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Gold nanostructures for the sensing of pH using
a smartphonet

Subrata Biswas,? Jayjeet Chakraborty,® Avinash Agarwal® and Pathik Kumbhakar & *2

Recently, metal nanostructures have been found to be capable of recognizing small changes in their
surrounding environment, which can be utilized as significant sensing tools. In this study, we
demonstrated colorimetric sensing of pH by gold nanostructures (GNs) using a simple smartphone. An
indigenously developed Android app based on the CIELab 1931 analysis, which could run in
a smartphone, was used for the precise determination of the pH value of liquid media. The pH value of
an unknown solution obtained from the developed Android app was also compared with that obtained
from the conventional ratiometric technique and a commercial pH meter. In another endeavor, it was
found that the synthesized GNs demonstrated a high energy transfer efficiency from a donor (namely,
the rhodamine 6G, (Rh 6G)) dye. This property of the GNs can be utilized further in the future for
studying different bimolecular activities within the human body. It was found that the
photoluminescence (PL) of Rh 6G was quenched when it was kept in the vicinity of the synthesized GNs,
which was explained in terms of the Forster energy transfer mechanism. Thus, the present study will
open up a plethora of opportunities for researchers to employ the nanostructures of gold and other
metals in developing low-cost and Internet of Things (IoT)-based sensing devices using only a smart phone.

Introduction

In the past few decades, with the advancement of surface
plasmon-based (SPR) sensing,"? gold nanostructures (GNs) of
different shapes and sizes have become an intensive subject of
research due to their wealthy SPR properties in the visible
region of the spectrum. Due to the wide tunability in the SPR
position of the GNs in the visible region of the electromagnetic
spectrum, which can simply be achieved by changing their
shape and size, their sensitivity to detect small changes in the
refractive index (RI) of the surrounding medium can be
increased.’ On the other hand, spherical mono-dispersed GNs,
which are generally pink in color, show an SPR absorption band
at ~520 nm. However, upon aggregation, due to the change in
any property of a dispersive medium (such as pH and temper-
ature), the SPR position of the GNs shifts to a longer wavelength
and the solution changes correspondingly from pink to blue-
purple. Since the assemblies of GNs are often accompanied by
distinct color changes, colorimetric sensors using GNs have
been widely explored, which have found application in the
detection of pH,** DNA,*’ proteins®® and metallic ions'®'* and
rapid identification of microorganisms.'* Thus, the synthesis of
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GNs with pH-responsive optical properties is becoming
increasingly important in the fields of ecology, agriculture,
industry, food, medicine, and biology. Moreover, the advent of
digital photography and smart phones in the last few decades
has revolutionized the idea of data capturing and processing.
Moreover, digital cameras and smart phones are used for the
development of Internet of Things (IoT)-based devices™' in
capturing even small changes in color during any physi-
ochemical process. Interestingly, GNs exhibit bright color under
excitation due to their large extinction coefficient of localized
surface plasmon resonance (LSPR). It has been reported earlier
that as the LSPR position is very sensitive to the inter particle
distance," aggregation due to changes in pH or presence of
certain analytes provides a fast and handy colorimetric sensing
tool. Moreover, GNs can be used for the characterization and
quantification of different organic and inorganic molecules
attached to their surface.'®” Fluorescence spectroscopy is used
for probing fluorescent molecules attached to the surface of
noble metal nanostructures, which relies on the energy transfer
mechanism.'® The energy transfer is very sensitive to the sepa-
ration between the donor (metal nanostructures) and acceptor
fluorophores (dyes), the quantum yield of dye molecules, and
the size and shape of metal nanoparticles.'® Therefore, fluo-
rescent metal nanostructures and organic fluorophore conju-
gates have been studied extensively not only to increase the
sensitivity but also to improve the performance of biosensors.*®
Thus, by tuning the shape and sizes of metal nanostructures
one can manipulate fluorescence signals (enhancement,

This journal is © The Royal Society of Chemistry 2019
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quenching) within near-optical fields and achieve a single-
molecule detection limit.*

In this work, we synthesized various architectures of GNs and
demonstrated rapid, simple and IoT-based calorimetric sensing
of pH using a smart phone. The change in color of the samples
due to the change in pH (2 to 8) of the solution was digitally
captured in a developed Android mobile app and then the images
were analysed based on the CIELab 1931 color space to study the
perceptual colorimetric sensor performance. The quantitative
color difference (AE) between the two images taken at different
pH was estimated. It was observed that AE depends on the shape
of the synthesized nanostructures, and in highly acidic medium
(pH 2-4), the specimen with spherical GNs showed the highest
AE value and for highly alkaline medium (pH 10-12), small-sized
gold nanorods showed the highest AE value. The ratiometric pH
sensing in all the samples was also conducted in the same pH
range. The absorption spectra of the samples at different pH were
deconvoluted in terms of the absorption peak at 540 nm and
600 nm, and the ratiometric plot (I540/Is0o) Was obtained. The
experimental points were fitted with a sigmoid curve and the pH
of an unknown solution was measured using calorimetric as well
as ratiometric methods, which were found to match quite well
with each other. Since the present method for detecting the pH of
a solution does not require any sophisticated instruments, it has
potential application in field jobs in remote areas where pH
detection can be done by using only a smart phone.

In the present study, we also studied energy transfer process
between hybrid assemblies of Rh-6G with different shaped GNs.
The shape of the GNs was judiciously tuned so that the over-
lapping integral (/) of the absorption spectrum of GNs with the
emission spectrum of Rh-6G changes considerably with changes
in shape and size. In all cases of hybrid assemblies of GNs with
Rh-6G starting from spherical to rod-shaped particles, quenching
of the PL emission intensity with an increase in the concentration
of GNs was observed. For the rod-shaped GNs, J was found to be
the highest (3.42 x 10'"®* M~" cm™" nm*) with the energy transfer
efficiency (E) as high as 79.3%. However, for the small spherical
GNs, J = 5.62 x 10" M~ ecm™! nm* with E = 44.2%. Thus, the
hybrid assemblies of Rh-6G with different shaped GNs provide
new insight in the energy transfer mechanism when luminescent
fluoroprobes interact with different shaped GNs.

Materials and methods

Reagents and materials

Chloroauric acid (HAuCly, 2H,0), silver nitrate (AgNO3), cetyl-
trimethylammonium bromide (CTAB), ascorbic acid (C¢HgOg),
Rhodamine 6G (C,sH31N,05C), sodium borohydride (NaBH,),
ethanol, sodium citrate, sodium hydroxide (NaOH), and
hydrochloric acid (HCI) were purchased from Sigma Aldrich.
Glassware was washed with detergent and then sonicated in
acetone and Milli Q water prior to use.

Apparatus

For structural characterization, transmission electron micros-
copy (TEM) images were recorded on a JEOL, JEM 1400plus
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(JEOL, Japan) operated at 120 kV. UV-Vis absorption spectros-
copy measurement of the synthesized gold nanostructures was
performed using a UV 1080 instrument (Hitachi, Japan). PL
emission spectra of Rh-6G during FRET (Forster resonance
energy transfer) analysis were measured on an LS 55 (Perki-
nElmer). Digital images of the color change during synthesis
and pH change were taken using a digital camera (Nikon
Coolpix 3600). X-ray crystallographic measurement was per-
formed on a Bruker AXS.

Synthesis of gold nanostructures

The synthesis of gold nanostructures of different shapes
involved a two-step process. (i) Firstly, we prepared gold seeds
(GNs with a size distribution of 5-10 nm). In a typical proce-
dure, 10 mL 0.2 M solution was prepared and then it was added
to 10 mL 0.05 mM solution of HAuCl, under vigorous magnetic
stirring. Then 1.2 mL of ice-cold NaBH, solution was added to
the above solution and an instant color change from yellow to
brownish-yellow was observed, indicating the formation of gold
seeds in the solution. This solution was left undisturbed for 2 h
prior to use.

In the second step, (ii) 50 mL 0.2 M CTAB solution was
prepared in four different beakers and under constant stirring
0.5 mL, and 1 mL, 1.5 mL and 2 mL solution of 0.04 M AgNO;
was added to the four different beakers separately, which were
marked as S1, S2, S3 and S4, respectively. Subsequently, 50 mL
0.001 M HAuCl, solution was added to the above growth solu-
tion and during the gentle mixing process, 0.7 mL of 0.08 M
ascorbic acid solution was added to each of the growth solu-
tions. After 1 min of gentle mixing, 1.2 mL of the seed solution
prepared in the first step was added to the above solution and
an instant distinct color change in each of the solutions indi-
cated the formation of gold nanostructures of different shapes
and sizes.

Assembly of gold nanostructures with Rh-6G

Before preparing the GNs Rh-6G hybrid, CTAB-capped synthe-
sized GNs were extracted several times with a mixed solution of
ethanol and hydrochloric acid (36-38%) in a volume mixture of
75 : 1 to remove CTAB from the gold surfaces. Subsequently, the
specimen was centrifuged at 10 000 rpm and the collected
precipitate was re-dispersed in a 5 pM solution of sodium
citrate. Then in a typical set, a fraction of GNs (SO to S4) from the
above solution in varied concentrations ranging from 1-12 uM
was added to Rh-6G (0.4 uM), and the final volume was adjusted
to 6 mL. After adjusting the pH of the solution to 7, the solution
was incubated overnight. The fluorescence spectra of the all the
hybrid solutions were measured on a spectrofluorimeter for the
FRET analysis.

Colorimetric assay for pH sensing based on aggregation of
gold nanostructures

5 mL solution of GNs (S0-S4) with a concentration 0.4 pM was
prepared in a test tube. The pH of the solutions was adjusted in
the range of 2 to 12 using 1 M HCL and 1 M NaOH and digital
photograph of the solution was taken using a digital camera.

RSC Adv., 2019, 9, 34144-34151 | 34145
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UV-Vis absorption spectra were also measured for the floccu-
lation measurements.

Results and discussion

The specimen names (i.e. S0-S4) of the synthesized GNs are
given according to the protocol discussed in the Experimental
section. The UV-Vis absorption spectra of the as-synthesized
GNs are presented in Fig. 1a-e, in which the solid black line
shows the absorption spectrum of gold seeds (S0), showing the
presence of an absorption band at ~500 nm. The absorption
peak is not very distinct for the gold seeds because they were
very small in size, as can be seen in the TEM images provided in
the adjacent right panel. However, in the case of S1, in which
the formation of spherical GNs occurred, a clear absorption
peak at ~534 nm was observed due to surface plasmon reso-
nance (SPR). In the case of S2, the SPR absorption peak was red-
shifted, giving a clear indication of the anisotropic growth* of
GNs, which is also evident in the corresponding (representative)
TEM image showing the formation of some rice-like structures.

The absorption spectra of S3 and S4 are found to consist of
two SPR peaks, one at ~527 nm and the other at a longer
wavelength of ~591 nm for S3, which is shifted further to
598 nm for S4. The linear optical absorption properties of the
anisotropic-shaped metal nanoparticles, which arise due to
different higher order multipolar plasmon resonances, have
been studied theoretically and experimentally earlier by various
researchers in great detail.>*>* However, the plasmon oscilla-
tion at the shorter wavelength region observed in S3 and S4 of
this work is due to quadrupole resonance.”* On the other hand,
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Fig. 1 (a—e) UV-Vis absorption spectra of gold seeds (SO) and the
different GNs (S1-S4). The corresponding digital photograph image
(color) under visible light illumination and the typical TEM images of

the specimens are shown in the adjacent vertical panel (right hand
side).

34146 | RSC Adv., 2019, 9, 34144-34151

View Article Online

Paper

the plasmon absorption band observed at the higher wave-
length is due to the dipole resonance.** The dipole resonance is
more sensitive than the quadrupolar resonance in response to
environmental changes, such as shape and size of GNs, refrac-
tive index (RI) of the surrounding medium and attachment of
any ligands.”*™* The digital photographs of the specimens,
taken under visible light illumination, are shown in the adja-
cent vertical panel (right hand side) of Fig. 1a-e, which show the
color of the specimens.

The phase and crystallinity of the samples were investigated
via the X-ray diffraction (XRD) technique, and the XRD patterns
of SO and S1 are shown in Fig. S1.7 Three distinct peaks at 26 =
38.1°, 44.3° and 64.5° corresponding to the crystallographic
planes of (111), (200) and (220), respectively,> appeared in the
XRD pattern. It was found that the intensity of the diffraction
peaks for S1 was much higher than that of S0, e.g. the (111) peak
of S1 was 2.5 times more intense than that of S0. The TEM
images of S0, which is termed seed, show that it consists of
spherical nanostructures with an average particle size of 8 +
2.2 nm. The TEM image of S1 shows that its particles are
spherical in shape, but their size increased to 20 &+ 4 nm. As we
discussed earlier, we used different concentrations of AgNO; for
the synthesis of different nanostructures of Au and the
concentration of Ag" ions plays a crucial role in determining the
final shape of GNs.”**” It was found that there was an evolution
of the shape of the anisotropic-shaped nanostructures of Au. It
was found from the TEM images, as shown in the right panel of
Fig. 1e, that S2 consists of nanorice- or cylindrical-shaped
particles, S3 consists of nanorods and S4 consists of nanorods
having a typical length as long as ~1 pm. This shape anisotropy
can be attributed to the formation of Ag-Br complex assemblies
in the presence of CTAB, which acts as a face-specific capping
agent and promotes the growth in some specific direction.”®** It
has also been shown earlier that the presence of Ag and Br may
modulate the self-templating effect of CTAB micelles, and thus
the transition from spherical to cylindrical shapes has also been
reported earlier.*® The possibilities of the potential deposition
of a sub-monolayer of Ag on the lateral gold nanorods in our
case of S3 and S4 specimens were ruled out since the pH of the
solution during the synthesis was 6, and thus the possibility of
the reduction of Ag* to Ag® by ascorbic acid was not possible.**

Ratiometric absorption-based gold nanosensors®*** have
been developed by earlier researchers for the sensing and
quantification of pH. In our case, it was found that a small
change in pH led to the agglomeration of GNs, resulting in
a corresponding change in the UV-Vis absorption spectra and
color of the specimens under visible light illumination. Thus, by
monitoring the UV-Vis absorption spectra of GNs dispersed in
different pH environment, it is possible to sense the pH of the
environment. The UV-Vis absorption spectra of GNs were also
monitored while varying the pH of the sols in the wide range of
pH 2 to 12 (shown in Fig. S2a-d of ESI{). The pH of the gold sol
was changed here using HCI and NaOH.

The titration curves® for all the samples were plotted by de-
convolution of the absorption spectra in terms of the absorption
peaks at 540 nm and 600 nm, and the ratiometric absorbance
value (Is40/Is00) vs. pH was plotted. The titration curves for S1-S4

This journal is © The Royal Society of Chemistry 2019
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specimens are depicted in Fig. 2a-d, respectively, in which the
scattered points are the experimental data and the solid lines
are the corresponding sigmoid fitting. Also, the integrated
absorption data covering the 600-800 nm region was evaluated
to explore the extent of the agglomeration (flocculation)® of the
nanostructures with a change in the pH of the solution, and the
results are plotted in Fig. 2e-h. The experimental points were
fitted with a sigmoid curve, which showed a smother variation
with a change in pH in comparison to the ratiometric plot. We
also utilized the ratiometric plots and sigmoid fitting in both
cases for the determination of unknown pH. The discussion on
the determination of unknown pH is given later at the end of
the Results and discussion section.

However, the method of sensing pH using the ratiometric
plot is not robust and requires a sophisticated spectrometer.
Thus, the measurement of pH in remote areas where lab
facilities are not close, is practically beyond the reach of
common people. On the other hand, after the introduction
of smartphones and their widespread reach to common
people, it is becoming cost effective, portable, and easy to
use digital platforms. Therefore, we explored herein, an
ingenious approach of using a smart phone for sensing pH
using the synthesized GNs, and the results are discussed
below.

The digital photographs of the synthesized gold sols
dispersed in media with different pH showed prominent
changes in color, as depicted in Fig. 2i-1. Based on the digital
image and using a smart phone, as shown schematically in
Fig. 2m, we evaluated the colorimetric sensing performance of
our GNs by mapping the image data to CIELab 1931. One of the
major advantages of colorimetric sensing using the CIELab
color representation is that it is device-independent, and thus it
is possible to compare the photographed images.***® In the
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Fig. 2 (a—d) Titration curves for specimens S1-S4 and (e—h) extent of
the agglomeration (flocculation) value of the GNs with a change in the
pH of the solution, respectively. (i-1) Color of specimens S1 to S4 in
different pH environment starting from 2 to 12, respectively. (m)
Experimental design to capture a digital photograph of the specimen
in different pH environment and simultaneous determination of the pH
value by Android application.
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CIELab coordinates, any color is represented using tristimulus
values, lightness L* and chromaticity a* and b*. Color direc-
tions are represented by a* and b*, where +a* is the red axis,
—d' is the green axis, +b* is the yellow axis and —b* is the blue
axis. The lightness dimension, represented by L*, ranges from
0 (pure black) to 100 (diffuse white). The point at which the
a* and b* axes cross at the L* value of 50 is pure, balanced and
neutral gray. The RGB (XYZ) values are obtained by using an
ingeniously developed app from the digital images of the
specimens while keeping them at different pH environment.
The CIE tristimulus values X, Y and Z and tristimulus values for
illuminant X, Y, and Z, are related to L* a* and b* by the
following relations if X/X,, Y/Y, and Z/Z, are all greater than
0.008856, respectively.

L*:116(37Yn>—16 (1a)
a* = soo(i/% - \/Yz) (1b)
b* = 200({/% - {/ZZ> (1c)

When the values of X/X,, Y/Y, and Z/Z, are found to be equal
to or less than 0.008856 the following relations are used.

L*=9033 (YK) (1d)
eesofro(E) (D)) o
b* = 200 [7.87 (Yl) —7.87 (ZE)} (1f)

In the present case, we used D65 as the standard illuminator,
where the CIE tristimulus values, X, Y, and Z, are taken as
95.02, 100 and 108.82, respectively. Thus, the values of X/X,,, Y/
Y, and Z/Z, are all greater than 0.008856, and we used eqn 1(a)-
(c) to evaluate L* a* and b* respectively. The Euclidean
distance between the two color points (AE)*** in the CIELab
color representation is given by the following formula:***°

AE = (AL*¥ + Aa** + Ab**)'? (1g)
where AL*, Aa* and Ab* are the difference between two color
points in lightness L* and chromaticity a* and b* axes,
respectively. Thus, the AE value can be used as an indicator to
measure the perceived color difference by an observer. It has
been reported that the minimum value of AE for which the
human eye can detect the color difference between two color
points is ~1. The Android app, which was ingeniously devel-
oped in this work, can capture the digital photograph of the
samples and simultaneously determine the pH based on eqn
1(a)-(d). The experimental arrangement to determine the pH
value through the Android app is schematically demonstrated

RSC Aadv., 2019, 9, 34144-34151 | 34147
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in Fig. 2m. The developed Android application can run in offline
mode, which indicates its usability in real-life environment. The
AE value between two color points obtained at different pH was
evaluated using the RGB values, and are presented in Table 1. It
was observed that the AE value in each case for all specimens
was well above the perceived color threshold of AE ~ 1 by the
human eye. The technical details of the development of the
Android application are discussed in detail in the ESI, S4.f

The obtained tristimulus values for each specimen in
different pH environment are also shown in the chromaticity
diagram in Fig. 3a-c. It was found that the tristimulus values
rotate in a counterclockwise manner for the specimens S1, S2
and S3, but for specimen $4 it rotates in a clockwise fashion (for
S4 specimen shown in Fig. S61) from the pink to blue region of
the chromaticity diagram. Also, it was observed that the
tristimulus values for each specimen for different pH are well
separated in the chromaticity diagram. The sensitivity of the
synthesized materials for pH sensing can be understood further
by calculating the inverse of the slope of AE vs. pH curve. The AE
vs. pH curves for S1 to S4 are presented in Fig. 3d and the results
are summarized in Table 1. From Table 1, it can be observed
that the sensitivity (ApH/AE) of samples S1-S3 is much higher
than that of S4 in acidic and basic media. The accuracy of the
used colorimetric sensing technique was evaluated further by
measuring the unknown pH using the same GNs and then the
results were compared with that obtained via the conventional
ratiometric sensing technique and also with the experimental
values obtained directly from a commercial digital pH meter.
For this, we dispersed the specimen in a solution with unknown
pH and digital photographs (shown in the Fig. S7at) were taken
under the same experimental conditions, and the unknown pH
was evaluated for each specimen using the same Android app.

The determination of unknown pH using the ratiometric
technique was done by measuring the absorption spectrum
(shown in Fig. S7bt) of the specimen in the unknown pH
solution. Then the absorption spectrum was deconvoluted and
the corresponding flocculation value was determined for each
sample. Thereafter, using the fitting presented in Fig. 2e-h, we
determined the pH of the unknown solution. Finally, we used
a pH meter to determine the pH of the unknown solution, and
all the results are summarized in Table 2. It is evident from
Table 2 that the results obtained from the colorimetric sensing
technique using the Android app are very close to that obtained
from the commercial pH meter and ratiometric sensing
techniques.

Table1l The results from the measurement of AE value at different pH

Standardized indicator for the perceived color difference by
an observer (AE)
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Fig.3 (a—c) Tristimulus values for S1 to S3 in different pH environment
in the chromaticity diagram, respectively. (d) Variation in AE with pH for
specimens S1, S2, S3 and S4.

Also, for the determination of the pH of some real-life
samples, we collected rainwater, water from a municipality
supply line and roadside drinking beverages as our test
samples. Firstly, we determined the pH of the real-life sample
using a commercial pH meter and then with our ingeniously
developed smart phone-based app. The pH of the drinking
beverages, rainwater and water from the municipality supply
line was found to be 3.7, 5.9 and 7.2, respectively, as determined
by the commercial pH meter. The pH of these sample was also
determined using digital photographs using our ingeniously
developed smartphone app, which was found to be 3.65 £ 0.29,
6.12 £ 0.32 and 7.18 + 0.56, respectively. Therefore, the ob-
tained results show excellent agreement with the pH value
determined by the commercial pH meter and that obtained
from the developed smartphone-based app.

Hence, it can be concluded from this study that the synthe-
sized GNs can be suitably used in pH sensing just by employing
an Android phone, and may find application in IoT-based
devices for use in remote places, where the installation and
transportation of different experimental instruments are truly
challenging.

It is well-known that the Forster resonance energy transfer
(FRET) is a powerful technique for probing small changes in
separation distance between donor and acceptor fluorophores,

Table 2 The results from the measurement of unknown pH using
colorimetric and ratiometric techniques and a commercial pH meter

Specimen pH =2-4 pH=4-6 pH=6-8 pH=28-10 pH=10-12 Method S1 S2 S3 S4

S1 6.08 13.32 15.95 25.09 42.7 Colorimetric 9.9 £ 0.24 9.8 £ 0.16 10.2 4+ 0.34 10.1 £ 0.12
S2 2.78 8.07 22.22 32.23 40.8 Ratiometric 9.8 10.1 9.9 9.8

S3 1.36 9.54 26.53 38.21 44.3 Commercial 9.8 9.8 9.8 9.8

S4 3.42 7.27 9.47 11.09 13.5 pH meter
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leading to applications in sensing.**** In the present case, Rh-
6G was used as a fluorescence probe to study the change in
its emission behavior in the presence of GNs of different shape
and sizes. Rh-6G is a cationic dye belonging to the family of
Xanthene dyes* and it shows high photostability, high
quantum yield, is less prone to photobleaching®* and provides
emission and absorption in the long visible wavelength region,
which enhance its probability to have spectral overlap between
its absorption spectrum and the emission spectrum of GNs.
Thus, Rh-6G has been widely used as a fluorescence probe to
study different energy transfer processes such as FRET,*> RET
(resonance energy transfer)*®* and MEF (metal enhance
fluorescence).**

Fig. 4a presents the absorption (black solid line) and emis-
sion spectra (blue dotted line) of S4 and Rh-6G together after
dispersing them in aqueous medium. The absorption band is
found to extend from 450 nm to 600 nm, with a peak at 526 nm
which corresponds to the free monomeric absorption of Rh-6G.
A shoulder peak appeared between 475-500 nm, which corre-
sponds to the absorption of the H form of the Rh-6G dimer.*
Since the intensity corresponding to the 526 nm absorption
peak is much higher than that of the shoulder peak, we can
conclude that the monomeric form of Rh-6G existed in the used
concentration of Rh-6G. The emission spectrum of Rh-6G,
recorded at an excitation wavelength of 525 nm showed
a peak at 560 nm, as presented by the blue dotted line in Fig. 4a.

The inset of Fig. 4b shows a schematic of the possible
interaction pathway between Rh-6G and trisodium citrate (TSC)-
stabilized GNs. Since Rh-6G is a cationic dye, here we used the
ion exchange process (details given in the Materials and
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Fig. 4 (a) Absorption spectra of Rh-6G and S4 specimen (black solid
line) and emission spectrum of Rh-6G (blue dotted line) in aqueous
medium. (b) Schematic of the possible interaction pathway between
Rh-6G and TSC-stabilized GNs. (c) PL emission spectra of Rh-6G (0.4
uM) in the presence of S4 specimen with an increase in the concen-
tration of GNs from 0-12 pM. (d) Plot of the intensity ratio of the PL
emission spectra of Rh-6G after and before the addition of GNs, where
the scattered points are the experimental points and the solid line is
the Stern—Volmer fitting.
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Synthesis section) to replace CTAB with TSC, which is an
anionic stabilizing agent.*® It was found that the absorption
spectrum of S4 has considerable overlap with the emission
spectrum of Rh-6G, as shown in Fig. 4a, confirming the finite
possibility of energy exchange between GNs and Rh-6G. Fig. 4c
presents the PL emission spectra of Rh-6G (0.4 pM) in the
presence of S4 with an increase in concentration from 0-12 uM.
However, for the S0-S3 specimens, the static PL emission
spectra are presented in the ESI (Fig. S9a-dt). In all cases, we
observed that quenching of the PL emission intensity occurred
with an increase in the concentration of GNs, but it was found
that the quenching efficiency varied widely when the experi-
ment was carried out with different shaped GNs. Fig. 4d shows
the ratio of the PL emission intensity of Rh-6G in the absence
and presence of GNs. In Fig. 4d, the scattered points are the
experimental points, which were fitted (solid lines) with the
Stern-Volmer equation to extract the Stern—Volmer constant
(Ksv)* given by the following equation:

Fo/F =1+ Ksy x C (2)

where F, (F) is the fluorescence intensity in the absence (pres-
ence) of GNs and C is the concentration of GNs. The extracted
values of Kgy for all the specimens are given in Table 3.

The observed quenching of the PL emission intensity of dye
molecules is attributed to the non-radiative energy exchange
process*® between the dye molecules and metal nanostructures.
This type of energy exchange process can be explained in terms
of dipole-dipole interaction between molecular fields of donor-
acceptor and gives an energy exchange probability, which is
greater than its molecular diameter called the Forster radius
and is given by:*®

Ry = [9 In(10) Kp)/(1287>Nan™)]"? 3)

where R, is the Forster radius, k = 2/3, ¢ is the fluorescence
quantum yield, J is the overlapping integral, N, is the Avogadro
number, and n is the refractive index of the solvent. The
Forster energy transfer process is generally limited up to
a distance of 80 A between a donor-acceptor pair. However, for
metal nanostructures, due the strong local field originating
from SPR in the visible region, the energy exchange with flu-
orophores is possible even at a large distance of up to 700 A.*®
Together with the above factors, the shape of metal nano-
structures may contribute to the non-radiative energy transfer
processes. Since the local plasmonic field depends on the

Table 3 The calculated values of J (Mt cm ™t nm?), Ksy (M™Y), E, Rg (A)
and r (A)

Specimen J(M 'em 'nm') Kewy(M ') E Ry(A) r(A)
S0 2.57 x 10" 4 x 10" 321 24.2 27.4
S1 5.62 x 10™ 6 x 10* 442 40.6 42.2
S2 2.98 x 10" 9 x 10*  54.1 53.3 51.8
S3 1.42 x 10'° 1.2 x 10°  64.3 69.5 63.1
S4 3.42 x 10'® 3x10° 793 1393  111.6
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shape of the nanostructures, there is a large local field
enhancement in the case of anisotropic metal nanostructures
such as triangular-, rice- and rod-shaped particles at their
sharp corners. In the present case, the shape anisotropy
increased going from SO to S4, and thus the highest quenching
efficiency was observed in S4. Another important fact is that
the overlapping integral J, which measures the overlapping of
the absorption spectrum of the acceptor (metal nanoparticle)
and emission spectrum of the donor (Rh-6G), was found to
increase as the shape anisotropy increase. This also explains
the reason for the occurrence of the best quenching efficiency
in S4 among the specimens. We also measured the absorption
spectra of all the GNs with an increase in the concentration of
Rh-6G, and the absorption spectra of S1 and S4, are provided
in the ESI (Fig. S10a and bf¥). In all cases, we observed a very
negligible red shift in the absorption peak together with
a slight decrease in the absorbance of Rh-6G dye up to
a certain concentration of 4 pM of GNs, which clearly indicate
the very feeble electron transfer probability from Rh-6G to the
metal nanostructures and quenching of the fluorescence
intensity is mainly dominated by a Forster-type energy transfer
process. However, for the S4 specimen, above a concentration
of 4 uM GNs, there is a detectable shift in the absorption peak
and a decrease in absorbance is observed. Thus, for the S4
specimen together with Forster-type energy transfer, some
nonradiative electron transfer may be occurring. The Forster
energy transfer rate (Ky(r)) was evaluated for a given distance r
between the donor-acceptor molecule for each sample using
the relation®

Ke(r) = {o x k* x 9000 x In(10) x J}/
{tp x r® x128 x 7w x Na x n} 4)

where 1, is the fluorescence lifetime of the donor molecule and r
is the distance between the acceptor and donor. The energy
transfer efficiency (E) can also be evaluated by using the relation

E=(1 - FIF,). (5)

The energy transfer efficiency can also be described as E =
(¥)/(r° + Ro®), where once R, is known using eqn (3) and E using
eqn (5), we can easily determine r, which is the distance between
the donor-acceptor pair. All these parameters for the resonance
energy transfer were evaluated and summarized in Table 3. It is
evident from Table 3 that the distance between the metal
nanoparticle and Rh-6G in the case of S4 specimen crossed the
usual FRET-type energy transfer processes, as discussed earlier.
However, the value of J is quite high in the case of S4. Thus,
resonance energy transfer may be the possible mechanism for
the energy transfer in this case. Also, cationic dyes such as Rh-
6G may bind preferentially with the particular surface of the
citrate-stabilized rod-shaped gold nanostructures of several
nanometers in length, and thus we observed the best quenching
efficiency for S4. Thus, the synthesized gold nanostructures may
be used as a plasmonic ruler to monitor in vivo energy transfer
processes at large distances and may overcome the limitation of
the usual FRET-type energy transfer process.
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Conclusions

In the present study, we exploited the visible color change of
GNs with a change in the pH of the surrounding medium (2-12)
due to the agglomeration of GNs to demonstrate the smart
phone-based colorimetric sensing of pH. An ingeniously
developed handset independent Android application based on
CIELab 1931 analysis was used for the precise determination of
the pH value. The conventional ratiometric technique and
a commercial pH meter were also used for the authentication of
the pH value obtained from the Android app for the unknown
pH of a solution. It is noteworthy to mention that the pH value
obtained from the Android app remarkably matched the pH
value obtained from the ratiometric technique and commercial
pH meter. We also investigated the energy transfer process
between different shaped GNs with Rh-6G, and observed that
with an increase in the value of the overlapping integral
between the absorption spectrum of the acceptor (gold nano-
structures) and fluorescence spectrum of the donor (Rh-6G), the
energy transfer efficiency reaches the maximum, and we
observed almost 80% PL quenching in the case of specimen S4.
Thus, the synthesized GNs also can be used as a bimolecular
sensing platform within the human body since energy exchange
is very sensitive to any physiochemical change in the vicinity of
the donor acceptor pair. Therefore, the synthesized GNs may
find broad IOT-based sensing applications, which require only
a smartphone and will provide better portability and sensitivity
as a low cost sensing tool.
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