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Au nanoparticle-carbon dot core-shell (Au@C-dot) nanocomposites were synthesized in aqueous medium
at room temperature using the carbon dots as reducing agents themselves. The carbon nanodots also
function as an effective stabilizer by forming a thin layer surrounding Au nanoparticles (Au NPs) similar

to self-assembled monolayers. Ligand exchange with thiol containing biomolecules resulted in the release
of carbon dots from the Au NP surface leading to enhancement of fluorescence. Simultaneously the

agglomeration of Au NPs stimulated by the interaction of biothiols led to changes in the surface plasmon
properties of Au NPs. A detailed spectroscopic investigation revealed a combination of static and
dynamic quenching being involved in the process. Thus, the Au nanoparticle-carbon dot composite could

be used as a dual colorimetric and fluorometric sensor for biothiols ranging from amino acids, peptides,

proteins, enzymes etc. with a detection limit of 50 nM.

Introduction

Metal-ligand interactions have traditionally been utilized as the
driving force in assembling nanoparticle based sensors affording
high selectivity and operability in aqueous medium.' Plasmonic
nanostructures such as those of Au have gained tremendous
importance as colorimetric reporters because of their excellent
and distinctive properties such as high extinction coefficients in
the visible region and distance dependent optical properties.®”
The distinct color of the colloidal Au in dispersed (red) and
aggregated form (blue) has led to development of efficient
nanosensors for various heavy metals, anions and biomolecules.®
17 Generally, these "smart" nanosensors are based on assembling
nanoparticles with tailored functional groups that selectively bind
the analyte, leading to 1D, 2D or 3D interparticle bridging
assemblies. This results in optical changes induced by short and
long range interactions of surface plasmon resonance (SPR) of
individual nanoparticles. On the other hand ligand displacement
reactions, i.e. exchange of surface stabilizing agents by analytes
with higher affinity for the nanoparticle surface could potentially
be used for biological recognition events, if the specific marker of
interest leads to interparticle crosslinking.'®*' Additionally, if the
ligand exchange process could lead to enhancement of
fluorescence inherent to the displaced surface stabilizing agents,
then the nanosensor could function as a dual probe detector, both
colorimetric and fluorometric, for the sensitive analysis of
specific biomolecules.

Carbon dots (C-dots) are an emerging class of carbon
nanomaterials owing to their splendid fluorescence property,
good biocompatibility, water solubility, photostability and energy
conversion abilities.”>*° The tremendous attention to this tiny
water soluble form of carbon could be attributed to their role as
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non-toxic and eco-friendly alternative to semiconductor quantum
dots in various applications ranging from electronics, catalysis,
bioimaging and drug delivery.”** Their easy method of
synthesis, surface passivation and tunable photoluminescence
properties has led to the development of a number of fluorometric
sensors.”>>* The upconversion luminescence properties of these
nanolights have been utilized for the fabrication of photocatalytic
system to harness the full spectrum of sunlight.>** The beauty of
carbon dot is that depending on the source and the procedure used
for its synthesis, the functional groups on its surface can be
tailored. With the abundant presence of carboxylic moiety on the
surface, C-dots could function as a reducing as well as stabilizing
agents in the synthesis of metallic nanoparticles such as Au and
Pd,?"*%*? similar to other carboxyl rich ligands such as citrates,
ascorbates etc. In this process, C-dots form a shell around the
metal nanoparticle that might function similar to a self-assembled
monolayer of a stabilizing agent.

Here, we report the development of Au nanoparticle-carbon
dot core-shell composites (Au@C-dot) as both colorimetric and
fluorometric nanosensor for biothiols which works through a
combination of ligand exchange and Forster resonance energy
transfer (FRET) phenomena. The mechanism is based on the
ligand exchange reactions on Au nanoparticles (Au NPs), where
C-dots are replaced by the biothiols through the formation of
stronger Au-S bond. This leads to enhancement of fluorescence
emission inherent to C-dots. Additionally, interaction of thiol
molecules with Au NPs leads to their agglomeration, thus altering
their optical properties.***> Both these phenomena have been
exploited for the development of Au@C-dot nanocomposites as
colorimetric as well as fluorometric sensor. Numerous thiol
containing biomolecules such as cysteine, glutathione etc. are
crucial for the regulation of a number of biological processes in
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the human body. Hence, monitoring of these thiol compounds is
of great importance for diagnosis of diseases.***’

Experimental Section
Reagents

Hydrogen tetrachloroaurate (HAuCly), D-penicillamine and
Bovine serum albumin (BSA) were purchased from Sigma-
Aldrich.  B-carotene, glutathione, L-amino acids (cysteine,
methionine, lysine, arginine, glutamic acid, aspartic acid, alanine
and leucine) and the enzymes (urease, pepsin and glucose
oxidase) were supplied by Sisco Research Laboratories, India.
Glucose and fructose were bought from Merck, India. Becozyme
C forte and Xtraglo tablets were obtained from Piramal
Healthcare and Sun Pharma, India respectively. The chemicals
were used as received and their solutions were prepared in Milli
Q water.

Synthesis of Carbon dots

In a typical procedure, B-carotene at a concentration of 0.5mg/mL
was dispersed in water in a sealed glass tube which was subjected
to microwave irradiation at power 150 watts and temperature 150
°C for 45 minutes. This resulted in a pale yellow dispersion of
luminescent C-dots. The solution was filtered through a Whatman
filter paper to remove any insoluble part before using for further
experiments.

Preparation of Au@C-dot composite

The Au@C-dot composite was obtained by addition of 40 pL of a
30 mM HAuCly solution to a C-dot solution (2.0 mL) at room
temperature. The resulting mixture was allowed to stand for 30
minutes when it turned pink indicating the formation of Au NPs.

Assay of biothiols

2 mL of Au@C-dot solution was titrated with aliquot of 5 pL of
1 mM solution of different thiols. The solutions were equilibrated
for 5 mins at room temperature before recording the spectra.

Assay of biomacromolecules

The proteins/enzymes were dissolved in PBS buffer of pH 7.4 at
a concentration of 2.0 mg/mL and small aliquots were incubated
with Au@C-dot solution for 15 mins before recording the
spectrum. For the assay for pharmaceutical samples, the tablets
were crushed and dissolved in water (1.0 mg/mL). The solution
was filtered and aliquots were incubated with Au@C-dot.

Instrumentation

Microwave irradiation experiments were performed in a focused
microwave CEM discover reactor. A Varian Cary 100 Bio
spectrophotometer was used for UV-visible measurements.
Emission spectra were recorded using a fluoromax-4p
fluorometer from Horiba (Model: FM-100). Powder X- ray
diffraction patterns (XRD) were obtained on a Bruker DS
Advance diffractometer with Cu Ko source (wavelength of X-
rays was 0.154 nm). A JEOL JEM-2100 microscope was used to
obtain the transmission electron microscopy (TEM) images at an
operating voltage of 200 kV. FTIR spectra were recorded in KBr
pellet using a Bruker Tensor 27 instrument. Atomic force
microscopy of C-dots (Tapping mode, SMART SPM 10000,
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AIST-NT) was analyzed by spin coating an aqueous solution of
C-dots on freshly cleaved mica surface. The time resolved
fluorescence studies were performed on Horiba Yovn (model:
Fluorocube-01-NL), a nanosecond time correlated single photon
counting (TCSPC) system. Raman spectra were recorded on a
Micro Raman system from Jobin Yvon Horiba LABRAM-HR
visible with a 632.8 He-Ne laser beam.

Results and Discussions

In our pursuit towards the development of the nanosensor, we
first synthesized luminescent carbon dots by microwave
irradiation of a carbon rich precursor B-carotene dispersed in
water at elevated temperature. It is worth mentioning that -
carotene is insoluble in water, however microwave irradiation
(150 watt) of the orange heterogeneous suspension for 45 minutes
at 150°C resulted in a pale yellow solution. The solution
exhibited strong fluorescence under UV light (A,=365 nm)
(Figure S1). The C-dots thus synthesized showed maximum
emission at 470 nm when excited 370 nm and
photoluminescence shifted to longer wavelengths with increasing
excitation wavelength, a typical characteristic of C-dots (Figure
l1a).>>  Atomic force microscopy (AFM)
demonstrated the formation of C-dots with particle sizes in the
range of 3-6 nm, with their topographic heights mostly between 1
and 2 nm (Figure 1b). Transmission electron microscopy (TEM)
also validated the formation of well-dispersed spherical
nanoparticles (Figure 1c) and the average diameter as calculated
from the particle size histogram was 3.5 + 0.8 nm (Figure 1d).
The high resolution TEM (HRTEM) image of C-dots showed
high crystallinity with the appearance of lattice fringes signifying
the (102) lattice of graphitic (sp®) carbon (Figure S2). The high
crystallinity of the C-dots was further supported by the
corresponding selected area electron diffraction (SAED) pattern
(Figure S3). The synthesized C-dots were highly resistant to
photobleaching compared to the commonly used markers such as
fluorescein as no rapid photobleaching was observed from the
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Fig. 1 (a) Emission spectrum of synthesized C-dots at different excitation
wavelengths showing excitation dependent emission, (b) AFM image of
the C-dots and corresponding height profile along the line, (c) TEM
image and (d) size distribution histogram of the C-dots.
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C-dots within 2 hours (Figure S4). Also, the PL time traces of
two random spots show gradual intensity decay with no clear
photobleaching steps demonstrating that the C-dots are stable for
an appreciable time under laser unlike most organic dyes (Figure
5 85).%8
The C-dots synthesized by our method exhibited excellent
surface reactivity as they efficiently reduced Au** at room
temperature. When HAuCl, was added to a solution of C-dots in
water, the growth of Au NPs was observed colorimetrically
10 within 5 minutes without any heating or photoexcitation. The
formation process of Au NPs was allowed for further 30 minutes.
The absorption spectrum of C-dots (Figure 2a) showed a narrow
peak at 280 nm assigned to the m—n* transition of nanocarbon.
However in the Au@C-dot composite this characteristic peak
15 disappeared due to the strong electronic interactions between the
metal and C-dot.** Further the surface plasmon resonance (SPR)
band at 528 nm confirmed the formation of Au NPs (Figure 2a).
Evidence for the reduction of Au** salts by C-dots was also
supported by the dramatic quenching of fluorescence emission of
20 C-dots (Figure 2b). Initially, the carbon dots showed high
fluorescence in aqueous solution due to the radiative
recombination of the electrons and holes which is generally
confined to their surface. During their participation in reducing
AU’ salts, the nucleation was initiated at the surface sites that
»s host the electrons, thus the process of electron-hole
recombination occurring at their surface was hindered leading to
effective quenching of the fluorescence emissions.” The powder
XRD spectra of C-dots exhibited a broad peak centered at 26 =
23° corresponding to a d-spacing of 3.8 A, whereas the Au@C-
30 dot composite showed the characteristic Bragg's reflections
corresponding to cubic Au along with the reflection of C-dots
(Figure 2c¢). TEM images showed the formation of a mixture of
polyhedral, triangular and rod-like Au nanostructures (Figure S6).
A low contrast continuous C-dot layer of thickness ca. 2.6 nm
wrapping a high contrast Au core was observed in HRTEM,
signifying a core-shell structure (Figure 2d). The SAED pattern
of Au@C-dot displayed high crystallinity and the ring patterns
corresponding to Au metal with fcc structures were
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Fig 2. (a) UV-visible spectrum of C-dots and Au@C-dots, (b) Emission
40 spectrum of C-dots and Au@C-dots, (c) Powder XRD spectrum of (a) C-
dots and (b) Au@C-dots and (d) HRTEM image of Au@C-dots showing
a dense Au core coated with a light shell of C-dots.
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observed (Figure S7). From the FTIR spectra, it was noticed that
the peak at 1710 cm™ in case of C-dots became less intense and
ss shifted to 1700 cm™ signifying the role of C=0 in reduction and
binding to Au NPs (Figure S8). Also there was a decrease in the
intensity of C-O peak at 1080 cm™ suggesting the involvement of
C-dots in the reduction process. The Raman spectrum of C-dots
did not show any peaks probably due to strong fluorescence
so background. On the other hand, the Raman spectrum of Au@C-
dot composite showed the D-band and G-band of carbon at 1360
em™ and 1530 cm™ (Figure S9). The observation of the these
characteristic bands of carbon in Au@C-dot composite could be
attributed to the surface enhancement Raman scattering effect of
ss Au NPs.”” Further, the observations imply that the strong
fluorescence of C-dots was quenched in Au@C-dots due to the
electron transfer from the C-dot shells to Au cores, indicating that
the C-dots formed a firm coating on Au NP surface.*’ The
stability of C-dots and Au@C-dot composites were studied
o fluorometrically under varying pH, temperature and ionic
strength of the medium (details in ESI) .
It is well known that thiols have high binding preference for
Au NP surface owing to the formation of a strong Au-S bond.**
Therefore, we presumed that place exchange of C-dots with thiols
6s can take place on the Au NP surface and fluorescence of C-dots
could be turned on making Au@C-dot nanocomposites a facile
sensor for biothiols. When cysteine (Cys) was added to Au@C-
dot composite solution, it turned purple with a considerable red-
shift in the plasmon resonance band of Au NPs (Figure 3a). With
70 increasing amount of cysteine, the Au NPs eventually aggregated
and precipitated out as observed visually. The aggregation of Au
NPs was further confirmed from TEM studies (Figure 3b).
Simultaneously, we measured the fluorescence emission of the
solution and observed enhancement in fluorescence intensity
75 inherent to C-dots with increasing amount of cysteine (Figure 3c).
The enhancement in fluorescence was linearly proportional to
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Fig 3. (a) UV-visible spectrum of Au@C-dots after addition of various
concentrations of cysteine, (b) TEM image of the Au@C-dots showing

80 aggregation after the addition of cysteine, (c) Emission spectrum of the
Au@C-dots after addition of different concentrations of cysteine and (d)
Relative fluorescence (F/Fg) of Au@C-dots as a function of cysteine
concentration.
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cysteine concentration in the range of 0-30uM (Figure 3d). By
using this methodology, we achieved a detection limit of 50 nM
within 5 minutes.

In order to establish the mechanism of quenching of
fluorescence of C-dots during the formation of Au NPs, Stern-
Volmer plot of quenching of C-dot fluorescence at various
concentrations of Au®" was obtained as shown in Figure 4a. In
general, the linearity of Stern-Volmer plot (F¢/F) versus the
quencher concentration ([Q]) indicates that one type of quenching
mechanism, static or dynamic, is predominating.’' The plot was
linear at lower concentrations upto 3 x 10* M but showed an
upward deviation from linearity at higher concentrations which
suggested that the quenching process simultaneously followed
two mechanisms.’’ One of them is the static quenching in which
there is formation of a nonfluorescent complex between
fluorophore and quencher in the ground state. The second is
dynamic quenching where the fluorophore follows a non-
radiative route for the loss of excited state energy which
sufficiently alters its lifetime in the excited state. The linear part
of fluorescence quenching data (inset, Figure 4a) was analyzed
using the Stern-Volmer equation :

Fo/F =1+ Kgy[Q]

where Fy and F denote the fluorescence intensity before and after
the quencher addition respectively, [Q] is the quencher
concentration and Kgy is the Stern-Volmer quenching constant
which was calculated to be 1.54 x 10* M signifying high
quenching efficiency. As reported earlier,” the mere presence of
Au*" does not quench the fluorescence of carbon dots. On the
other hand when the C-dots act as electron donors and reduce
Au*" to Au’, their electron rich sites act as nucleating centres for
formation of Au NPs. C-dots act simultaneously as a stabilizer for
the nanoparticles by forming a layer around them. In this process,
the radiative recombinations of electrons and holes at the surface
sites of C-dots which are principally responsible for the
fluorescence emission are interrupted resulting in diminished
fluorescence of C-dots.*® Thus, Au@C-dot nanocomposites can
be considered as nonfluorescent complexes where the Au
nanoparticles act as effective fluorescence quenchers.

To gain insights into the dynamic quenching mechanism,
TCSPC experiments were performed as shown in Figure 4b. The
average lifetime of C-dots was calculated to be 1.910 ns which
decreased to 1.003 ns after the formation of Au nanoparticles
(Table S1). C-dots show emission in a broad range from 400-600
nm (A = 370 nm) and Au nanoparticles have their characteristic
absorption band around 475-550 nm which suggests that they can
form a donor-acceptor pair of a Forster resonance energy transfer
(FRET) system. According to the Forster’s energy transfer
theory, the energy transfer efficiency for a FRET system depends
on the sprectral overlap and the distance between the donor and
acceptor.>> As can be clearly seen from Figure S13a, the
emission spectrum of C-dots shows high overlap with the
absorption spectrum of Au nanoparticles leading to efficient
FRET which accounts for the reduced lifetime of C-dots. When
cysteine was gradually added to the Au@C-dot nanocomposite,
we observed that fluorescence owing to C-dots could be regained
upto almost 90%. The Au NPs were stabilized by the hydroxyl
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and carboxyl functional groups present on the surface of C-dots

6 which are known to bind weakly to the Au NP surface. With the

addition of cysteine, a ligand exchange reaction takes place
between C-dots and cysteine on Au NP surface, as thiols are
known to have higher affinity for metal surfaces.* This leads
to the release of C-dots from the Au surface. Cysteine mediated
aggregation of Au nanoparticles leads to rapid broadening and
red shift of the SPR band of Au NPs.”**® As a result, the spectral
overlap of the emission spectrum of C-dots and absorption
spectrum of Au NPs becomes less significant (Figure S13b),
which also contributes to enhancement in fluorescence due to
inefficient FRET. Additionally as more and more Au nanoparticle
aggregates are formed with increasing amount of cysteine, the
number of effective fluorescence acceptors decreases. Thus, both
the ligand exchange and weakened FRET contributed to the
recovery of fluorescence of C-dots after the addition of thiol. The
binding of thiol to Au NPs was also confirmed by FTIR studies.
As can be seen in Figure S14, the peak due to S-H at 2526 cm™ in
cysteine disappeared when it was bound to Au NPs.

25 10000
s a b
204{ 4
= 3 . 1000
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e 15 1 .
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104 [Au"/mM H i
o] s
(i)
) 10 -j
0 T T T T T - T T
00 01 02 03 04 05 0.6 0 10 20 30
[Au™] (mM) Time/ns

0 Fig 4. . (a) Steady state Stern-Volmer plot for the quenching of C-dot

fluorescence at various concentrations of Au®"; inset: Stern-Volmer plot at
lower Au®* concentrations and (b) Lifetime decay curves of C-dots (i) in
absence and (ii) in presence of 5.9 x 10* M Au*' ions, (iii) instrument
response function.

We performed transmission electron microscopy of Au@C-dot
composite after addition of variable amount of cysteine to have a
clear insight into the ligand exchange process. Initially the
composite particles were well-dispersed (Figure 5a), as C-dot
layers acted as stabilizing agents and formed a monolayer around
Au NPs. When a small amount of cysteine was added (final
concentration 50 uM), the C-dots were liberated from the Au
surface and the Au NPs started forming a chain like structure
(Figure 5b). Clearly the ligand exchange of C-dots with thiols on
Au NPs led to release of the C-dots. Subsequent agglomeration of
Au NPs was stimulated through electrostatic or hydrogen bonding
interactions among cysteine. With higher amount of added
cysteine, the Au NPs precipitated out from the solution. Figure 5¢
shows the TEM image of the Au NP-cysteine aggregates re-
dispersed in water depicting the formation of chain like
agglomerates of Au nanoparticles. The C-dots released from the
Au NP surface remained dispersed in the solution and TEM
images (Figure 5d) showed a particle size comparable to those
initially synthesized. Also their average lifetime was found to be
1.807 ns which were close to the initial C-dots (Figure S15 and

10s Table S1). From these studies, it was evident that C-dots behave

similar to ligands forming self-assembled monolayers.
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Fig 5. (a) TEM image of (a) Au nanoparticles synthesized using C-dots,
(b) TEM image of the Au@C-dot composite after addition of 50 pM
cysteine, (c) TEM image of the precipitated Au nanoparticles after
addition of higher concentration of cysteine and (d) TEM image of the
recovered C-dots after addition of higher concentration of cysteine.

It is worth mentioning that other amino acids and commonly
occuring biomolecules such as carbohydrates (glucose, fructose
etc.) did not lead to any enhancement in fluorescence emission
from Au@C-dot composite (Figure 6a). As these amino acids
and biomolecules do not contain any free sulthydryl groups, they
can not effectively place exchange the C-dots from Au NP
surface. The results suggested that the composite could be used as
a fluorometric sensor for thiol containing biomolecules. When we
used glutathione, a tripeptide containing free thiol groups, the
increment in fluorescence intensity with increasing concentration
could be observed (Figure S16). Similar results were obtained
with penicillamine, a thiol containing drug molecule (Figure
S17). Encouraged by these results, we investigated the specificity
of the nanocomposite towards high molecular weight
biomolecules containing free sulthydryl groups, such as proteins
and enzymes. Among the four biomacromolecules studied,
namely bovine serum albumin (BSA), urease, pepsin and glucose
oxidase (GOx), urease showed the maximum fluorescence
recovery when incubated with Au@C-dot composite, while GOx
showed the minimum fluorescence recovery (Figure 6b). This can
be directly correlated to the number of free sulthydryl groups
present in these biomolecules (Table S2). The results (Figure
S18) suggested that even high molecular weight macromolecules
could effectively replace the C-dots from the Au NP surface, thus
establishing Au@C-dot composites as effective sensor for assay
of thiol containing macromolecules as well.

To further show the potential utility of the Au@C-dot
composites in pharmaceutical samples, we applied this sensing
system on two commonly used dietary supplements, becozyme C
forte (consists of vitamin B complex and vitamin C) and xtraglo
tablets which consists of a variety of vitamins and salts along
with an appreciable amount of cysteine. As expected, a solution
of xtraglo tablet in water (1.0 mg/mL) when incubated with
40 Au@C-dot nanocomposite led to increase in fluorescence
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Fig 6. Plot of relative intensities of Au@C-dots as a function of (a)
different biomolecules and (b) various proteins/enzymes

intensity whereas the pure vitamin supplement did not have any
effect (Figure S19).

Conclusions

In summary, a simple microwave pyrolysis of -carotene in
water afforded highly fluorescent carbon nanodots that could
function as an efficient reducing agent for the synthesis of Au
NPs at room temperature. The C-dots stabilized the Au NPs by
forming a thin continuous layer around the nanoparticle surface.
The participation of C-dots as reducing agents led to dramatic
quenching of their fluorescence. The quenching is probably due
to the nucleation and growth of the nanoparticles at the surface-
defect derived energy trapping sites of C-dots leading to
disruption of electron-hole recombination processes. The Au@C-
dot core shell composites could be used as a dual colorimetric
and fluorometric detector for biothiols with high sensitivity and
selectivity. The method relies on the fact that the thiol moiety
could effectively ligand displace the C-dots from the Au NP
surface and the resulting enhancement in fluorescence could be
used for quantitative estimation of various biomolecules.
Simultaneously the agglomeration of Au NPs induced by the
interaction of biomolecules led to red shift of the plasmon
resonance band of Au NPs. A detailed investigation into the
course of fluorescence turn off and turn on of C-dots revealed a
combination of both static and dynamic nature of quenching. It
signified that it was not only ligand displacement after cysteine
addition in Au@C-dots but also changes in FRET which played
an important role. The results are not only important for the
development of a nanoparticle based sensor for the reliable
diagnosis of biomolecules containing thiols, but also add
important support to the current mechanistic framework for
fluorescence emissions of C-dots. Further the behavior of C-dots
similar to ligands in self-assembled monolayers might open new
avenues in potential applications of C-dots.
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