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Abstract

Interest in biosensing platforms using protein fluorescent gold nanoclusters (FGNCs) has grown significantly in the past due to
the unique optical properties they offer. This study investigates the interaction of metal ions with FGNCs, and the structural
modifications brought about by the interaction resulting in fluorescence changes of the cluster and its successful application in the
detection of two heavy metals, cobalt and cadmium. The binding of cobalt and cadmium to FGNCs synthesized from BSA
significantly altered the secondary structure of the protein, causing a change in its hydrophobicity. It also resulted in a change in
fluorescence properties of FGNCs by intersystem crossing (ICT) and fluorescence resonance energy transfer (FRET). Cobalt and
cadmium could successfully be detected in the range of 5-165 ng/mL (R? = 0.95) and 201000 ng/ mL (R* = 0.91), respectively,
with appreciable sensitivity. The principle was also applied for the detection of Vitamin B, in commercially available ampoules,

validating the proposed method.
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Introduction

The interaction of metal ions with biomolecules such as pro-
teins have been studied extensively in the past. Protein fluo-
rescent gold nanoclusters (FGNCs) have received significant
attention in the field of biosensors due to their ease of synthe-
sis, multiple functional groups for conjugation, and high quan-
tum yield in near-infrared (NIR) window [1, 2]. There are
many reports where FGNCs have been successfully synthe-
sized using proteins and have been applied for biosensing and
imaging of biomolecules in live cells [3—15]. Interest in
FGNPs as optical probes for biosensing has achieved consid-
erable growth due to the protein moiety that can serve as
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binding sites for numerous analytes. Based on the interaction
of protein or gold atom within FGNCs, many groups have
successfully designed optical probes for the detection of metal
ions [2, 5, 13, 16—19], monitoring enzyme activity [2, &, 20]
and detection of polyphenols [21]. Exploiting the functional
groups within the protein, many groups have attempted to use
FGNC:s as probes for in-vivo imaging in near infra-red range
in cancer cells [14, 22-27].

Detection of heavy metals in water is of significant concern
due to extensive reports of its contamination in ground and
drinking water systems [28-31]. Many groups have success-
fully used FGNCs for detection of metal ions with reasonable
sensitivity in water samples. Liu et al. (2010) reported the
detection of cyanide using FGNCs based on cyanide etching
triggered fluorescence quenching of FGNCs. A similar ap-
proach was used by Xie et al. for mercury detection using gold
clusters [32]. Recently, Zhong-Xia Wang et al. developed a
turn- off/on the probe using a gold-nickel alloy for detection of
mercury and cadmium [33]. Among several proteins, Bovine
Serum Albumin (BSA) is extensively used for the synthesis of
FGNCs and its application in sensing and imaging. BSA con-
sists of 35 cysteines, 21 tyrosine, 17 histidine, and 2 trypto-
phan residues that serve to reduce and stabilize gold
nanoclusters [34]. It is also well known that serum proteins
act as the host for binding of heavy metals and, thus, as

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10895-020-02509-y&domain=pdf
http://orcid.org/0000-0002-1522-1645
mailto:praveena@cftri.res.in

538

J Fluoresc (2020) 30:537-545

detoxifying agents [35]. To this effect, researchers have re-
ported that cobalt adopts square planar coordination chemistry
and binds to N- terminal residue of the protein [36-38]. It is
widely believed that the N-terminal residue of BSA serves as
binding sites for transition metal ions. Many studies have re-
ported that cadmium exists in complex with biological ligands
via chelation [39—41]. The chelation enhanced fluorescence
(CEF) mechanism has been utilized by some researchers for
detection of cadmium in water/biological fluids [42—45].

To the best of our knowledge, although some reports on
detection of metals such as mercury, copper and cyanide [16,
18, 19] using FGNCs have been reported, a clear understand-
ing of the interaction between FGNCs and metal ions leading
to fluorescence “turn on” (enhancement of fluorescence) or
“off” (fluorescence quenching) is still not established.
Interaction between metal ions and FGNCs is often debated
for site and mode of interaction [16, 17, 46]. In the present
investigation, an attempt was made towards understanding
the interaction of cobalt and cadmium with FGNCs. It was
hypothesized that the binding of cobalt and cadmium near
the vicinity of the clusters changes the secondary structure of
the protein as a creation of a hydrophobic environment leading
to a change in fluorescence properties of FGNCs. We were able
to prove the hypothesis using circular dichroism studies, and
the above phenomenon was successfully used for the detection
of cobalt and cadmium in water samples. It was also validated
using commercial samples containing Vitamin B, where co-
balt is present in the center of the corrin ring (Scheme 1).

Experimental Section
Materials

Bovine serum albumin (BSA), gold chloride trihydrate, vita-
min B, and different metal ions were procured from Sigma
Chemicals, St. Louis, USA. All reagents used were of analyt-
ical grade and acquired from standard suppliers and used with-
out any further purification. For analysis of metal ions in real

Scheme 1 Depicting the proposed detection method of cadmium and
cobalt using FGNCs
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samples, water was spiked with a known amount of metal
ions. For analysis of cobalt ampoules containing Vit-B,, were
purchased from drug stores and used after pretreatment.

The instruments used are UV—Vis spectrophotometer (UV-
1601, Shimadzu, Japan) for analysis of spectral changes,
Spectrofluorimeter (RF-5301 PC, Shimadzu, Japan) for
photoluminescence measurements. For Circular dichroism
studies, Jasco J-810 spectropolarimeter calibrated with the
ammonium salt of d-10-camphor sulfonic acid was used.

Methods
Synthesis of Fluorescent Gold Nanoclusters (FGNCs)

FGNCs were synthesized according to the protocol described
by Xie et al. [34]. Briefly, aqueous HAuCly solution (5 mL,
10 mM) was added to BSA solution (5 mL, 50 mg/mL) under
vigorous stirring. After 2 min, the NaOH solution (0.5 mL,
1 M) was introduced, and the reaction was allowed to proceed
under vigorous stirring at 37 °C for 12 h. Both absorption and
fluorescence spectra were recorded, and FGNCs were stored
at 4 °C until further use.

Studies on the Interaction of Metal lons with FGNCs

For investigating the interaction of metal ion with FGNCs,
various metal ions (Co, Cd, Ba, Na, Fe, Zn, Mn, Mg, and
Li) of 100 ng/mL were prepared in phosphate buffer
(pH 7.5). Metal ions were incubated with FGNCs for
20 min, and corresponding absorption and fluorescence spec-
tra were recorded.

Circular Dichroism Studies

For investigating the interactions of cobalt and cadmium ions
on protein structure, various concentrations of metal ions were
prepared (Cobalt- 0.15 and 0.30 pg/mL; cadmium- 0.5 and
1 pg/mL) and incubated with BSA and FGNCs in a separate
reaction for 20 min. CD measurements were carried out at
25 °C using a 10 mm path length cell for recording the visible
and near UV CD spectra and 1 mm path length cell for far UV
CD spectra. Visible and near UV CD spectra were recorded in
the range of 290-600 nm with a protein concentration of
3 mg/mL, and far UV CD spectra were recorded in the
range 200-260 nm with a protein concentration of 0.4 mg/
mL. The mean residue ellipticity [6] MRW was calculated
using a value of 115. Samples were dissolved in PB (7.5).
Appropriate blanks were run and deducted from sample
runs to correct any extraneous signal. An average of 3
runs at 50 nm/min was considered.
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Detection of Cobalt & Cadmium by the Proposed Method

For the detection of cobalt and cadmium ions in water sam-
ples, the varying concentration of metal ions (Co; 5-165 ng/
mL and Cd; 20-1000 ng/ mL) was spiked in water and incu-
bated with FGNCs for 20 min after which, corresponding
absorption and fluorescence spectra were recorded. To study
the protein structural changes, fluorescence emission at 350
was monitored by exciting FGNCs at 280 nm.

Detection of Vitamin B;, by the Proposed Method

For the detection of vit-B, by the proposed method,
various concentrations of standard vit-B;, were prepared
in PB (7.5). To release cobalt from Vit-B;,, acid extrac-
tion method was used as reported previously [47]. After
20 min of incubation of vit-B;, with FGNCs, correspond-
ing absorption and fluorescence spectra were recorded.
For real sample analysis, ampoules containing vit-B;,
were purchased from drug stores and processed by acid
extraction & dilution-centrifugation method reported pre-
viously [47]. Briefly, vit-Bj, injection ampoules with
0.3 mg/mL were diluted to different concentrations (30,
105 & 120 ng/mL) in PB (7.5), and centrifuged at
10,000 g for 20 min.

Results and Discussion
Synthesis of Fluorescent Gold Nanoclusters

For the synthesis of FGNCs, we adopted previous reports
wherein, BSA was used as a sole reducing agent. BSA con-
tains 35 thiol groups from cysteine, which can act as a poten-
tial reducing agent for the synthesis of FGNCs [16, 46, 48].
Also, BSA contains 2 tryptophan, 17 histidine, and 21 tyro-
sine residues that can contribute towards reducing and stabi-
lization of FGNCs [34]. Bright red emission at 620-650 nm
was observed under an excitation wavelength of 470 nm. The
characteristic absorption and emission spectra of synthesized
FGNCs were consistent with earlier reports which confirm the
successful synthesis of FGNCs [15].

Studies on the Interaction of Metal lons with FGNCs

It is well known that structurally BSA can mimic human se-
rum albumin (HSA) which functions as a carrier of a number
of metal ions and influences their absorption, transport, me-
tabolism, and detoxification in vivo. Extensive studies of
spectroscopic characterizations on the interaction of metal
ions and HSA have been reported in literature (Bal et al.,
1998; Liu et al., 2009; [33, 35, 38, 49-52]. In the present

study, we envisaged the use of FGNCs as nanoprobes for the
detection of metal ions exploiting the interaction of BSA with
metal ions. As depicted in Fig. 1, the interaction of cobalt
(100 ng/mL) with FGNCs quenched the fluorescence of the
cluster (80%) whereas, cadmium (100 ng/mL) induced fluo-
rescence enhancement (30%). The other metal ions used in
this study, however, did not cause a significant change in
fluorescence of FGNCs. These results prompted us to probe
the metal-ion cluster interaction further.

Interaction of Cobalt with FGNCs

As presented in Fig. 2, varying concentrations of cobalt ions
(5-165 ng/mL) quenched the fluorescence of FGNCs with
appreciable linearity (R*=0.95). This interaction was ob-
served earlier by Kong Yifei et al. (2013) while conjugating
RNase to FGNCs [51]. However, the possible mechanism
involved was not investigated by the authors. To understand
the phenomenon involved in the quenching process, we per-
formed spectroscopic studies to understand FGNC-metal ion
interaction. Results showed (Fig. 3a) that there was an in-
crease in absorbance of the protein upon the interaction of
cobalt due to the formation of the metal-ion-ligand complex.
This phenomenon, referred to as LMCT (ligand to metal
charge transition) has been previously reported by Liang
et al. in 2001 [37]. Binding of cobalt to native BSA leads to
a sequential change in conformation, causing an increase in
the absorbance due to LMCT. In BSA, the Trp 134 residue is
located on the surface of the protein and the other (Trp 213) in
the hydrophobic pocket [52]. It is the surface Trp, which is
responsible for emission at longer wavelengths. As depicted in
Fig. 3b, it is evident that the interaction of cobalt with FGNCs
led to the appearance of Trp 134 to the surface of the cluster,
which emits at a longer wavelength in proportion to cobalt
concentration. As depicted in Fig. 3b, at an increasing level
of cobalt, there was a marginal decrease in fluorescence of
BSA (FGNCs) at 335 nm while at 362 nm, a concentration-
dependent increase in fluorescence was observed. These two
bands represent the change in the hydrophobic environment as

Cadmium -
Barium
Alluminum
Sodium
Iron
Zinc
& Magnesium -
© Manganese -
Lithium
Cobalt
CTRL

ons 100 ng/mL

Metal

600 800

Fig. 1 Interaction of metal ions @ 100 ng/mL with FGNCs
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Fig. 2 Interaction of cobalt with
FGNCs; (a) Varying
concentration of cobalt incubated
with FGNCs (20 min), (b)
Standard graph of cobalt with UV
image inset (¢) Fluorescence
spectra of Vit-B, interaction with
FGNC:s (d) Standard graph of Vit-
B, detection, inset shows the
extent of quenching (%)

a function of cobalt concentration. The new band at 362 nm
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could be due to surface-exposed tryptophan, which was earlier

quenched by water molecules and then replaced by cobalt,
creating a more hydrophobic environment. Also, at high con-
centration of cobalt (1g/mL) protein (FGNCs) precipitated in
solution due to the increase in hydrophobicity (data not

shown).

Fig. 3 Spectroscopic studies of
cobalt-FGNC interaction; (a)
Absorbance spectra of FGNCs-
cobalt complex (b) Changes in
protein fluorescence upon FGNC-
cobalt interaction (¢) CD studies
depicting changes during FGNC
formation and interaction of
FGNCs with cobalt
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Detection of Vitamin B;, by the Proposed Method

Vitamin By, is a cobalt-containing molecule, and its detection
has attracted much attention, especially in the field of nutrition
and health. As a validation of the concept of using FGNCs as
probes for the detection of heavy metals, we used the pro-

posed method to quantitative and detected standard Vit-B,,
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and commercial samples. As depicted in Fig. 1¢, d, incubation
of varying concentrations of Vit-B, (15-145 ng/mL, LOD
15 ng/mL) with FGNCs for 20 min lead to fluorescence
quenching of the clusters (R?=0.96). To extend it further,
Vit-B;, commercially available ampoules were pretreated
and extracted for the release of cobalt ion using an earlier
reported method [47]. The samples were diluted to the con-
centration range of the proposed assay (15-145 ng/mL), and
analysis was carried out. As depicted in Table 1, good recov-
ery in the samples suggested the application of the proposed
method for Vit-B, detection in real samples.

Circular Dichroism (CD) Studies for Co-FGNC Interaction

Circular dichroism (CD) studies were performed to understand
the mode of quenching via destabilization of the secondary
structure during cluster formation and cobalt interaction. As
presented in Fig. 3c, cluster formation affected the secondary
structure of native BSA. There were significant changes in the
ordered structure of the protein, especially the alpha-helix. BSA
is rich in alpha-helix at neutral pH, and a typical spectrum with
minima at 222 nm and 208 nm was obtained. As a control,
when cobalt (0.30 pg/mL) was added to native BSA, no sig-
nificant changes in the CD spectrum was observed. However,
the formation of FGNCs led to a significant change in the
secondary structure of BSA. Figure 3¢ shows the disappearance
of the 222 nm minima and a blue shift of 208 nm minima to
204 nm indicative of unordered structure in the protein. The
addition of increasing concentrations of cobalt to FGNCs also
led to considerable structural change. This was evident by CD
spectra, where we observed an increase in the random structure
of BSA (FGNCs) upon interaction with cobalt. This could be
due to a change in hydrophobicity of protein upon binding,
which was also reflected in the exposure of Trp 134 (domain
D). Recently Russell et al., demonstrated by molecular dynamics
simulations, that large clusters (~12 atoms) are formed in BSA
domain IIB and IA [47]. An extensive study by Liang et al.,

Table1 Detection of Vit-B12 in commercial samples against their label
and detection of cadmium spiked in water with the proposed method
Sample
Vitamin B, ampoules Vit B, ampoules Quantity detected**
0.3 mg/mL (ng/mL)*
1 30 28.206+1.52
2 105 102.27+0.76
3 120 110+2.93
Cadmium spiked in water ~ Quantity added Quantity recovered*
in ng/mL

20 18.01+1.7
2 100 98+0.65
3 500 499 +0.23

*after appropriate dilution; **Average + SD of Five determinations

2001 also provides evidence that the binding of cobalt to BSA
is concentrated in domain I, which holds large clusters. Due to
this reason, the binding of cobalt to FGNCs quenched the fluo-
rescence significantly by ISC (inter-system crossing) phenom-
enon, which is the hallmark of paramagnetic ions [19].

Interaction of Cadmium with FGNCs

As depicted in Fig. 4, unlike cobalt, the interaction of cadmi-
um with FGNCs led to dose-dependent (20—-1000 ng/ mL)
“turn-on” fluorescence with good linearity (R*=0.91). The
fluorescence ratio (I/Io) increased from 1 to 3.34, with more
than 300% fluorescence on the binding of cadmium with
FGNC:s. In order to understand this phenomenon, further stud-
ies by spectroscopic methods were carried out. Similar to co-
balt, binding of cadmium to FGNCs resulted in an increase of
absorbance of FGNCs. This, as discussed, could be due to
LMCTs. However, it was observed that Trp fluorescence in-
creased upon the interaction of cadmium with FGNCs
(Fig. 5b). This peculiar phenomenon has been previously re-
ported by Wang et al. [32]. The authors concluded that the
binding of cadmium to N-terminal amino acids (Lysine) for-
bids photo-induced electron transfer (PET) phenomenon from
nitrogen or oxygen atoms causes an increase in fluorescence.
We propose on the basis of absorbance and fluorescence spec-
tra that change in the hydrophobic environment could be re-
sponsible for changes in the fluorescence. Also, we observed
the turn-on fluorescence of Trp, which can be used as an
indicator of protein structural changes [53-55].

Circular Dichroism (CD) Studies for Cd-FGNC Interaction

To delineate the phenomenon, we performed CD experiments
using a varying concentration of cadmium. As depicted in Fig.
5S¢, interactions of FGNCs with cadmium led to a drastic change
in secondary structure. The interaction led to the recovery of
BSA secondary structure with minima at 222 nm and 208 nm.
This observation was indicating the ordered structure formation
in the presence of cadmium that was disrupted by FGNCs. Our
results are also in agreement with observations of Wang et al.
(2016), who performed extensive characterization of the interac-
tion of cadmium with lysozyme and reported that the interaction
of cadmium with lysozyme is via hydrophobic means [56].

The case with cadmium is the reverse of what is observed
for cobalt interaction with FGNC:s. It is reported that the cad-
mium binding site in BSA is located at the N-terminal residue.
It is possible that the chelation of cadmium may have stabi-
lized the secondary structure of BSA in FGNCs, as can be
seen from fluorescence and CD spectra. However, the increase
of fluorescence of FGNCs as a function of cadmium concen-
tration is due to the FRET phenomenon from Trp to FGNCs.
An earlier report on energy transfer from Trp to FGNCs is also
available [57].

@ Springer
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Fig. 4 Detection of cadmium by
turn-on fluorescence (a)
Fluorescence spectra of
cadmium-FGNC complex (b)
Standard graph with inset depicts
/1o (c) spectral overlap between
cadmium bound FGNCs and
tryptophan fluorescence

Fig. 5 Spectroscopic studies of
cadmium-FGNC interaction (a)
Absorbance spectra of FGNCs-
cadmium complex (b) Changes in
protein fluorescence upon FGNC-
cadmium complex (¢) CD results
of FGNC formation and
interaction of FGNC with
cadmium
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Energy Transfer from Tryptophan to Clusters

There are studies available that show energy transfer from
protein to nanoparticles as a result of spectral overlap
[57-65]. A good spectral overlap between cadmium bound
BSA-clusters and tryptophan fluorescence was observed
(Fig. 4c). We report that the synthesis of gold clusters within
the BSA core brings the clusters in close proximity with Trp
and results in dipolar response interaction between Trp and
clusters as a donor-acceptor pair, which results in efficient
energy transfer from BSA to clusters. FRET efficiency with
respect to varying concentrations of cadmium was calculated
using the following equation [58, 62, 66].

E= l_Fd“/]:d (1)

Where Fy, is the integrated Au-BSA fluorescence in the
presence of cadmium and Fy is the integrated Au-BSA fluo-
rescence in the absence of cadmium.

Alternatively, FRET efficiencies can also be calculated
using photobleaching rates of the donor in the presence and
absence of acceptor. It is widely observed that when resonance
energy transfer from donor to acceptor is efficient, it prevents
photobleaching of donor and leads to longer photobleaching
decay constant. To calculate photobleaching decay time, we
used the following equation [58];

E=1-"%p, (2)

Where T, and 17, are the photo-bleaching decay time
constants of the donor in the presence and absence of the
acceptor, respectively. As well known, the time measurements
are over seconds rather than nanoseconds which make these
measurements easier in comparison with fluorescence lifetime
measurements.

Time course fluorescence was monitored for standard
BSA, Au-BSA clusters, and Au-BSA clusters with varying
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Fig. 6 Studies on photobleaching, emission recorded for BSA @ 350 nm
FGNCs @ 380 nm & 610 nm with and without cadmium

Table 2 Photobleaching time & FRET efficiency upon the interaction

of cadmium with FGNCs

Sample Photobleaching time (s) FRET Efficiency
E (%)

FGNCs 70.3

FGNCs+Cd 0.06 ug/mL  80.5 12.6

FGNCs+Cd 0.15 ug/mL ~ 92.7 24.1

FGNCs+Cd 0.3 pg/mL 107 342

FGNCs+Cd 1 pg/mL 125 43.7

cadmium concentrations. Fluorescence measurement was
done at 380 nm for the BSA component, whereas, Au-BSA
and cadmium-Au-BSA were measured at 610 nm. The energy
transfer efficiency was calculated using Eq. 1, and FRET ef-
ficiency was calculated using photobleaching theory, which
relies on FRET, which will reduce the fluorescence lifetime
of the donor molecule by protecting it against photobleaching.
As depicted in Fig. 6 and Table 2, the photobleaching time of
Au-BSA was reduced in comparison with BSA measured at
380 nm. Whereas, at 610 nm, the photobleaching time of
clusters was significantly reduced upon the interaction of cad-
mium at 0.15 pg/mL. This shows that the energy transfer from
tryptophan to clusters upon the interaction of cadmium was
the reason for the increase in fluorescence due to efficient
FRET. As presented in Table 2, increasing concentration of
cadmium led to a decrease in photobleaching time and in-
creased the FRET efficiency from 12.6% to 43.7%. Also,
Trp absorbance increased upon interaction with varying con-
centrations of cadmium with Au-BSA clusters (Fig. 5b). This
has led to FRET from tryptophan/tyrosine residues in BSA to
clusters, and fluorescence emission drastically increased, lead-
ing to the detection of cadmium using Au-BSA clusters.

Conclusion

To conclude, we synthesized FGNCs using BSA as a
sole reducing agent that can act as a binding site for
the detection of metal ions of our interest. Interaction of
various metal ions with FGNCs was studied, and further
characterization was performed for cobalt and cadmium
ions considering its differential interaction with FGNCs.
Spectroscopic investigation revealed that the binding of
cobalt and cadmium leads to a change in the hydropho-
bic environment of FGNCs and drastic changes in the
secondary structure of the protein. Further, binding of
metal ions in the vicinity of clusters leads to differential
interaction of ions with FGNCs that were used for the
detection of cobalt, Vit-B;,, and cadmium at ultrasensi-
tive levels.
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