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ABSTRACT: A new methodology has been demonstrated for ultratrace detection of
Hg2+, working at the limit of a few tens of metal ions. Bright, red luminescent atomically
precise gold clusters, Au@BSA (BSA, bovine serum albumin), coated on Nylon-6
nanofibers were used for these measurements. A green emitting fluorophore, FITC
(fluorescein isothiocyanate), whose luminescence is insensitive to Hg** was precoated on
the fiber. Exposure to mercury quenched the red emission completely, and the green
emission of the fiber appeared which was observed under dark field fluorescence
microscopy. For the sensing experiment at the limit of sensitivity, we have used individual
nanofibers. Quenching due to Hg** ions was fast and uniform. Adaptation of such sensors
to pH paper-like test-strips would make affordable water quality sensors at ultralow

concentrations a reality.

N oble metal nanoparticles (NM NPs) and their atomically
precise analogs called quantum clusters (QCs) (also
known as monolayer protected clusters, nanomolecules, and
quantum dots) are new paradigms in the ultralow detection of
various species due to their unique electronic structure and
versatile surface functionalization.'™'*> While limits of sensitivity
have reached zeptomole levels'* with such systems, adaptation
of these materials into useful devices has not been advancing
significantly. A combination of ultralow sensitivity with
affordability and adaptability to devices in the field would
make cluster-based sensors available as consumer products.
One of the major expanding nanoscale platforms for these
applications is electrospun nanofibers'>~>* which enables
extremely small quantities of materials distributed over large
areas with high uniformity. This platform also enables
measurements using optical techniques (in the visible window)
at single fiber level, as they are of submicrometer dimensions,
larger than the diffraction limit of visible light.

Atomically precise clusters of noble metals, due to their
discrete energy states, show inherent luminescence.”> In a few
such clusters, emission occurs in the visible region of the
electromagnetic spectrum, observable even to the naked
eye.”** Cluster luminescence has been shown to be sensitive
to many environmental factors such as chemical contamination,
pH, temperature, etc.”**® Molecular luminescence of the
clusters is enhanced upon trapping the clusters in cavities as
well as confining them in containers.””*®* The nonradiative
relaxation channels are blocked by such methods resulting in
enhanced emission.””’
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Such clusters confined to micrometer (#m) dimensions can
be useful in optical microscopy-based detection. An application
toward this was demonstrated recently using mesoflowers in
which zeptomole detection of the explosive trinitrotoluene
(TNT) was accomplished."* Confining clusters on nanofibers is
a more versatile strategy in the optical microscopy context as it
enables easy attachment on other substrates besides allowing
direct observation. In this communication, we demonstrate
single fiber-based detection of mercuric ion nearly at the limit
of single ion concentration. Adaptation of such sensors to pH
paper-like test-strips would make affordable water quality
sensors at ultralow concentrations a reality.

Electrospinning has become a simple and versatile technique
for the preparation of nanofibers which possesses many
advantages including controlled morphology and large surface
area-to-volume ratio.*® They have found applications in tissue
engineering, filtration, electronic devices, catalyst supports, and
sensing devices.”' Electrospun nanofibers could act as suitable
substrates to load clusters.

Mercury in both organic and inorganic forms is one of the
most hazardous environmental contaminants. Different ap-
proaches have been used for the determination of trace levels of
mercury.> ® Fluorescence-based techniques have great
importance in the determination of ionic mercury.”'* However,
as we understand the implications of even trace levels of heavy
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Figure 1. (a) SEM image of a fiber mat. (b) Visible light photograph of the Au@BSA/NG6 fiber mat (inset: Au@BSA cluster solution under visible
light). (c) Photograph of the same mat under UV light (inset: Au@BSA cluster solution under UV light). (d) Optical image of a few Au@BSA/
FITC/NG fibers prepared on a glass slide. (e) Fluorescence image of FITC/N6 fibers. Green emission is due to FITC. (f) Fluorescence image of
Au@BSA/FITC/NG fiber. As red luminescence dominates over green, the fibers showed only red color. (g), (h), and (i) are the corresponding

images of a single fiber.

metals, methods for ultrasensitive, field-implementable sol-
utions have to be developed, working at the limit of single ions.

The appproach used in the present experiment is as follows.
The red luminescence of atomically precise gold clusters is
quenched by Hg?*" ions in water. The quenching is even more
prominent on nanofibers as the cluster emission is enhanced on
them as nonradiative relaxation channels are reduced. As the
disappearnce of cluster luminescence (due to Hg** exposure)
will lead to a nonluminescent or black fiber mat, a fluorophore,
whose luminescence is insensitive to Hg*, is precoated on the
fiber. The fluorophore used here is fluorescein isothiocyanate
(FITC) which emits in green. As a result, when the
luminescence of gold clusters disappear, that of FITC becomes
visible. Although the fiber has emissive clusters and has FITC
anchored on it initially, due to the dominance of the
fluorescence of the former, the fiber appears red initially in
the luminesence image. Exposure to mercury quenches the red
emission completely, and the green emission of the fiber mat
appears. In the in-between concentrations, intermediate colors
are seen. The detection can happen down to a single fiber level
with a simple fluorescence microscope, which requires just a
few Hg“ ions for observable color change, enhancing detection
limits.

B EXPERIMENTAL SECTION

Chemicals. Nylon-6 (N6, Molecular weight 10 031 g/mol),
fluorescein isothiocyanate (FITC), and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich. Formic acid and
divalent acetates of mercury, zinc, copper, nickel, manganese,

lead, and cadmium were purchased from Merck. Deionized
water was used for all experiments. All chemicals were used
directly without any additional purification.

Synthesis of Au@BSA Cluster. The Au@BSA nano-
clusters with red luminescence were prepared following a
reported method®” by adding 10 mL of aqueous solution of
HAuCl, (6 mM) to 10 mL of BSA (25 mg/mL in water) under
vigorous stirring for S min. The pH of the solution was adjusted
around 11.0 with the addition of NaOH (1 mL, 1 M). The
reactions were kept for 24 h. The solution turned from pale
yellow to dark orange, with deep red emission, indicating the
formation of Au@BSA nanoclusters. The sample was stored at
4 °C.

Synthesis of N6 Fiber Mat. N6 fiber mat was prepared by
slight modification of an earlier report.*® 4.5 g of N6 polymer
was dissolved in 10 mL of formic acid, and the mixture was
stirred at 60 °C for 15 h to obtain a transparent homogeneous
solution. The prepared N6 solution was loaded into a 2 mL
plastic syringe equipped with a needle of 0.8 mm outer
diameter and 0.6 mm inner diameter. A high voltage was
applied between the needle and the collector. The syringe was
fixed on an electric syringe pump set to maintain a constant
flow rate of 0.1 mL/h. Positive potential was applied to the
needle by a high-voltage power supply. The voltage used for
electrospinning was 28 kV. The distance between the needle tip
and the collector was 16 cm. Nanofibers were collected on an
aluminum sheet mounted on a cylindrical drum collector,
which rotated at a speed of 2500 rpm. The electrospun fiber
mat was prepared by spinning the respective solutions for 1 h
on aluminum sheets.
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Figure 2. Images for the sensing experiment which was done using the Au@BSA/N6 single fiber. Fluorescence images (a, b, ¢, and d) of single fibers
before the addition of Hg** ion solution. (a,, by, c,, and d,) Flourescence images of the respective fibers (a, b, ¢, and d) after the addition of 1 ppb
and 100, 50, and 20 ppt of Hg** ion solutions, respectively. The red color was quenched completely in 1 ppb, but in the case of 20 ppt, a faint red
color can be seen upon closer examination. Optical images of the corresponding fibers are shown in a,, b,, ¢,, and d,, respectively. It shows that fiber
morphology is intact after the addition of the Hg*" ion solution and only luminescence of the fiber was quenched.

Synthesis of Au@BSA/N6 Fiber Mat. The above prepared
fiber mat was dipped in an as-synthesized aqueous Au@BSA
cluster solution for 10 min. Then, it was washed three times
with water to remove the excess loosely bound clusters. After
water washing, the clusters were present only on the fibers. It is
shown in the case of the single fiber experiment (Figures 2 and
4i).

Synthesis of Au@BSA/FITC/N6 Multiple and Single
Fiber. 4.5 g of N6 polymer and 3 mg of FITC were dissolved
in 10 mL of formic acid, and the mixture was stirred at 60 °C
for 15 h to obtain a transparent homogeneous solution.
Electrospining of the solution was done in the same way. The
FITC/NG6 fibers were collected on a glass slide instead of an
aluminum sheet. To examine the FITC/NG6 single fibers, they
were collected on the glass slide only for 2—3 s. The fibers
show green luminescence under a microscope due to FITC.
The Au@BSA cluster solution was added to the FITC/N6
fibers on the glass side drop by drop and dried in air. Then, the
slide was carefuly washed 2—3 times with water to remove the
excess cluster present on the slide and dried in air to get red
luminescent Au@BSA/FITC/NG6 fibers.

Sensing Experiment. For the single fiber sensing experi-
ment, we have placed the glass slide containing the fiber under
the microscope. About 2.5 L of Hg*" ion solution was added
on the fiber. A fluorescence image of the seleted fiber was taken
before and after the addition of Hg*".

UV—vis spectra were recorded using a PerkinElmer Lambda
25 spectrophotometer. Scanning electron microscopic (SEM)
images and energy-dispersive analysis of X-ray (EDAX) studies
were performed using a FEI QUANTA-200 SEM. The

photoexcitation and luminescence (PL) studies were done
using a NanoLog HORIBA JOBINYVON spectrofluorimeter.
Luminescence spectra of fiber mats were collected using 488
nm LASER excitation in a RAMAN spectrometer. X-ray
photoelectron spectroscopy (XPS) measurements were con-
ducted using an Omicron ESCA Probe spectrometer with
unmonochromatized Al Ka X-rays (energy = 1486.6 eV).
Fluorescence imaging measurements were done with the
Cytoviva HSI system containing an Olympus BX-41 micro-
scope equipped with a Dage high resolution camera and a
Specim V10E spectrometer. Dark field fluorescence microscopy
was used with an excitation band at 492 + 18 nm, and emission
was collected using a triple pass emission filter DAPI/FITC/
TEXAS RED (DAPL 452—472 nm; FITC, 515—545 nm;
TEXAS RED, 600—652 nm). Further details of the experiment
are presented in the Supporting Information.

B RESULTS AND DISCUSSION

The materials used in this study, namely, red luminescent gold
clusters protected by BSA (Au@BSA; BSA, bovine serum
albumin), were synthesized by a reported procedure, and details
are presented in the Experimental Section.®” In view of the
properties already known of this material, we list only the
essential details here. The Au@BSA cluster contains a core of
25 atoms of Au protected with the protein, and BSA shows an
optical absorption feature at 520 nm.*” The photoluminescence
spectrum (Figure S1, Supporting Information) shows an
emission maximum at 670 nm when excited at 365 nm, at
room temperature.
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A sensor platform was developed using electrospun nano-
fibers prepared by N6. Preparation of the fibers was discussed
in detail in the Experimental Section. The SEM images of the
N6 fiber mat showed high uniformity (Figure 1a). The fiber
diameters range from 180 to 260 nm (distribution has been
given in Figure S2, Supporting Information). The N6 fiber mat
was dipped in an as-synthesized Au@BSA cluster solution for
10 min for adsorption of the clusters on the fibers, and the mat
was washed with water three times to remove the excess cluster
solution. The sample was labeled as a Au@BSA/N6 fiber mat.
The mat appears white in visible light (Figure 1b) and red in
UV light (Figure 1c). The solution of Au@BSA in visible light
and UV light is shown in the insets of Figure 1b,c, respectively.

In order to observe individual fibers, electrospinning was
performed on glass slides for short periods. FITC incorporated
N6 nanofiber, labeled as FITC/N6, was produced by the
electrospinning of a solution which contains N6 and FITC. The
FITC/NG fibers on the glass slides were coated with the Au@
BSA cluster and washed 2—3 times carefully to remove the
excess cluster present on the slides. The cluster coated fibers
are labeled as Au@BSA/FITC/N6. Details of the preparation
of FITC/N6 and Au@BSA/FITC/NG6 fibers are given in the
Experimental Section. The optical image of a collection of Au@
BSA/FITC/NG6 fibers is shown in Figure 1d. Fluorescence
images of FITC/N6 and Au@BSA/FITC/NG6 fibers are shown
in Figure lef, respectively. FITC/N6 fibers showed a green
color due to the green luminescence of FITC (Figure le). As
red luminescence dominates over green, the Au@BSA/FITC/
N6 fibers showed only red color (Figure 1f). The same images
for single fibers are shown in Figure 1g—i. For the sensing
experiment at the limit of sensitivity, we have used these
individual fibers.

The concentration dependence (mercuric ion) of lumines-
cence quenching of individual Au@BSA/N6 fibers is shown in
Figure 2. The quenching due to Hg*" ions was performed with
various concentrations ranging from 1 ppb to 20 ppt. These
experiments were performed by dropping 2.5 uL of the
appropriate quantity of aqueous Hg?* solution on the fiber and
measuring the fluorescence image. Before adding Hg*, Au@
BSA/N6 was observed under dark field fluorescence micros-
copy with an excitation at 492 + 18 nm and emission was
collected using a triple pass emission filter, DAPI/FITC/
TEXAS RED (DAPL, 452—472 nm; FITC, 515—545 nm;
TEXAS RED, 600—652 nm), which showed red luminescence
(Figure 2a—d). Details of the dark field microscopy setup are
given in the Experimental Section of the Supporting
Information.

These fibers were exposed to Hg*" at various concentrations
(1 ppb and 100, 50, and 20 ppt of Hg>" solution); the
quenching of red luminescence was observed as shown in
Figure 2a,—d, ). The fibers were very sensitive to Hg>*; the red
color was quenched completely in 1 ppb, but even in the case of
20 ppt, a faint red color could be seen. The optical image of the
fibers after the quenching experiments is shown in Figure 2a,—
d,. These images showed that there is no physical change in
fiber dimension even after the quenching experiment.

The quenching experiments and fluorescence response of an
ensemble of Au@BSA/FITC/NG6 fibers on glass slides were
conducted with various metal ions. Ions such as Mn**, Ni*',
Cu?', Zn*, Pb*, and Cd*, chosen as they could be present in
water with Hg?', did not induce any color change under
florescence microscopy. Thus, the luminescence quenching is
specific to Hg*" as shown in Figure 3. About S uL of 20 ppm of
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Figure 3. Images of sensing experiments using Au@BSA/FITC/N6
fiber mats with various metal ions. In the case of Hg?* ion, the red
luminescence of the cluster disappered and a green color can be seen.
For other metal ions, there is no change in red luminescence. It
confirms that Au@BSA/FITC/NG6 is selective to the Hg2+ ion. Inset:
The variation of fluorescence intensity with different concentrations of
the Hg** ion. It confirms that the limit of detection for mercuric ion is
1 ppt. The reduction in signal was more than three times the noise of
the luminescence intensity of the parent fibers.

different metal ions was taken, and their quenching effect on
Au@BSA/FITC/NG6 fibers was investigated. It was first tested
with water, and no quenching was observed. For other metal
ions, quenching was not observed and the entire mat showed
red luminescence. However, for Hg2+, red luminescence
quenched and green luminescence was visible due to FITC.
Therefore, it confirms that Au@BSA/FITC/N6 is very
sensitive and selective to Hg®". Emission spectra of mats
under various conditions were measured. After measuring the
spectrum of the Au@BSA/NG6 fiber mats, the mats were dipped
in different M** ion solutions (20 ppm). The mats were dried
for 20 min, and then, the emission spectra of each mat was
measured at 488 nm excitation. Variation in emission intensity
is shown in Figure S3, Supporting Information. A large decrease
in intensity was observed for Hg"* compared to other M** ions.
The sensing capability and limit of detection estimated from
the luminecence spectra are shown in inset of Figure 3.
Fluorescence spectra of Au@BSA/NG6 fiber mats after exposure
to varying concentrations of Hg** were measured. Fluorescence
intensities of blank and Hg** treated fiber mats are compared in
the inset of Figure 3. The experiment showed that the mats are
sensitive even down to 1 ppt.

In Figure 4i, we examine the sensitivity limit at a single fiber
level. A fixed volume (2.5 pL) of varying concentrations of
Hg”" (100, 20, and 10 ppt) was exposed to Au@BSA/FITC/
N6 fibers separately. Red luminescence due to the cluster
disappears, and the green luminescence due to FITC appears at
100 and 20 ppt Hg2+. At 10 ppt, however, the decrease in red
emission is barely observable. It did not quench completely,
and as a result, a faint green luminescence is seen. An amount
of 2.5 uL of 10 ppt Hg** translates to 7.5 X 107 ions. From
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Figure 4. (i) (a, ¢, e) Fluorescence images of the Au@BSA/FITC/N6 single fiber showing red emission. Quenching experiment at (b) 100 ppt
(green emission), (d) 20 ppt (green emission), and (f) 10 ppt Hg*" (faint red emission). At 20 ppt, the fluorescence due to FITC is visible, and at 10
ppt, luminescence of Au@BSA is still observable. (ii) XPS spectra of the Au 4f region for the Au@BSA/N6 fiber mat before (down) and after (top)
Hg”" exposure. It shows that gold oxidizes due to the addition of the Hg** ion solution which may be responsible for the quenching of red

luminescence of the Au@BSA cluster.

experiments conducted on glass substrates, we know that 2.5
uL of solution covers an area of 8.34 X 107° m? (details of
calculation are given in Supporting Information, Section $4).
The surface area of a 15 ym long fiber (typical length examined
in an image) of 200 nm diameter is 9.41 X 107> m’. The
number of ions present in this area is ~80 which amounts to
extremely low levels of detection. The level of sensitivity
observed is extremely unusual. At this limiting concentration,
the quenching is not complete, and therefore, the underlying
green fluorescence does not appear distinctly, as mentioned
earlier.

The response of a single fiber to the analyte is fast. As shown
in the video (Supporting Information), the luminescence
disappears as the Hg>" solution wets the fiber from the top
to the bottom. Response of the fiber is uniform as shown in
Figure SS5a, Supporting Information. Luminescence of one-half
of Au@BSA/N6 fibers disappears as Hg’* is exposed to the
fibers (Figure SSb, Supporting Information). This is because
the solution was exposed only to one-half of the fibers. The
optical image of the fibers after Hg** addition shows that the
fibers are intact (inset of Figure SSb, Supporting Information)
although luminescence disappears. The data suggest that the
fiber is uniformly exposed to the Hg*" solution during wetting.
We have observed the same changes for the Au@BSA/FITC/
N6 fiber also (Figure S6, Supporting Information).

To demonstrate a real life application of our methodology,
we have tested surface water from a well. We have added 2.5 L
of well water on a Au@BSA/NG6 single fiber, and no quenching
of luminescence was observed. We repeated the same
experiment by adding 1 ppb of Hg*" ions on the fibers. We
have seen quenching of red luminescence of Au@BSA. It
implies that the red luminescence of the fiber is selective to
Hg** and not to other species in the natural water. The results
are presented in Figure S7, Supporting Information.

To understand the reason behind the quenching of red
luminescence on the addition of mercuric ion, we performed
XPS analysis. XPS spectra in the Au 4f region of the Au@BSA/
N6 fiber mat before and after addition of Hg** are shown in
Figure 4ii. In the case of the cluster, Au is nearly in the zero
oxidation state (with a binding energy (BE) of 84.1 eV for Au
4f,,). The BE for Au is increased on treatment with mercuric

ion (at 85.3 eV). Data suggest that mercuric ion (Hg*")
oxidizes the Au core which is responsible for quenching of the
red luminescence. Hg*" uptake leads to Hg’ implying its
reduction on the fiber surface. The peak of Hg 4f;, is seen at
101.8 eV (Figure S8, Supporting Information).

B CONCLUSION

In conclusion, we demonstrated a methodology for ultratrace
Hg*" detection using atomically precise clusters of gold coated
on single nanofibers. The fibers present a highly sensitive,
selective, and cost-effective way of sensing Hg>* ions. The data
show the possibility of sensing single ions at a single fiber level,
when smaller lengths are examined. Electrospun nanofibers
could be mass-produced at low-cost, allowing these novel
sensing materials for field applications. Additional experiments
are required to understand the reason for enhancement of
emission of clusters on nanofibers.

B ASSOCIATED CONTENT
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