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Protein-Directed Synthesis of NIR-Emitting, Tunable
HgS Quantum Dots and their Applications in Metal-lon

Sensing

Nirmal Goswami, Anupam Giri, Shantimoy Kar,
Megalamane Siddaramappa Bootharaju, Robin John,
Paulrajpillai Lourdu Xavier, Thalappil Pradeep,* and Samir Kumar Pal*

The development of luminescent mercury sulfide quantum dots (HgS QDs) through
the bio-mineralization process has remained unexplored. Herein, a simple, two-
step route for the synthesis of HgS quantum dots in bovine serum albumin (BSA)
is reported. The QDs are characterized by UV-vis spectroscopy, Fourier transform
infrared (FT-IR) spectroscopy, luminescence, Raman spectroscopy, transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), circular
dichroism (CD), energy dispersive X-ray analysis (EDX), and picosecond-resolved
optical spectroscopy. Formation of various sizes of QDs is observed by modifying the
conditions suitably. The QDs also show tunable luminescence over the 680-800 nm
spectral regions, with a quantum Yyield of 4-5%. The as-prepared QDs can serve as
selective sensor materials for Hg(Il) and Cu(ll), based on selective luminescence
quenching. The quenching mechanism is found to be based on Dexter energy transfer
and photoinduced electron transfer for Hg(Il) and Cu(Il), respectively. The simple
synthesis route of protein-capped HgS QDs would provide additional impetus to

explore applications for these materials.

1. Introduction

In the past decade, semiconductor quantum dots (QDs) have
become well-established photoluminescent platforms for
many scientific and industrial applications.l'! For example,
QDs are highly sensitive to charge/energy transfer, which
can alter their optical properties, thus generating interest
in charge/energy-transfer-based bio-sensing.'*l Among all
the semiconducting QDs, mercury chalcogenide QDs are

one of the least studied families because of the toxicity and
volatility of corresponding organo-mercury compounds. Such
materials are highly attractive for infrared sensing, optoelec-
tronics, as well as for the more fundamental studies of their
optical properties. Luminescence across the visible spectral
region with mercury chalcogenide is extremely difficult, while
it is common for zinc- and cadmium-based chalcogenides.
Despite the potential toxicity of mercury and the restricted
application in biology, it would be of great interest to develop
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mercury chalcogenide QDs with tunable
luminescence as there is immense poten-
tiality in their application in chemical
sensing, infrared detection, and in the
development of electrical devices.!>>]

Of all the mercury chalcogenides, HgTe
is widely studied, having various synthetic
routes leading to high-quality materials
based on both aqueous- and organic-based
chemistries. Recently, Keuleyan et all’]
prepared colloidal HgTe QDs having
narrow photoluminescence tunable across
the near and mid-IR regions. In contrast,
there have been very few detailed studies
on HgS QDs. Wichiansee et all®l have
successfully prepared HgS QDs based
on an organic route, using trioctylphos-
phine oxide (TOPO) as the capping agent.
Higginson et al.’l have synthesized HgS
QDs exhibiting narrow, size-dependent
transitions between 500 and 800 nm for
sizes ranging from 1 to 5 nm in diameter.
Typically, in most cases, HgS QDs were
synthesized via thermal decomposition of
organo-metallic precursors in organic solvents and/or in the
presence of surfactants.[®10111 However, unlike them, the use
of a biomolecule as template or scaffold for the synthesis
possesses many advantages due to their inherent biocom-
patibility and ease of functionalization. Thus, novel synthetic
strategies for the preparation of HgS QDs using biomolecules
that yield extremely stable, water-soluble QDs with tunable
luminescence in the visible and near IR (NIR) region would
be highly desirable.

Among many biological systems that could participate
in biomineralization and be incorporated into bio-nanoma-
terials, proteins have been the subject of particular atten-
tion due to their nanoscale dimensions, distinctive molecular
structures and functionalities, and their capability to control
the size of inorganic crystals during nucleation and growth to
a remarkable degree due to their bulky nature. For example,
bovine serum albumin (BSA) and several other proteins
have been used to synthesize sub-nanometer luminescent
metal clusters.['>'8] Recently, an aqueous, protein-driven
synthesis of transition-metal-doped ZnS QDs has also been
reported by Zhou et al.l'¥l Akin to the bio-mineralization
process, herein, we have developed a facile approach to pre-
pare water-soluble, highly stable NIR-luminescent HgS QDs,
which are protected and stabilized by the protein matrix. We
have also used the HgS QDs formed as a fluorometric sensor
for the detection of Hg(IT) and Cu(II). Uses of the QDs in
metal-ion sensing by exploiting their luminescence prop-
erties is not new and have been reported before.[?0?!] The
mechanisms of luminescence quenching involving inner-filter
effects, nonradiative recombination pathways, and electron
transfer processes have also been reported. However, the
quenching mechanisms addressing the specific interaction of
detected ions with the sensor QDs are sparse in the existing
literature. The reason for quenching relies on the metallo-
philic interaction between Hg(II)/Cu(II) and Hg(II) present
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Scheme 1. Schematic illustration of the synthesis of HgS QDs through the bio-mineralization
process mediated by the BSA protein.

on the surface of the HgS QDs. We have used time-resolved
luminescence methods to study the mechanism of excited-
state reactivity, which reveals that both Hg(II) and Cu(II)
can reduce the lifetime of the HgS QDs. After considering
all kinds of excited-state deactivation mechanisms, we have
found that Dexter energy transfer is the reason in the case
of Hg(II)-induced quenching whereas photoinduced electron
transfer dominates in the case of Cu(II)-induced quenching.
In several control experiments, we have also ruled out other
possibilities for the quenching mechanisms, including aggre-
gation and Forster resonance energy transfer (FRET).

2. Results and Discussion

The process for synthesizing the HgS QDs is simple and
involves two steps (see Experimental Section for details).
The various stages of synthesis are shown in Scheme 1. In
the first step, addition of mercury nitrate solution to aqueous
BSA causes the mercury ions to be coordinated with the
various functional groups of BSA such as —-SH and -NH.
The pH of the solution was adjusted to ~9 by the addition
of NaOH followed by vigorous stirring at room temperature.
After 8-12 h, the color of the solution changes from color-
less to a pale yellow intermediate, which we have analyzed
by Raman spectroscopy (see later in text) and found it to be
HgO@BSA. Photographs of the intermediate under UV and
visible light are shown in Scheme 1. In the last step, Na,S
is added and the color changes from pale yellow to light
brown (Scheme 1), which indicates the formation of HgS
QDs. Figure 1A illustrates the UV-vis absorption spectra
of HgS@BSA QDs. In particular, Figure 1A gives the plot
of the natural logarithm of the Jacobian factor (details in
Experimental Section) versus wavelength of the QDs, to
show the features more clearly. Well-defined absorption
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Figure 1. A) UV-Vis absorbance spectrum of HgS@BSA. B) Excitation
and emission spectrum of HgS@BSA. Excitation spectrum is taken by
monitoring at 730 nm. Luminescence spectrum is collected with 450 nm

excitation.
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UV and visible radiations are shown in Scheme 1. As a con-
trol study, we have performed the reaction in the absence
of Na,S; however, no such luminescent material is obtained
even after 48 h (Figure S2, SI). This result reveals that
external sulphur is required for the growth of QDs. It has
to be noted that direct addition of mercury nitrate and Na,S
with protein solution leads to the formation of nonlumines-
cent HgS nanomaterial, which provides evidence that the
formation of the yellow intermediate is necessary to obtain
the luminescent QDs (Figure S3, SI). The photoluminescence
quantum yield of the HgS@BSA is ~4.6%, estimated using
4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyran (DCM) as a reference with a 450 nm excitation
wavelength. The obtained HgS QDs are found to be very
stable, showing the same luminescence spectra after almost
seven days of being stored at room temperature (Figure S4,
SI). The luminescence is maximum at neutral pH, however,
relatively less stable in acidic and basic pH as shown in
Figure S5 (SI). In order to investigate the thermal stability
of the QDs, temperature-dependent luminescence of HgS@
BSA has been monitored. It can be seen from Figure S6 (SI)
that luminescence of the HgS@BSA in the aqueous solution
decreased significantly upon increase in temperature. The
reason may be the increase in hydrophilicity around the HgS
QDs as protein is perturbed at higher temperature.

By varying the experimental conditions, e.g., Hg/S ratio,
we achieved variations in the diameter of the QDs, resulting
in the tunability of their luminescence (Figure 2A). As shown
in Figure 2B, a variation of excitation peak maxima is clearly
observed, pointing to the presence of QDs having different
sizes. In the photoluminescence spectra the peak maxima
varied from 680 to 800 nm, which corresponds to a QD dia-
meter varying from 4 to 10 nm according to our dynamic light
scattering (DLS) results (Figure 2C).

A high-resolution transmission electrom microscopy
(HR-TEM) image confirmed the presence of nearly spherical

(fjejat'ures are ma‘rked with arrows. Three % A ¢ r151 C HgS@BSA
istinct excitonic absorption shoulders = ] PO _"_::3 1:8

of the HgS QDs are found at 473 (2.62), § HgS@BSA 1 , l ) oo -

546 (2.27), and 594 nm (2.09 eV), which £ | ,-’\; N\ —18| >

indicate the presence of differently sized § ] ,/ A7 \\._'\‘ ‘" 15

QDs. The bandgaps calculated for UV g / ,/" / \\_‘..\ o .

features at 2.62,2.27, and 2.09 eV are 2.02, g T\ s /’/" X \\\‘.\ E

1.94 and 1.90 eV, respectively, which are ] 7. Z :\ 5|13 / \\

very much blue-shifted from the average e o P R T T o_qﬂ,
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due to a high quantum confinement effect. €11:2

Figure 1B shows the luminescence profile Hat@RsA 2

of the as-prepared QDs. A clear excita- 2]

tion maximum at 550 nm and a lumines- g 1:1

cence peak at around 730 nm is evident £ |

from Figure 1B. Note that, similar to the g 2/\

absorption spectrum, the luminescence i

spectrum is also broad and can be fitted oo "'i'o R 160

into three different peaks having maxima
at 680 (1.82), 733 (1.69), and 803 nm
(1.54 eV) (Figure S1, Supporting Infor-
mation (SI)). Photographs of QDs under
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Figure 2. Normalized spectra. A). Luminescence, B) excitation, and C) dynamic light scattering
spectra for HgS@BSA QDs with different Hg/S molar ratios.
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carried out to verify the oxidation state
of Hg and the elemental composition.
Survey spectra of HGO@BSA and HgS@
BSA show the expected elements, C, N, O,
S (from protein and QDs), and Hg (from
QDs) (Figure S8, SI). The Hg 4f regions
of the above samples are compared with
the synthesized bulk HgO and HgS in
Figure 4. The Hg 4f,, peaks of bulk HgO
and HgS appeared at 100.6 and 100.1 eV,
respectively, whereas in HgO@BSA and

—s—BSA
—e—HgS@BSA

4

3 4 5
Size (nm)
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HgS@BSA, they are at 101.4 and 100.6 eV,
respectively. These higher-energy peaks in
the nanoparticles confirms the presence
of mercury in +2 state in all the samples.
The shift of the Hg 4f;, peak to a higher
binding energy in both HgO@BSA and
HgS@BSA samples indicate the function-
alization of HgO and HgS by protein and
the difference from the corresponding bulk
systems. The presence of S 2p;, in bulk
HgS, which results in peaks at 161.2 and
168.0 eV, is due to sulphide and partially
oxidized species, such as sulphate, respec-
tively (Figure S9A, SI). The formation of
HgS in the protein sample was confirmed

Figure 3. A) Typical TEM images of HgS QDs. The size distribution of HgS@BSA is shown in
the inset. B) Dynamic light scattering spectra of BSA and HgS@BSA in aquous solution at pH
~9. The swelling of the protein size by 4.4 nm has also been assigned. C) High-resolution TEM
image of HgS QDs. SAED pattern in an area including HgS QDs is shown in the inset. D) EDX
spectrum collected for HES@BSA. Inset showing the SEM image of the HgS@BSA sample from
which the EDX spectrum was taken. EDX maps obtained using the CK, O K, S K, Hg L, and Na

K'lines are also shown in the inset.

nanocrystals having a size of 3.8 £ 0.2 nm (Figure 3A). As
shown in Figure 3B, the characteristic hydrodynamic dia-
meter of BSA is shifted from 5.6(£0.6) nm to 9.3(+0.6) nm
accroding to DLS after the formation of HgS QDs. This
observation is consistent with the fact that QDs are formed
within the protein matrix. Again, the size obtained from the
TEM study is roughly comparable to the swelling of the pro-
tein size (~4.4 £ 0.6 nm), as revealed from our DLS meas-
urements. The HR-TEM image of the HgS QDs is shown
in Figure 3C. The distance between two adjacent planes is
0.29 nm, corresponding to the (200) lattice plane of cubic
B-HgS (International Centre for Diffraction Data (ICDD),
Reference no: 00-002-0453). The distinct fringe spacing and
the corresponding selected-area electron diffraction (SAED)
pattern (inset of Figure 3C) reveal the reasonably good crys-
tallinity of the as-prepared HgS QDs. Moreover, the ele-
mental composition of the HgS QDs is confirmed from X-ray
diffraction (XRD) data (Figure S7, SI), energy dispersive
X-ray analysis (EDX), and elemental mapping of the scan-
ning electron microscopy (SEM) image. Figure 3D demon-
strates the EDX spectrum of the HgS@BSA. SEM image of
the HgS@BSA and EDX maps using the C K, O K, S K, Hg
L, and Na K lines are shown in the inset of Figure 3D.

X-ray photoelectron spectroscopy (XPS) of the inter-
mediate, HEO@BSA, and the final product, HgS@BSA, were

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

by the presence of S 2p;), around 161.2 eV
(Figure S9B, trace b, SI). The presence of
other sulphur species such as disulphides
and sulphates (due to X-ray induced
damage which is expected in protein sam-
ples)l!®l are observed in the HgO@BSA
and HgS@BSA samples (S 2p;, peaks at
163.3 and 167.8 eV).

Raman spectroscopic measurements were performed
on the HgS QDs formed and the reaction intermediate
to elucidate the reaction mechanism. The spectra of bulk
HgO, bulk HgS, HeO@BSA, HgS@BSA, and BSA are com-
pared in Figure SA. Bulk HgO has a main band centered at
334 cm™! whereas the intermediate has a red-shifted feature
at 330 cm™'; which originates from the oxygen interchain
mode of the HgO with A, symmetry.’l These features are
highlighted using a dotted circle in Figure SA. The Raman
spectrum of the HgS QDs shows a slightly blue-shifted peak
around 262 cm™, in comparison to bulk HgS which has a
feature at 254 cm™' (dashed circle) originating from a mode
of A, symmetry.”®l BSA has several Raman features corre-
sponding to the detailed structure of the protein including
the amide signatures as given in Table S1 (SI).[?* It should
be noted that several of these features are retained in the
Raman spectra of the reaction intermediate and the QDs,
confirming the formation of HgO and HgS, respectively, in
the protein. In the case of HEO@BSA, the amide regions of
the protein are more distorted (or several features could be
merged) than in the case of HgS@BSA.

Fourier Transform infrared (FT-IR) spectroscopy has
been one of the most common methods to investigate the
structure of proteins by probing their functional group sig-
natures. Amide I, IT, and III bands provide information about

small 2012, 8, No. 20, 3175-3184
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the secondary structural changes in proteins.>>?l Solid-state
IR analysis results suggested, in general, that the bands were
broadened and shifted to a higher frequency, indicating per-
turbation of the secondary structure. Spectral regions within
or near 1600-1690, 1480-1575, 1229-1301, and 3300 cm™! have
been assigned as amide I, amide II, amide III, and amide A,
respectively (Figure 5B). The increase in the intensity and
decrease in the peak width is seen around 1399 cm™, which is
attributed to the C=0 stretching of COO™, suggests that the
COO™ groups are more influenced by the formation of HgO
and HgS or could be associated with the Hg in the protein
matrix. Regions within 1651-1658, 1618-1642, 1666—1688, and
1650 = 1 cm™ have been assigned as a-helix, f sheets, turns,
and unordered structures, respectively.’”] The band appearing
around 700 cm™! can be assigned to -NH, and -NH wagging,
and the band around 2960 cm™! can be attributed to C—H
vibrations. The band near 1400 cm™ is due to the C=0O
stretching of COO™, and that at 1468 cm™' can be assigned
as the C—H deformation of >CH2, and that at 3500 cm™' is

small 2012, 8, No. 20, 3175-3184
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due to O—H stretching.[>?7 In the second-derivative spectra,
compared to native BSA, in HGO@BSA and HgS@BSA, the
o-helix content decreased significantly as indicated by the
prominent band at 1655 cm™! disappearing, and the amount of
B-turns increased as indicated by the 1662-1688 cm™ region.
In case of HGO@BSA, comparatively the S-turn content was
higher than in native BSA and HgS@BSA, suggesting more
perturbation in the intermediate form. A new band around
1651 cm™! may be attributed to the increased in random coil
structures.This observation is coroborated by observation
made in Raman measurements.

Circular dichroism (CD) has been employed to study the
conformational behavior of BSA before and after the forma-
tion of the HgS QDs. Native BSA displays CD features with
minima at 208 and 222 nm, corresponding to the secondary
structure of the protein (Figure 5C). Figure 5C shows the
decrease of molar ellipticity in the presence of Hg(II), which
describes more structural perturbation. From Figure 5C, it
is also reflected that there is an insignificant perturbation
of the secondary structure of the protein after the addition
of Na,S. The observation clearly signifies that addition of
Na,S has minimal effect on the secondary structure of the
protein.

The optical responses of HgS QDs towards metal ions
such as Hg(II), Ca(II), Cu(II), Co(II), Zn(II), Ni(II), Cd(II),
Mg(II), Na(I), and K(I) have been investigated. Among these
ions, only Cu(II) and Hg(II) can quench the luminescence of
the as-prepared HgS QDs. Figure 6 demonstrates the high
optical selectivity and sensitivity of the QDs towards Cu(II)
and Hg(II) over other biologically relevant metal ions, and
can be seen with the naked eye (Figure 6, lower panel). The
mechanism to be proposed below is due to the following rea-
sons: A number of sulphur and Hg(II) (having 5d'%s" elec-
tronic configuration) are present on the surface of the HgS
QDs. Addition of metal ions to the HgS QD solution there-
fore generates two possibilities: either it will interact with
sulphur or with mercury. Moreover, sulphur has an affinity
towards other metal ions including Hg(II), Cu(II), Zn(II),
and Cd(II). Thus, if the quenching of the luminescence of
QDs occurs through the interaction with sulphur, then all
of the above mentioned metal ions are expected to reduce
the luminescence of HgS@BSA. However, the almost insig-
nificant changes in the QDs luminescence spectrum observed
with Zn(II) and Cd(II) (Figure 6), clearly rules out the possi-
bility of luminescence quenching through the interaction with
sulphur. Recent theoretical studies suggest that metal cen-
tres with a d'° electronic configuration have a strong affinity
towards other closed-shell metal ions with similar electronic
configuration.?! In particular, this phenomenon associated
with strong d'°-d!" interactions is known as metallophilic
interaction.[?! This interaction originates due to dispersive
forces which are further augmented by relativistic effects.>"]
In the case of the mercury ion (5d'%s"), a number of exam-
ples of such interactions are present in the literature, even in
the absence of protecting ligands.['>'43 Our study suggests
that luminescence quenching of HgS QDs in the presence of
Hg(II) is due to the same 5d'°-5d!? metallophilic interaction
(Scheme 2). In the case of Cu(II), luminescence quenching
could occur through the 5d'°-3d!® metallophilic interaction
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(Scheme 2) as in the protein environment
Cu(II) is reduced to Cu(I).P!] In order to
evaluate the sensing efficiency of the HgS
QDs, we have added different concentra-
tions of Hg(II) and Cu(II) to a fixed con-
centration (2 mg/mL) of QD solution (see
Figure S11, SI). As shown in Figure S11,
the luminescence of HgS QDs is reduced
as a result of increasing either metal ion
concentration. In order to unravel the

consequence of the metallophilic interac-
tion, a series of systematic picosecond-
resolved photoluminescence studies were
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Figure 5. A) Raman spectra of BSA, bulk HgO, HgO@BSA, bulk HgS, and HgS@BSA in
solid state collected using a 633 HeNe laser. The dotted marking highlights the presence
of features due to A, oxygen interchain mode in HgO and HgO@BSA as well. The dashed
marking highlights the presence of HgS vibrations (A; mode of the sulfur atom in HgS) in the
NIR-emitting HgQD, confirming the product to be HgS@BSA. B) Second-derivative spectra of
amide | region of BSA, HGO@BSA, and HgS@BSA. C) Circular dichroism spectra of BSA, BSA-

Hg(ll) complex, HgO@BSA, and HgS@BSA.
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Figure 6. Upper panel: Selectivity of the HgS@BSA to different metal
ions. The luminescence intensities are recorded at 730 nm. For all
cases, the final metal ion concentrations are 50 ppm. Dotted line refers
to see the change of luminescence with respect to the control one.
Lower panel: Photographs of the HgS@BSA solution under UV light after
addition of 50 ppm of various metal ions.
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nonradiative deactivation of QD lumines-
cence: electron transfer or energy transfer.
As far as the electron-transfer mechanism
is concerned, it can occur between spe-
cies in intimate contact. Energy transfer,
which involves deactivation of an elec-
tronic excited state of the donor and con-
comitant formation of an excited state of
the acceptor, can occur via through-space
(Forster) or through-bond (Dexter) mech-
anisms.??l The Forster mechanism®! requires direct donor—
acceptor spectral overlap and arises from the Coulombic
interaction between the donor and acceptor electric fields.
However, in case of HgS-Cu(I1I)/HgS-Hg(II), the probability
of such energy transfer is usually negligible due to the lack
of absorption of the unsupported metal ions (Cu and Hg).
Dexter transferl! is identical to the Forster mechanism but
does not require significant oscillator strength on the part
of the acceptor. It requires direct donor—acceptor orbital
overlap; and has an exponential-distance dependence with a
range of ~1 nm.

In the present study, both the possibilities, i.e., electron
transfer or Dexter energy transfer can account for Hg(IT)
and Cu(II) inducing the lifetime quenching of the HgS QDs.
To investigate the electron transfer dynamics from the HgS
QDs upon excitation, we studied the complexation of the
HgS QDs with an organic molecule, benzoquinone (BQ),
which is well-known as an electron acceptor®! and efficiently
accepts excited electrons from the surface of semiconductor
quantum dots.’% As revealed from the inset of Figure 7B,
in the presence of BQ a very sharp decay (monitored at
730 nm) is observed, which is associated with the transfer
of excited electrons from the conduction band (CB) of the
HgS QDs into the lowest unoccupied molelcular orbital

240 260
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Scheme 2. Schematic representation of the excited-state quenching mechanism for the Cu(ll)
and Hg(ll) ion. HOMO and VB represents highest occupied molecular orbital and valence

band, respectively.
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Figure 7. A) The picosecond time-resolved fluorescence transients
of HgS QDs, in the absence and in the presence of acceptor Hg(ll).
B) The picosecond time-resolved fluorescence transients of HgS QDs,
in the absence and in the presence of acceptor Cu(ll). Inset showing
the analogous data of HgS QDs, in the absence and in the presence of
benzoquinone.
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(LUMO) of the BQ molecules. It can be
seen from Table 1 that the HgS/BQ system
exhibits an ultrafast time component of
55 ps with a majority (86%) of the excited
electrons following this path. The similar
faster decay component, i.e., 30 ps (82%)
in the presence of Cu(II) as compared to
HgS/BQ system at the same excitation
of 409 nm may be indicative of favorable
electron transfer from the HgS QDs to the
Cu(II) rather than Dexter energy transfer.
However, the possibility of such an energy
transfer cannot be completely ruled out.

After the addition of Hg(II) solution
to the HgS@BSA, although the decay is
faster compared to the HgS@BSA, no such
ultrafast time constant with a majority like
HgS/BQ system was found, which reveals
the electron transfer is not associated with
this process. Assuming the formation of a
Hg(1)-Hg(II) metallophilic bond, the filled 5d,> and empty
6s orbital of each Hg(IT) would overlap with each other,?”]
which then give rise to bonding and anti-bonding orbitals."]
Reorganization of these orbitals would therefore lead to
new energy-accepting levels on the Hg(II), which provides
the basis of a double electron exchange process (Dexter).
We have also estimated the rate of energy transfer (kgr)
and energy transfer efficiency (E) by using the following
equations:

kETzl/‘L'q—]./‘L'u (1)

E=1- Tq / Tu (2)
where Ty is the “quenched” lifetime, here 1.5 ns; and 7,
is the “unquenched” lifetime, here 5 ns. From our time-
resolved study, the rate of energy transfer (kgy) and energy
transfer efficiency (E) are found to be 4.7 x 10% s~! and 72%,
respectively.

Additionally, we performed DLS study to determine the
effect of aggregation on the luminescence of as-prepared
HgS@BSA. As shown in Figure S12 (SI), the addition of
Hg(II) to the HgS@BSA solution has an insignificant effect

Table 1. Picosecond time-resolved luminescence transients of HgS@
BSA in the absence and presence of Hg(Il) and Cu(ll). Lifetime values of
the HgS@BSA system in presence of the well-known electron accepting
agent, benzoquinone, is also shown. The luminescence of HgS QDs
(maximum wavelength, 4., = 730 nm) was detected with a 409 nm
excitation laser. Numbers in parentheses indicate relative weightage.

System T T, T3 T, Toy

[ps] [ps] [ns] [ns] [ns]
HgS@BSA 120(0.23) 1.8(0.40) 12.5(0.36) 5.2
HgS@BSA_Hg(ll) 105(0.43)  1.2(0.42)  6.5(0.15) 1.5
HgS@BSA Cu(ll)  30(0.82)  430(0.07) 2.5(0.07) 17.0(0.04) 1.0
HgS@BSA_BQ 55(0.86)  320(0.12)  1.2(0.02) 0.1
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on the size of HgS QDs, which rules out the possibility of
luminescence quenching due to QDs aggregation.'] In the
case of HgS@BSA solution containing Cu(II), the DLS peak
at ~9 nm remains unaltered; however, a new peak around
150 nm appeared which is consistent with the aggregation of
the free protein in solution.!'! To further confirm the aggre-
gation effect by Cu(II) and Hg(II), a control experiment
was carried out with ethylenediaminetetraacetate (EDTA).
EDTA can chelate both the metal ions in a 1:1 ratio and
Cu(II) has more affinity towards EDTA than BSA.! If the
metal ion induces the aggregation of the HgS@BSA, then, in
the presence of EDTA, the metal ion would be chelated and
should result in the recovery of its luminescence. However,
no such recovery effect was observed even in a 1:2 (metal
ion):EDTA ratio (data not shown), which further corrobo-
rates the direct interaction between the QDs with Cu(II) and
Hg(II) ions. Attempts were also made to separate the metal
ions from the protein-capped QDs by extensive dialysis
against Milli-Q water. However, no evidence of the dissocia-
tion of the metal ions resulting the recovery of the QD lumi-
nescence was observed.

3. Conclusion

We have developed a simple straightforward bio-minerali-
zation process for the synthesis of HgS QDs using a model
protein, BSA. These QDs are extremely stable, luminescent-
tunable from 685-800 nm, and highly quantum efficient. The
luminescence of as-prepared QDs can be used for a highly
sensitive and selective sensing system for the detection of
Hg(II) and Cu(II). The sensing mechanism is demonstrated
to be based on the formation of a metallophilic bond between
Hg(II)/Cu(II) and Hg(II) present on the surface of the HgS
QDs. In the excited state, the metallophilic bond facili-
tates the Dexter energy transfer to the Hg(II) and electron
transfer to the Cu(II) over other processes associated with
dynamic quenching. The synthetic approach and the metal-
ion sensing with the proper mechanism described herein may
be extended to other types of protein—semiconductor conju-
gates with tailored properties for diverse applications.

4. Experimental Section

Materials: BSA, sodium sulphide, HgNO; as well as the nitrates
and chlorides of various metal ions were obtained from Sigma. The
electron-accepting BQ was obtained from Alfa-Aesar. Milli-Q (from
Millipore) water was used throughout the experiments. All the
chemicals were used as received without further purification.

Synthesis of Protein-Stabilized HgS QDs: It involves two steps. In
the first step, the nonluminescent HgO nanoparticles were prepared
in a vial by dissolving 5 mL of 5 mm HgNO;, H,0, and 5 mL BSA
(15 mg/mL) solution in MQ water under vigorous stirring with final
pH value of ~9 (adjusted by 1 m NaOH solution carefully). Then, the
solution was allowed to stir for 8-12 h. The final color of the solu-
tion was pale yellow, indicative to the formation of HGO@BSA nano-
bioconjugates. In the second step, 4 mL of 20 mm Na,S was added
to 10 mL of as-synthesised HgO@BSA nano-bioconjugates, and
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the solution was stirred for 15 min. Completion of the reaction was
observed visibly by color changes from pale yellow to light brown.
Such a color transition is indicative of the formation of HgS QDs.

Synthesis of Bulk HgO: Bulk HgO samples were prepared in a
vial by dissolving 5 mL of 50 mm HgNO;, H,0, and 1 mL of 2.5 m
NaOH solution. Then, the solution was allowed to stir for 15 min
to obtain the yellow precipitate of HgO. Subsequently, the precipi-
tate was centrifuged and washed with additional MQ water several
times before measurements.

Synthesis of Bulk HgS: About 70 mg of HgNO;, H,0, and 70 mg
Na,S powder were dissolved in 5 mL MQ water under vigorous
stirring. The reaction mixture was stirred for 30 min. The resulting
precipitate was collected and repeatedly washed with MQ water
by centrifugal precipitation. Finally, the bulk HgS precipitate was
dried in an incubator to obtain a dark brown powder.

UV-Vis Absorption Spectroscopy: Optical absorption spectra of
the solutions were measured with a Shimadzu spectrophotometer
using a quartz cuvette of 1 cm path length. The experimentally
obtained spectral data, /(w), which are functions of wavelength,
were converted to energy-dependent data, /(E), according to the
following relation,
1(E)= | (w)/BE/Sw) ol (W) x w* 3)
where 6E/dw represents the Jacobian factor.

Photoluminescence (PL) Spectroscopy: The PL spectra were
recorded on a Jobin Yvon Fluoromax-3 fluorometer.

DLS: DLS measurements were performed with Nano S Mal-
vern instrument employing a 4 mW He-Ne laser (A = 632.8 nm)
equipped with a thermostated sample chamber. All the scattered
photons are collected at 173° scattering angle. The scattering
intensity data are processed using the instrumental software to
obtain the hydrodynamic diameter (d,) and the size distribution
of the scatterer in each sample. The instrument measures the time-
dependent fluctuation in the intensity of light scattered from the
particles in solution at a fixed scattering angle. d, of the proteins
is estimated from the intensity autocorrelation function of the time-
dependent fluctuation in intensity. dy is defined as:

ke T

dy =
H 371D %)

where k, is the Boltzmann constant, T is the temperature, 7 is the
viscosity, and D is the translational diffusion coefficient. In a typ-
ical size distribution graph from the DLS measurement, the X-axis
shows a distribution of size classes in nanometers, while the Y-axis
shows the relative intensity of the scattered light.

XPS: XPS measurements were conducted using an Omicron
ESCA Probe spectrometer with unmonochromatized Al Ko X-rays
(energy = 1486.6 eV). The X-ray power applied was 300 W. The
pass energy was 50 eV for survey scans and 20 eV for specific
regions. The base pressure of the instrument was 2.2 x 1071° mB.
The binding energy was calibrated with respect to the adventitious
C 1s feature at 285.0 eV.

Raman Spectroscopy: Raman spectroscopic investigations
were carried out using a confocal Raman microscope (CRM a300 S)
purchased from WITec GmbH, Germany. The spectral acquisition
was done in a back scattered geometry using a dispersion grating
of 600 groves/mm. Detector was a peltier cooled charge coupled
device which was maintained at —60 °C. The QDs were excited
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with a HeNe 633 nm laser source. Each spectrum is an average of
100 hardware spectra, each of which is integrated over 1 s. Raman
spectra were measured for BSA, HGO@BSA, and HgS@BSA in solid
state, obtained after lyophilizing the corresponding solutions.

TEM: TEM images were taken using a FEI TecnaiTF-20 field-
emission high-resolution transmission electron microscope oper-
ating at 200 kV. Samples for TEM imaging were prepared by placing
a drop of as-prepared QDs solution on a carbon-coated Cu grid,
and the solvent was evaporated under a bulb.

SEM: SEM images were taken using a FEG-SEM (FEl, Helios
600) operated at 20 kV.

Time-Correlated ~ Single-Photon  Counting:  Picosecond-
resolved fluorescence decay transients were measured by using
a commercially available spectrophotometer (Life Spec-ps, Edin-
burgh Instruments, UK) with 60 ps instrument response func-
tion (IRF). The observed fluorescence transients were fitted
using a nonlinear least-square fitting procedure to a function
(X(¢t) = fot E (t/)R(t — t/)dts) comprising convolution of the IRF
(E@®) with a sum of exponential (R(f) = A +Z;"=1 B;e %) with
pre-exponential factors (B), characteristic lifetimes (z) and a back-
ground (A). Relative concentra}ion in a multiexponential decay was
finally expressed as: ¢n = ﬁ x 100 The quality of the curve
fitting was evaluated by reduced chi-square and residual data. It
has to be noted that with our time-resolved instrument, we can
resolve at least one-fourth of the instrument response time con-
stants after the de-convolution of the IRF.

CD Spectroscopy: The CD spectra were measured in a Jasco
815 spectropolarimeter with a Peltier setup for the temperature-
dependent measurements. The cell path length was 10 mm.

FT-IR Spectroscopy: FT-IR spectra were measured with a Perkin
Elmer Spectrum One instrument. KBr crystals were used as the matrix
for sample preparation. Powder samples of BSA, HgO@BSA, and
HgS@BSA (which were collected after lyophilization) were measured.

Quantum Yield Calculations: The quantum yield was calculated
according to the following equation:[°!

20 (5:) (55) (%)

where Q and Qg are the quantum yield of the protein and reference
(DCM in methanol), / and /; are the integrated fluorescence intensi-
ties of the protein and reference, OD and ODy are the optical den-
sities of the protein and reference at the excitation wavelength,
and n and ny are the refractive indices of the protein and reference
solutions. The absolute quantum yield of DCM in methanol®! was
taken to be 0.43.

)
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