LSPR experiments were
also performed with this lab-built experimental setup. The
morphological characterization of synthesized silver nanocube
was performed with FESEM. To record the FESEMS images,
colloidal solution of silver nanocubes were drop casted on
a gold coated glass coverslip. The images were acquired with
TESCAN-MIRA 3 FESEM instrument.

2.4 Immobilization of Ag nanocubes on glass surface

The immobilization of AgNCs was performed on the silanized
glass coverslips. Prior to silanization, the glass coverslip was
cleaned in freshly prepared piranha solution (mixture of 3 : 1
conc. sulfuric acid to 30% hydrogen peroxide solution).
Following the cleaning, the glass coverslips were rinsed vigor-
ously with deionized water and dried. The dried coverslips were
immersed in 10% APTMS ethanolic solution for een
minutes. Coverslips with APTMS as surface layer was then
rinsed two times with ethanol and mildly sonicated in ethanol
for one minute. Coverslips were further rinsed with deionized
water followed by drying at 120 �C for three hours. The silanized
coverslips were cooled to room temperature and immersed in
silver nanocubes colloidal solution for different time span. The
fabricated LSPR chip was stored in deionized water.

2.5 Functionalization of Ag nanocubes with 4-ATP

Functionalization of Ag nanocubes with 4-aminothiophenol (4-
ATP) was performed for the detection of formaldehyde. For the
functionalization, 0.5 mL of 10 mM 4-aminothiophenol solu-
tion in ethanol was added to 9.5 mL of Ag nanocubes colloidal
solution and stored in dark. To ensure the functionalization,
the solution mixture was centrifuged and the nanocubes were
collected and re-dispersed in the deionized water.

3. Results and discussions
3.1 Synthesis and characterization of Ag nanocubes

Silver nanocubes were synthesized by solvothermal method. In
the synthesis, sodium sulde was used with a xed concentra-
tion of 50 mM. It has already been reported that the higher
concentration of sodium sulde (100 mM) leads to the formation
of silver nanowires and lower concentration (12.5 mM) leads to
the mixture of nanocubes and regular tetrahedrons.19 The
reaction temperature was varied to tune the size of the nano-
cubes. The synthesized AgNCs were characterized with UV-Vis
absorption spectroscopy with lab-built set up.53,54 Fig. 1(a)
shows the UV-Vis spectra of silver nanocubes synthesized at
145, 155 and 165 �C respectively. For the AgNCs obtained at 145
and 155 �C, the spectrum shows two distinct bands whereas
a broad spectrum was observed for the product obtained at
165 �C. The broadness of this spectrum could be due to the
aggregation of nanoparticles. The UV-Vis spectrum of AgNCs
obtained at 145 �C shows a prominent band at �419 nm along
with as shoulder band at �358 nm. For the AgNCs obtained at
reaction temperature 155 �C, the prominent band was observed
at 436 nm with a clear small band at 350 nm. The prominent
band observed in two spectra are due to dipole resonance and
RSC Adv., 2021, 11, 8042–8050 | 8043
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Fig. 1 (a) UV-Vis spectra of silver nanocubes synthesized at 145, 155 and 165 �C (b) FESEM image of nanocube synthesized at 155 �C.
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the small band on lower wavelength side is due to the octupole
resonance.55 The morphological characterization of synthesized
AgNCs was performed with FESEM. Fig. 1(b) shows FESEM
image of AgNCs synthesized at 155 �C reaction temperature.
Although apart from AgNCs, some other shape nanoparticle can
also be seen in the image, the average edge length of silver
nanocubes obtained was found to be �44 nm. The nanocube
synthesized at 145 �C shows �32 nm edge length.
3.2 Immobilization of silver nanocubes on glass substrate

The synthesized nanocubes were immobilized on glass cover-
slips to make an LSPR sensor chip. For the immobilization, the
glass coverslips were silanized with APTMS and the silanized
coverslips were incubated in the silver nanocube colloidal
solution. The density of nanocubes on the coverslip surface was
controlled by controlling the incubation time and is investi-
gated by recording of UV-Vis spectrum. Fig. 2(a) shows the UV-
Vis spectra of nanocubes on coverslips for different incubation
time. As it can be seen, the spectrum shows both the charac-
teristic bands of nanocube. Also, the spectrum do not show any
change in intensity aer 40 hours of incubation, indicating the
saturation of the coverslip surface. It is also evident from the
spectra that the full width at half maximum (FWHM) is smaller
Fig. 2 (a) UV-Vis spectra of AgNCs LSPR chip recorded for different inc

8044 | RSC Adv., 2021, 11, 8042–8050
compared to the nanocube spectrum in the colloidal solution.
For the colloidal solution, the FWHM was 100 nm which is
reduced to �70 nm in case of immobilized nanocubes. The
decrease in the FWHM could be due to the fact that in the
immobilization process, nanocubes are aligned in the same
plane with preferred orientation.56 It has to be noted that the
absorption maximum does not show any red shi during the
immobilization process which indicates that, although the
nanocubes are immobilized on the APTMS modied glass
surface, the inter-particle separation is higher compared to the
edge-length of nanocubes57 and therefore, there is no plasmonic
interaction between nanoparticles.

In order to ensure the sensitivity of the LSPR chip towards
change in refractive index, the LSPR chip was dried in air and
immersed in water. Fig. 2(b) shows the spectrum of dry LSPR
chip and the effect of refractive index change from air to water
(RI: 1.33). As it can be seen in the gure, the dried sensor chip
showed bands at 416.4, �380 and 348 nm. The band at
416.4 nm corresponds to the dipolar mode whereas the 348 nm
band is due to the octupolar resonance.56 It has been observed
in earlier reports on AgNCs that the quadrupole resonance is
dark mode and is absent in the colloidal nanocube solution.
However, when nanocubes are immobilized and interaction
occurs between nanocubes and substrate, this dark mode
ubation time (b) UV-Vis spectra of LSPR chip in air and in water.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-Vis spectra of silver nanocubes with glucose concentration from 0% to 20% (b) linearly fitted plot of LSPR band maxima versus
refractive index of glucose solution.
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becomes active due to mode hybridization and marks it
appearance on the blue-side of the dipolar band.58–62 The band
appeared at 380 nm could be due to the quadrupolar mode
appeared as a result of interaction of nanocube surface with the
substrate. When the LSPR chip is immersed in water, the
quadrupole resonance band disappeared completely and the
dipolar resonance band shows a red-shi to 430.7 nm. It has
also been observed that for small AgNCs, both dipole and
quadrupole modes are sensitive to the RI change.56 So, it is
possible that aer the immersion of LSPR chip in water, the
band representative of quadrupole mode merged with the
dipolar band. However, a shi of 14.3 nm for the dipolar reso-
nance band conrms the sensitivity of immobilized nanocubes
on the APTMS modied glass substrate.
3.3 Refractive index sensitivity of Ag nanocubes towards
glucose

The refractive index sensitivity of the synthesized AgNCs in
colloidal solution was examined with aqueous solution of
glucose. Although substantial amount of work have been re-
ported on the detection of glucose, in the present work, we
opted for this molecule as the refractive index of the solution
can be controlled very minutely and accurately using this easily
available water soluble small molecule. Therefore, rather than
providing the sensitivity of nanocube towards glucose, we
intend to evaluate the sensitivity of synthesized nanocubes in
solution and on LSPR chip. For the experiment, glucose
concentration was varied from 0 to 20% in the step of 5%.
Fig. 3(a) shows the extinction spectra of AgNCs synthesized at
155 �C with variation of glucose concentration. The accurate
position of LSPR bands were obtained by calculating the rst
order derivative of spectra near the LSPR band maxima. The
numerical root of linear t to the derivative data is considered
as the LSPR band maximum position. Fig. 3(b) shows the vari-
ation of LSPR band maximum with refractive indices of glucose
solution. The solid line in the gure represents the linear t, the
slope of which provides an estimate to the RI sensitivity. In case
of AgNCs obtained at reaction temperature 155 �C, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
sensitivity was 161 nm per RIU whereas the sensitivity of AgNCs
obtained at 145 �C is 113.7 nm per RIU. The UV-Vis spectra and
RI sensitivity plot for AgNCs obtained at 145 �C are shown in ESI
Fig. S1(a) and (b).† Similar RI sensitivity of Ag nanocubes have
been observed earlier reports. In solution, Elfassy et al. reported
refractive index sensitivity of 125 nm per RIU for silver nano-
cubes of 50 nm side length14 whereas RI sensitivity of 158 nm
per RIU was observed by Martinsson et al. for Ag nanocubes of
35 nm edge-length.63

The RI sensitivity of nanocubes was also measured on the
LSPR chip prepared by immobilization of nanocubes on the
glass coverslip. Fig. 4(a) shows the effect of various glucose
concentrations on the extinction spectrum of nanocubes. The
analysis (Fig. 4(b)) shows the bulk refractive index sensitivity of
LSPR chip to be 116 nm per RIU. The observed RI sensitivity of
nanocubes on substrate is lower compared to sensitivity in the
colloidal solution. This observed reduction in the RI sensitivity
could be due to the substrate. Several studies have been re-
ported on the effect of substrate refractive index on the dipolar
and quadrupolar plasmon resonance in the silver nano-
cubes.56,59–64 Mahmoud et al. observed refractive index sensi-
tivity of 113 nm per RIU on the quartz (RI: 1.458) surface for
65 nm edge-length Ag nanocubes.60 Ahamad et al. observed that
the refractive index sensitivity is reduced by �50% when Ag
nanocube of side-length 40 nm was immobilized on the glass
substrate. The sensitivity reduction was higher when nanocubes
were immobilized on TiO2 thin layer.56 In the work by Ahamad
et al., refractive index sensitivity in solution was 176 nm per RIU
which is reduced to 93 nm per RIU on glass and 57 nm per RIU
on TiO2. In a similar study, Martinsson et al. observed low
amount of reduction in the refractive index sensitivity when Ag
nanocubes were immobilized on APTES or polyelectrolyte
modied glass substrate.63 It was observed that, for the 40 nm
edge-length Ag nanocubes, the sensitivity in solution was
158 nm per RIU which is reduced to 124 nm per RIU in case of
APTES (RI: 1.420) modied glass substrate and up to 137 nm per
RIU for polyelectrolyte lm (RI: 1.46) modied glass substrate.
All these studies indicate towards strong dependence of
refractive index sensitivity towards the substrate. In the present
RSC Adv., 2021, 11, 8042–8050 | 8045
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Fig. 4 (a) UV-Vis spectra of LSPR chip showing the variation in LSPR peak position with increase in glucose concentration from 0% to 40% (b)
linear fit of LSPR peak position versus refractive index of glucose in water.
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work, the nanocubes were immobilized on APTMS (RI: 1.424)
modied glass surface which is similar to the AgNCs immobi-
lized on APTES modied surface and therefore the sensitivity
reduction is consistent with earlier report.63
3.4 Formaldehyde detection using Ag nanocubes

3.4.1 Functionalization of Ag nanocube with 4-ATP. Among
the optical sensing technique, the colorimetric detection has
been vastly utilized for the detection of formaldehyde. In these
colorimetry based detection, basic reaction between nucleo-
philic aryl or alkyl amine with electrophilic carbon of formal-
dehyde was utilized.65,66 Following the same principle, in the
present work, functionalization of synthesized nanocubes was
performed with 4-aminothiophenol (4-ATP). For the function-
alization, ethanolic solution of 4-ATP was mixed with colloidal
silver nanocubes solution. The UV-Vis spectrum of silver
nanocubes with 4-ATP was recorded and shown in Fig. 5 along
Fig. 5 UV-Vis spectra of silver nanocubes, 4-ATP functionalized silver
nanocubes and 4-ATP functionalized silver nanocubes after
centrifugation.

8046 | RSC Adv., 2021, 11, 8042–8050
with the spectrum of AgNCs without 4-ATP. As it can be seen in
the gure, the dipolar resonance shied from 437.5 to
451.4 nm. It has already been reported that the thiol group of 4-
ATP strongly adsorbs to the surface of silver nanoparticles
leaving the amine group free67 and the observed shi in spec-
trum could be a result of this binding. To ascertain that the
observed spectral shi is a result of immobilization of 4-ATP on
the AgNCs surface and not due to the refractive index variation
in the AgNCs colloidal solution, the 4-ATP functionalized silver
nanocubes solution was centrifuged and the nanoparticles were
collected and re-dispersed in deionized water. The spectrum of
the re-dispersed nanocubes is also shown in Fig. 5. Compared to
the spectrum of AgNCs with 4-ATP, this spectrum does not show
spectral shi indicating the immobilization of 4-ATP molecules
on the surface of AgNCs.

It is important to mention that various concentration of 4-
ATP from 0.5 mM to 2.0 mM was investigated for functionali-
zation of nanocubes. However, it was observed that the
concentration above 0.5 mM results in broader extinction
spectrum. The broadness in the spectrum can result in poor
resolution and therefore not adequate for sensing experiments.
In view of this, the 4-ATP concentration for the functionaliza-
tion of Ag nanocubes was kept constant at 0.5 mM.

3.4.2 Formaldehyde sensing in water and milk. Formalde-
hyde contaminated water and food products such as milk can
cause serious health risk such as cancer in human beings. A
tolerable concentration limit of 2.6 mg L�1 in ingested products
has been recommended by World Health Organization
(WHO).68 The severity of formaldehyde consumption through
water or milk makes the detection of it very important in these
two media. The 4-ATP functionalized silver nanocubes were
utilized to sense formaldehyde in water and milk. For the
sensing experiment in water, formaldehyde concentration was
varied from 127 mM to 1270 mM (0.001% to 0.01% (v/v) of
formalin in water). From the diluted formaldehyde solutions,
0.2 mL was mixed with 1.8 mL of 4-ATP functionalized silver
nanocubes thus reducing the concentration of formaldehyde by
a factor of ten. The mixture solution was incubated in dark for
an hour followed by recording of UV-Vis spectra. Fig. 6(a) shows
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-Vis spectra of 4-ATP functionalized silver nanocubes with different concentrations of formaldehyde in water (b) plot of LSPR peak
position vs. concentration of formaldehyde in water.
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the UV-Vis spectra of the incubated samples. A progressive
change in the LSPR band maximum can be seen in the gure.
The band maxima position were plotted with the formaldehyde
concentration and shown in Fig. 6(b). The solid line in the gure
represents the lineart to the data. It is evident that the response is
linear below 76.2 mM concentration of formaldehyde with slope of
0.62 nm mM�1. Above this concentration, the saturation of sensi-
tivity was observed with slope of 0.047 nm mM�1.

The formaldehyde sensing experiment was also performed
with commercially available milk sample. For the experiment,
the milk was diluted and mixed with the 4-ATP functionalized
silver nanocubes. The refractive index change due to milk was
observed and the LSPR peak shied from 451.4 nm to 457.7 nm.
For the formaldehyde sensing, the diluted milk was contami-
nated with formaldehyde (nal concentration: 127–1270 mM)
and mixed with 4-ATP functionalized silver nanocubes followed
by incubation for one hour in dark. The UV-Vis spectra of
formaldehyde contaminated milk sample in 4-ATP immobilized
nanocubes are shown in Fig. 7(a). As it is evident, successive
change in the LSPR peak position occurs when different
concentration of formaldehyde was used in the mixture solu-
tion. Fig. 7(b) shows the plot of LSPR band maxima with the
Fig. 7 (a) UV-Vis spectra of 4-ATP functionalized silver nanocubes with
position vs. concentration of formaldehyde in milk.

© 2021 The Author(s). Published by the Royal Society of Chemistry
concentration of formaldehyde inmilk. Although the successive
increase in the LSPR band position is observed in case of
formaldehyde in milk samples, the extent of red-shi is nearly
half compared to that for formaldehyde in water. This is also
evident from the slope of linear t in the lower concentration
region. In case of milk, it is 0.29 compared to 0.62 in case of
water. In case of water the observed red-shi was 51.3 nm for
0 to 1270 mM concentration of formaldehyde, whereas in case of
milk samples, the observed shi is 26.8 nm.

The limit of detection LOD (3.3 � standard deviation of y-
intercept/slope of regression line) and the limit of quantication
LOQ (10 � standard deviation of y-intercept/slope of regression
line) were calculated for formaldehyde in water and milk samples.
The LOD and LOQ for formaldehyde in water was found to be 1.05
and 3.18 mg L�1. Whereas, in case of milk sample, the LOD and
LOQ were 1.14 and 3.45 mg L�1 respectively.

The selectivity of the 4-ATP functionalized AgNCs towards
formaldehyde versus acetaldehyde, benzaldehyde, acetone,
glucose and sucrose were investigated following the same
method. The concentrations of all the analyte molecules were
1 mM and the corresponding absorption spectra are shown in
Fig. 8(a). As it is evident, the wavelength shi in presence of
different concentrations of formaldehyde in milk (b) plot of LSPR peak

RSC Adv., 2021, 11, 8042–8050 | 8047

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra10161c


Fig. 8 (a) UV-Vis spectra and (b) observedwavelength shifts for AgNCs–4-ATP with acetaldehyde, acetone, benzaldehyde, glucose, sucrose and
formaldehyde.
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formaldehyde is very large compared to other analyte (Fig. 8(b))
which shows the selectivity of 4-ATP functionalized AgNCs
towards formaldehyde.

The mechanism of sensing of formaldehyde with 4-ATP
functionalized nanocubes can be understood from the Scheme
1 shown below. The Ag nanocube adsorbs the 4-ATP molecule
on its surface though the thiol group. When this functionalized
nanoparticle interacts with the formaldehyde molecule, the
amine terminal of the 4-ATP molecule undergoes chemical
modication to imine with a release of one water molecule. The
chemical process seems to be irreversible in nature.

In some of the recent work, the formaldehyde sensing was
performed with ber optic sensor69 and silver nanocluster
modied Tollen's reagent.70 Using the ber optic sensor,69 lower
detection up to 0.2 mg L�1 was achieved whereas the lower
detection limit obtained in the method based on silver nano-
cluster is 27.99 mM (�0.84 mg L�1).70 In the present work, the
formaldehyde with concentration 12.7 mM (�0.38 mg L�1) has
been detected successfully. Similar to the earlier reported
values, the sensitivity obtained in the present work is well below
the tolerable limit (2.6 mg L�1) of formaldehyde in ingested
food products. This establishes that the Ag nanocubes func-
tionalized with 4-aminothiophenol molecules can be used for
sensitive detection of formaldehyde in water and milk. The
Scheme 1 Mechanism of formaldehyde sensing using Ag nanocube
(represented as sphere in the scheme) functionalized with 4-ATP.

8048 | RSC Adv., 2021, 11, 8042–8050
establishment of 4-ATP functionalized silver nanocube as
formaldehyde sensor will also paves the way to use other Ag/Au
nanoparticle for the formaldehyde detection with better sensi-
tivity depending on their shape and size. Further, compared to
other analytical methods, it will be easier to prepare LSPR
sensor chips with these nanoparticles which can be extremely
useful for the on-site eld applications.
4. Conclusions

Silver nanocubes of edge-length 44 and 32 nm were synthesized
by solvothermal method using PVP as capping agent in the
presence of sodium sulphide. Colloidal suspension of silver
nanocubes showed refractive index sensitivity of 161 nm per
RIU for glucose solution in water. Silver nanocubes were
immobilized on glass substrate using (3-aminopropyl)trime-
thoxysilane to construct LSPR chip. The refractive index sensi-
tivity of the LSPR chip towards glucose was found to be 116 nm
per RIU. The lower RI sensitivity could be due to the interaction
of nanocubes with the substrate. Silver nanocubes were func-
tionalized with 4-aminothiophenol for sensing of formaldehyde
in water and milk. The sensitivity obtained for formaldehyde in
water and in diluted milk are 0.62 nm mM�1 and 0.29 nm mM�1

respectively. Bulk refractive index sensitivity of silver nanocubes
in solution and on the substrate proves the potential of it to be
used in LSPR based sensing applications. Formaldehyde
sensing capability of 4-aminothiophenol functionalized silver
nanocubes demonstrates its usefulness in detecting adulter-
ating molecules in milk.
Conflicts of interest

Authors declare no conict of interest.
Acknowledgements

Financial support from Department of Science and Technology
(DST), India under the project grant no. IDP/BDTD/11/2019 is
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra10161c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 8
:1

2:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
gratefully acknowledged. Hemant Ramakant Hedge acknowl-
edges the TMA Pai PhD fellowship from Manipal Academy of
Higher Education (MAHE).
References

1 K. A. Willets and R. P. Van Duyne, Annu. Rev. Phys. Chem.,
2007, 58, 267–297.

2 K. M. Mayer and J. H. Hafner, Chem. Rev., 2011, 111, 3828–
3857.

3 H. Chen, L. Shao, K. C. Woo, T. Ming, H.-Q. Lin and J. Wang,
J. Phys. Chem. C, 2009, 113, 17691–17697.

4 K. L. Kelly, E. Coronado, L. L. Zhao and G. C. Schatz, J. Phys.
Chem. B, 2003, 107, 668–677.

5 J. Wang and H. S. Zhou, Anal. Chem., 2008, 80, 7174–7178.
6 E. Petryayeva and U. J. Krull, Anal. Chim. Acta, 2011, 706, 8–
24.

7 X.-Y. Zhang, A. Hu, T. Zhang, W. Lei, X.-J. Xue, Y. Zhou and
W. W. Duley, ACS Nano, 2011, 5, 9082–9092.

8 L. Liu, Y. Wu, N. Yin, H. Zhang and H. Ma, J. Quant. Spectrosc.
Radiat. Transfer, 2020, 240, 106682.

9 B. Wang, L. Zhang and X. Zhou, Spectrochim. Acta, Part A,
2014, 121, 63–69.

10 O. Rabin and S. Y. Lee, J. Nanotechnol., 2012, 2012, 870378.
11 M. Yi, D. Zhang, X. Wen, Q. Fu, P. Wang, Y. Lu and H. Ming,

Plasmonics, 2011, 6, 213–217.
12 M. Lisunova, M. Mahmoud, N. Holland, Z. A. Combs,

M. A. El-Sayed and V. V. Tsukruk, J. Mater. Chem., 2012, 22,
16745–16753.

13 J. Ou, Y. Yang, Z. Yuan, Y. Zhang, L. Gan and X. Chen, Synth.
Met., 2014, 195, 9–15.

14 E. Elfassy, Y. Mastai and A. Salomon, J. Solid State Chem.,
2016, 241, 110–114.

15 T. König, R. Kodiyath, Z. A. Combs, M. A. Mahmoud,
M. A. El-Sayed and V. V. Tsukruk, Part. Part. Syst. Charact.,
2014, 31, 274–283.

16 H.-J. Wu, J. Henzie, W.-C. Lin, C. Rhodes, Z. Li, E. Sartorel,
J. Thorner, P. Yang and J. T. Groves, Nat. Methods, 2012, 9,
1189–1191.

17 S.-J. Jeon, J.-H. Lee and E. L. Thomas, J. Colloid Interface Sci.,
2014, 435, 105–111.

18 Y. Sun and Y. Xia, Science, 2002, 298, 2176.
19 D. Chen, G. Zhu, X. Zhu, X. Qiao and J. Chen, J. Mater. Sci.:

Mater. Electron., 2011, 22, 1788–1795.
20 Y. Yang, S. Matsubara, L. Xiong, T. Hayakawa and

M. Nogami, J. Phys. Chem. C, 2007, 111, 9095–9104.
21 W. C. Zhang, X. L. Wu, H. T. Chen, Y. J. Gao, J. Zhu,

G. S. Huang and P. K. Chu, Acta Mater., 2008, 56, 2508–2513.
22 H. Wang, K. B. Li, C. Xu, S. C. Xu and G. H. Li, J. Alloys

Compd., 2019, 772, 150–156.
23 T. Jiang, B. Wang, L. Zhang and J. Zhou, J. Alloys Compd.,

2015, 632, 140–146.
24 S. Zhou, J. Li, K. D. Gilroy, J. Tao, C. Zhu, X. Yang, X. Sun and

Y. Xia, ACS Nano, 2016, 10, 9861–9870.
25 D. Chen, X. Qiao, X. Qiu, J. Chen and R. Jiang,

Nanotechnology, 2009, 21, 025607.
© 2021 The Author(s). Published by the Royal Society of Chemistry
26 T. Zhao, J.-B. Fan, J. Cui, J.-H. Liu, X.-B. Xu and M.-Q. Zhu,
Chem. Phys. Lett., 2011, 501, 414–418.

27 S. Kundu, V. Maheshwari, S. Niu and R. F. Saraf,
Nanotechnology, 2008, 19, 065604.

28 S. H. Im, Y. T. Lee, B. Wiley and Y. Xia, Angew. Chem., Int. Ed.,
2005, 44, 2154–2157.

29 Z. Chen, T. Balankura, K. A. Fichthorn and R. M. Rioux, ACS
Nano, 2019, 13, 1849–1860.

30 S. E. Skrabalak, L. Au, X. Li and Y. Xia, Nat. Protoc., 2007, 2,
2182–2190.

31 A. R. Siekkinen, J. M. McLellan, J. Chen and Y. Xia, Chem.
Phys. Lett., 2006, 432, 491–496.

32 B. Wiley, Y. Sun and Y. Xia, Langmuir, 2005, 21, 8077–8080.
33 W. Wongniramaikul, W. Limsakul and A. Choodum, Food

Chem., 2018, 249, 154–161.
34 J.-f. Liu, J.-f. Peng, Y.-g. Chi and G.-b. Jiang, Talanta, 2005, 65,

705–709.
35 N. Sugaya, T. Nakagawa, K. Sakurai, M. Morita and

S. Onodera, J. Health Sci., 2001, 47, 21–27.
36 J.-P. Bellat, G. Weber, I. Bezverkhyy and J.-F. Lamonier,

Microporous Mesoporous Mater., 2019, 288, 109563.
37 P. Vesely, L. Lusk, G. Basarova, J. Seabrooks and D. Ryder, J.

Agric. Food Chem., 2003, 51, 6941–6944.
38 Y. Wei, M. Wang, H. Liu, Y. Niu, S. Wang, F. Zhang and

H. Liu, J. Chromatogr. B: Anal. Technol. Biomed. Life Sci.,
2019, 1118–1119, 85–92.

39 K. Motyka, A. Onjia, P. Mikuška and Z. Večěra, Talanta, 2007,
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