
Enhancement of Fluorescence Mediated by Silver Nanoparticles:
Implications for Cell Imaging
Pradip Maiti, Swarupa Sarkar, Tanmoy Singha, Sannak Dutta Roy, Mrityunjoy Mahato,
Parimal Karmakar, Sharmistha Paul, and Pabitra Kumar Paul*

Cite This: Langmuir 2023, 39, 6713−6729 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In this study, we report the surface enhanced fluorescence (SEF) of a
biologically important organic dye, fluorescein (FL), by silver nanoparticles (Ag
NPs) in an aqueous medium and its implications for human cell imaging. The as-
synthesized Ag NPs were characterized by dynamic light scattering (DLS), zeta
potential, transmission electron microscopy (TEM), and UV−vis absorption
spectroscopic studies. The interaction and aggregation of FL dye with Ag NPs and a
cationic surfactant, namely, cetyltrimethylammonium bromide (CTAB), were
explored by UV−vis absorption and steady-state and time-resolved fluorescence
spectroscopic methods. The distance-dependent fluorescence enhancement of FL
due to Ag NPs in the solution was also theoretically correlated by three-dimensional
finite-difference time-domain (3D-FDTD) simulation. The plasmonic coupling between neighboring NPs facilitated the
augmentation of the local electric field, thereby producing various “hotspots” that influence the overall fluorescence of the emitter.
J-type aggregates of FL in the presence of the CTAB micelles and Ag NP mixed solution were confirmed by electronic spectroscopy.
The density functional theoretical (DFT) study revealed the electronic energy levels associated with different forms of FL dye in the
aqueous solution. Most interestingly, the Ag NP/FL mixed system used in fluorescence imaging of human lung fibroblast cells (WI
38 cell line) showed a significantly stronger green fluorescence signal compared to that of FL after an incubation period of only 3 h.
This study confirms that the Ag NP mediated SEF phenomenon of the FL dye is also manifested in the intracellular medium of
human cells giving a brighter and more intense fluorescence image. The cell viability test after exposure to the Ag NP/FL mixed
system was confirmed by the MTT assay method. The proposed study may have an implication as an alternate approach for human
cell imaging with higher resolution and more contrast.

■ INTRODUCTION
A wide range of biomedical applications have been developed
and commercially available with the advancement of
fluorescence emission spectroscopic techniques, synthesis of
a variety of new fluorescent compounds, as well as modern
device sophistication. The synthesis of new organic and
inorganic probe materials with unique physical and phys-
icochemical properties has spurred the systematic investigation
of protein localization and biological function of living cells.1,2

Cellular imaging by the fluorescence technique is an excellent
analytical approach that has revolutionized the molecular cell
biology and related fields through the assessment or
identification of the dynamical behavior of intra- or
extracellular components of a variety of living cells in real
time, i.e., by fluorescence imaging microscopy.
Fluorescence imaging microscopy is used in many biological

assays because of its potentially high sensitivity, selectivity, and
ease of use to understand the underlying causes of various
diseases at the cellular and molecular level with very low
invasiveness and insensitivity toward magnetic and electric
signals.3,4 Although fluorescence imaging microscopy has a
long scientific history, this technique itself faces difficulties in

case of fluorophores with low intrinsic light emission, low
photostability, and photobleaching5 as this method essentially
demands fluorophores such as organic dyes, quantum dots,
etc., with distinct spectral and photophysical properties. Many
traditional organic fluorescent dyes are being used as probes in
conventional fluorescence microscopy, but, their performance
is still limited because of the low spatial and temporal
resolution as well as the interference by the background
autofluorescence from the cellular environments.6,7 With the
recent advancement of scientific research in the microscopic
level, it is therefore very important to improve the performance
and sensitivity of such fluorescence-based imaging method by
enhancing the intrinsic fluorescence emission of the probes. In
view of the performance of various fluorescence-based
detection methods, plasmonic metal nanostructures such as
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gold (Au), silver (Ag), platinum (Pt), copper (Cu), aluminum
(Al), etc., are presently in active consideration for research
among the scientific communities because of their novel
optical functionalities and biocompatibility suitable for diverse
applications, namely, biomolecular sensing, bioimaging, disease
diagnosis, targeted drug or gene delivery, nanomedicine,
etc.8−11 Also, these metal nanostructures can efficiently modify
both the excitation and emission properties of organic
fluorophores in the vicinity of metal via coupling of the
oscillating dipole of fluorophore and the plasmonic electric
field of metal during photoexcitation. In general, this strategy
aims for the augmentation of the local electromagnetic (EM)
field intensity due to the photoexcitation of surface plasmons
of the metal, thereby producing various “hotspots” in the
nanogap region between neighboring nanoparticles (NPs)
toward a variety of applications in nanophotonics.12,13

Depending upon the suitable combination of fluorophore
and metal and their relative distance in the metal−fluorophore
ensemble, the radiative decay rate and photostability may be
increased, resulting in a concomitant increase in the overall
steady-state fluorescence emission, which is referred to as the
metal enhanced fluorescence (MEF). Recently, MEF, also
known as surface enhanced fluorescence (SEF) or plasmon
enhanced fluorescence (PEF), of various organic fluorophores
has attracted great attention from researchers in the field of
fluorescence microscopy to circumvent the downsides by
enhancing the fluorescence emission with a high signal-to-
noise ratio.4,14

Drexhage15 in 1974 first reported the origin of metal-based
SEF when fluorophores placed within close proximity to metal
NPs induce localized surface plasmon resonance (LSPR).
LSPR is originated around the surface of metal NPs when an
incident light excites the free surface electrons of metal NPs,
producing a strong near-field due to coherent oscillation of the
photoexcited surface electrons.16 This evanescent field of
surface plasmons decays exponentially with the distance of the
order of 10−200 nm from the metal NP surface.16 This strong
SEF is obtained when the localized surface plasmons of metal
NPs are strongly coupled with the molecular electronic
transition dipole of fluorophores resulting in the overall
enhancement of fluorescence.16 However, such near-field
enhancement should depend upon the inter-NP separation
as well as different nanoarchitectures of plasmonic metals.8,9

Bhaskar et al.17 reported nanovoids and nanocrevices created
by silver Soret colloid (Ag-SCs) in a surface plasmon-coupled
emission (SPCE) platform for highly directional local field
enhancement that facilitates 104-fold enhanced fluorescence
signal of organic emitters and has been successfully utilized for
femtomolar-level sensing of glutathione. Nanoengineered
heteroatomic hybrid nanoassemblies such as AgAu, AuSiO2,
etc., with robust LSPR in an SPCE platform have also been
reported for enhanced and highly polarized fluorescence
emission.18,19 Another exciting approach has recently been
developed where exceptional augmentation of optical energy
occurred in the hot spots created between plasmonic Ag NPs
and one-dimensional photonic crystal (1DPhC) in a photonic
crystal-coupled emission (PCCE) platform resulting in a 200-
fold fluorescence enhancement of an organic emitter, which
has been judiciously adopted for sensing of environmental Al3+
ion at a femtomolar limit of detection in drinking water
samples.20 On the other hand, when the fluorophore is directly
adsorbed on the NP surface or located at very short distances
from the metal surface, quenching of fluorescence emission

takes place because of nonradiative energy transfer to the
surface plasmon of metal NPs.21 Again, no fluorescence
enhancement is observed when the fluorophores are far from
the NP surface. Therefore, the optimization of the distance
between metal NP surface and the fluorophores is very crucial
to obtain effective SEF.22 Among the various metal NPs, Ag
NPs and their various types of core−shell structures23 have
been widely used as a source of LSPR for SEF because of their
interesting properties such as ease of surface modification for
high electron conductivity linked with their advanced
reactivity, high reflection, and suitability arising from the
nanoparticles’ higher surface area to volume ratio when
compared to their bulk solid form.24 The SEF phenomenon
of organic dyes is very sensitive to Ag NP concentrations in
aqueous media. Additionally, because of the high surface zeta
(ζ) potential, Ag NPs are mostly stable in their aqueous
colloidal dispersion.8 As Ag NPs do not show any intrinsic
fluorescence, the SEF of organic dyes due to their interaction
with Ag NPs greatly motivates the present research for the
application in human cell imaging. However, a detailed
understanding of the interactions of nanoparticles’ LSPR
with organic fluorophore and the related photophysical
behavior is extremely important for the realization of
applications of SEF in the field of bioimaging.
Organic fluorophores such as xanthene dyes have been

widely used as fluorescent probes, laser dyes, nonlinear optics,
biological probes, etc.25 Among the various xanthene dyes,
water-soluble fluorescein (abbreviated as FL) is a very essential
nontoxic dye that shows high sensitivity to the micro milieu,
good solubility in water, and distinct spectral properties.26−28

Depending on the pH of the solution, FL may exist in different
tautomeric forms, which make it a model molecule for different
adsorption experiments.29 Because of the high sensitivity
toward biopolymers, FL dye is vastly used as a fluorescent
agent in the field of disease diagnosis, staining of biological
specimens, cell screening in bioimaging, and specific drug
delivery.30,31 Although FL is a well-studied organic fluoro-
phore, the information regarding the SEF of this dye due to Ag
NPs in aqueous media for possible applications in human cell
imaging is limited. It is also relevant to mention that real
human cells contain a variety of surfactants such as surfactant
proteins (SP-A, SP-B, SP-C, etc.).32 So, for cellular imaging
studies with FL dye, it is of prior importance to study the
interaction of FL dye molecules with a model surfactant to
anticipate their association or aggregation behavior while
interacting with surfactants because the aggregation or
association of dye molecules eventually may disrupt their
translocation through the cell membrane and also the intrinsic
fluorescence signal of the emitter molecules during cellular
imaging. Therefore, a detailed study of the photophysical
characteristics and aggregation behavior of FL molecules in the
presence of metal NPs and a surfactant is of utmost importance
for both fundamental and technological interests.
This present study focuses on the SEF phenomenon of FL

dye molecules due to Ag NPs in aqueous solutions and its
implication for imaging of human lung fibroblast cells (WI 38
cell line) as well as the aggregation behavior of FL in pre- and
postmicellar solution of a cationic surfactant, namely,
cetyltrimethylammonium bromide (CTAB). Ag NPs are
synthesized by the chemical reduction method and are
characterized by UV−vis absorption, dynamic light scattering
(DLS), ζ potential, and transmission electron microscopy
(TEM) techniques. UV−vis absorption and steady-state and
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time-resolved fluorescence emission spectra of the Ag NP/FL
mixed solution give an indication of the formation of dianionic
species of FL dye from the monoanionic form in the aqueous
solution in the presence of Ag NPs. The aggregates of FL are
formed because of strong electrostatic interactions between
CTAB and FL in the aqueous solution. The nature of
aggregates depends upon the molecular dipole orientations
that are reflected in the UV−vis absorption spectrum. In this
study, J-type aggregates of FL are observed in the presence of
the colloidal Ag NP and CTAB micellar solution. Also,
nanoparticles’ concentration dependent SEF of FL dye is
further correlated with the results obtained by three-dimen-
sional finite-difference time-domain (3D-FDTD) theoretical
simulations. The density functional theoretical (DFT)
calculations reveal the electronic properties of various
molecular species of FL dye, which are consistent with the
observed spectroscopic results. The Ag NP/FL mixed solution
has been incorporated in the culture medium of live human
lung fibroblast cells for efficient cell imaging. Also, the
cytotoxicity study using the 3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide (MTT) assay method reveals no
significant toxicity of the proposed Ag NP/dye based probe
system for cell imaging.

■ EXPERIMENTAL SECTION
Materials used and the synthesis of Ag NPs are described in detail in
the Supporting Information.

Cell Line and Culture Conditions. Human lung fibroblast cells
(WI 38 cell line) were cultured in an enriched cell culture medium of
MEM supplemented with 10% FBS, 1% mixture of antibiotics
(penicillin and streptomycin), 1% antioxidant (L-glutamine), 1%
MEM nonessential amino acids (NEAA), 1% MEM amino acids, and
1% MEM vitamin solution. The cells were maintained at a
temperature of 310 K in the prevalence of 5% carbon dioxide
(CO2) and 95% relative humidity (RH). The cytotoxicity study of Ag
NP, FL, and Ag NP/FL systems was performed by using the MTT
assay method. At first, cells were cultured in well plates at a density of
2 × 105 cells per well, and different volumes of Ag NP, FL, and Ag
NP/FL mixed solutions were added to each well. Concentrations of
Ag NPs in the cell culture medium for the MTT assay were 0, 0.006,
0.008, and 0.01 nM, respectively, whereas the concentrations of FL
dye were 0, 0.8, 1, and 2 μM, respectively. Ag NP/FL mixed solutions
were prepared by mixing Ag NPs and FL solution in a 1:1 volume
ratio. After 3 h of incubation, the MTT reagent solution (450 μg/mL)
was added to each well and further incubated for 3 h. The MTT
solution was then removed from the culture medium, and
subsequently, the MTT solubilization buffer was added to each
well. Finally, the formation of formazol crystal color was monitored by
measuring the absorbance at 570 nm using a microplate reader
(BioTek, USA).

Protocol of Human Cell Imaging. The human lung fibroblast
cells (WI 38 cell line) at a density of 2 × 105 cells per cm3 were
cultured on coverslips (3.5 × 3.5 cm) for a period of 20 h at 310 K,
5% CO2, and 95% RH. Then, these cells were exposed separately to
150 μL of FL and Ag NP/FL mixed solution (in a 1:1 volume ratio)
and incubated for another 3 h in the same ambient conditions. To
avoid any contaminations, the cells were fixed and thoroughly washed
with the help of 4% paraformaldehyde and 1× PBS (phosphate buffer
saline) buffer. Finally, the coverslips having cells were mounted with
1× DAPI (4′,6-diamidino-2-phenylindole) mounting media and sent
for the microscopic analysis. Fluorescence microscopy studies were
carried out with a Leica DMLB (Germany) fluorescence microscope
under 100× magnification. Quantification analysis was performed
using the ImageJ software.

■ COMPUTATIONAL DETAILS
The geometry optimizations and quantum-chemical calcula-
tions of different species of FL dye in the solvent medium
(water) were carried out by the density functional theory
(DFT) using the Gaussian 09 suit of software package.33

Initially, the geometries of different structural forms were
optimized in a vacuum using the B3LYP functional (Becke’s
three-parameter (B3) functional with Lee−Yang−Parr (LYP)
hybrid correlation energy)34 and 6-31 + G basis set.34 The
obtained geometries were then used as the beginning point for
optimization in the water medium at the same level of theory.
Water was modeled as an implicit solvent using the integral
equation formalism polarizable continuum model (IEFPCM)
at room temperature (298 K), and further calculations were
performed using the B3LYP/6-31G and B3LYP/6-31 + G level
of theory.34 The geometry optimized structures of different
forms of FL dye were obtained by the fully relaxed method,
and their corresponding molecular orbitals such as HOMO
and LUMO levels were visualized using the GaussView 6.0.16
software package.35 After each geometry optimization,
frequency checks were carried out to confirm that local
minima on the potential energy surfaces were established. The
transition dipole moments (μ) were determined using time
dependent density functional theory (TD-DFT) with the same
exchange correlation function and basis sets as were used for
geometry optimization.
The 3D-FDTD theoretical simulation was performed using

the FDTD software (Lumerical Solutions Software)36 to
calculate the spatial distribution of electric field intensities
due to localized surface plasmons of Ag nanoaggregates under
photoillumination of suitable wavelength. Within the 3D
simulation space, a minimal mess size, i.e., 0.1 × 0.1 × 0.1 nm
in X-, Y-, and Z-directions, respectively, was selected for
mapping the surface boundaries of the NPs. From these
parameters, the resolutions of the simulations were determined
by creating the 3D cube messes using the in-built machine
features of the software. The material properties of the Ag used
and the solvent (water, RI ∼1.33) were incorporated from the
software in-built database.37 The particle size and the
separation between two consecutive NPs as obtained from
the TEM images were included in the simulation. The plane-
polarized EM wave having wavelength in the range of 200 to
700 nm with an electric field of amplitude ∼1.0 V m−1 was
used to excite Ag nanoaggregates, leading to the augmentation
of the maximum local electric field. The estimation of the
optical responses of the metal NPs was based on the Mie
theory and Total Field Scattered Field (TFSF) source in the
3D-FDTD simulation approach. To maximize the resolution of
the field enhancement regions around Ag NPs and also to
minimize simulation time, perfectly matched layer (PML)
boundary conditions were introduced to avoid reflection and
back scattering of the electric field from the preselected
boundary. A 3D monitor was placed in the simulation space to
record the data and visualize the theoretically simulated result
for each calculation. To confirm the full convergence of the
incident electric field, the overall simulation time was fixed at
500 fs. After completion of simulation, we observed various
electric field “hotspots” that were confined predominantly in
the nanogap spaces between the NPs.
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■ RESULTS AND DISCUSSION
Characterization of Ag NPs. The optical, morphological,

and surface potential characterizations of as-synthesized Ag
NPs were explored by UV−vis absorption spectroscopy,
HRTEM, DLS, and ζ potential measurements, respectively.
The detailed characterizations methods are discussed in the
Supporting Information. The UV−vis absorption spectrum of
Ag NP aqueous colloidal dispersion is shown in Figure 1a. The
absorption spectrum exhibits a strong band centered at around
∼394 nm along with an additional shallow shoulder at around
∼262 nm. The sharp and distinct band observed at ∼394 nm
in the absorption spectrum is corroborated with the LSPR of
Ag NPs in the aqueous medium.32 The high-energy band
observed at ∼262 nm is associated with the intraband
electronic transition of silver, which is also reported for the
other noble metal NPs.38 These distinct absorption peaks of
Ag NPs led us to investigate several interesting applications
such as SEF of organic fluorescent guest molecules placed in
nanoscale proximity of the metal surface.
The DLS spectrum as presented in Figure S1a (Supporting

Information) of the Ag NP colloidal aqueous solution shows a
bimodal size distribution with two distinct peaks that
originated from the anisotropic geometries of NPs leading to
two different rotational and translational diffusion constants in
the light scattering measurements.39 The higher value (∼0.74)
of polydispersibility index (PDI) as obtained by the DLS study
also reveals the different sized Ag NPs in the medium. The
average hydrodynamic diameter of Ag NPs was found to be
∼10.78 nm. Also, to have a knowledge about the stability of Ag
NP colloidal dispersion, the surface ζ potential was measured
at an ambient condition (Figure S1b) and found to be −21.7
mV. This result indicates that the NPs could overcome the
weak van der Waals attractions through strong electrostatic

repulsions between the anionic borohydride coronas around
the NP surface and remained effectively stabilized because of
their very high value of negative ζ potential. To understand the
nanoscale features such as origin of multiple absorption peaks
of Ag NPs and their remarkable role toward the SEF of FL dye,
the HRTEM study along with d-spacing identifications and
SAED pattern was carried out. The TEM micrograph of as-
synthesized Ag NPs as shown in Figure 1b reveals the nearly
spherical, nonuniform size distribution of NPs, and their
average diameter is estimated as ∼8.71 nm from the lognormal
size distribution curve (inset of Figure 1b and Figure S2a) with
a standard deviation (SD) of ∼2.51 nm. The heterogeneous
size distribution of Ag NPs may be due to the different rates of
nucleation of individual NPs in the ensemble. Because the
change in surface area to volume ratio during the growth of Ag
NPs should depend upon the time which may vary with the
macroscopic conditions involved in the nucleation and growth
process.40 The SAED pattern and HRTEM image (Figure
1c,d) clearly indicate different d-spacings and lattice fringes
that are oriented in different directions. The d-spacing values
of the diffraction planes (Figure 1c) (from inside to out) are
estimated as ∼0.23683 nm (d111), ∼0.20494 nm (d200), and
∼0.14802 nm (d220), which are also identified and represented
in the HRTEM image (Figure 1d). These crystallographic
signatures of Ag NPs are in good agreement with the face
centered cubic (FCC) structure according to the standard
crystallography of silver (JCPDS card no. 04-0783).41,42

These mixed orientations of the fringes are known to be
responsible for LSPR mediated localized EM near-field
distributions that largely contribute in the SEF phenomenon
and are further correlated by 3D-FDTD simulations study as
discussed later.

Figure 1. (a) UV−vis absorption spectrum of Ag NP aqueous dispersion. (b) TEM image, (c) SAED pattern with lattice plane indices, and (d)
HRTEM with crystal spacing of as-synthesized Ag NPs. Insets of panels a and b show the glass vial containing bright yellow colored colloidal Ag
NP dispersion and the lognormal particle size distribution, respectively.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c00204
Langmuir 2023, 39, 6713−6729

6716

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00204/suppl_file/la3c00204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00204/suppl_file/la3c00204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00204/suppl_file/la3c00204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00204/suppl_file/la3c00204_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00204?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The molar concentration of as-synthesized Ag NPs was
calculated by a method described in the literature.43 For this
purpose, first, the number of silver atoms per nanoparticle
(nAg) was calculated by using eq 1.

43

=n
N

M
d

6
A

avAg
3

(1)

where ρ is the density of FCC silver (10.5 g cm−3), NA is
Avogadro’s number (6.023 × 1023), M is the atomic mass of
silver (107.868 g), and dav is the mean diameter of the NPs.
Thus, in this case, an Ag NP of average diameter ∼8.71 nm is
composed of ∼20,204 silver atoms. The molar concentration
(C) of the Ag NP colloidal dispersion was determined by using
eq 2.43

=C
N

Vn N
T

Ag A (2)

where NT is the total number of silver atoms added as AgNO3
in the reaction mixture (whose value is ∼2.409 × 1018 for 80
mL of 0.05 mM AgNO3 solution), V is the total volume of the
reaction solution in liters (0.206 L), and nAg is the
concentration of silver atoms in each Ag NP (which is
∼20,204 as obtained from eq 1). The calculated molar
concentration of the Ag NP aqueous colloidal dispersion is
∼0.96 nM at 298 K, and its molar extinction coefficient (ε)
was determined by using the well-known Beer−Lambert law as
described by eq 3.44

= A
Cl (3)

where A is the absorbance at maximum absorption wavelength
(394 nm) (Figure 1a); l is the sample path length, which is 1
cm in our measurements; and C is the molar concentration of

the Ag NP colloidal dispersion as obtained by eq 2. The
calculated value of ε is ∼4.003 × 108 M−1 cm−1 and is
consistent with the data reported in the literature.44 The high
value of ε indicates that the synthesized Ag NPs are highly
capable to respond to optical excitation.

UV−Vis Absorption Spectroscopic Studies. Figure 2a
shows the UV−vis absorption spectrum of the aqueous
solution of pure FL dye (concentration of 10 μM) at room
temperature (298 K), and the pH of the solution was measured
as ∼5.8. The preparation of the solutions and characterization
techniques are highlighted in the Supporting Information. It is
observed that FL shows a strong absorption band with a peak
centered at ∼472 nm (ε472 nm = 29,000 M−1 cm−1) along with
a closely spaced high-energy band with a peak centered at
∼454 nm and a weak shoulder observed at around ∼390 nm.
Both the absorption bands (∼472 and ∼ 454 nm) are
attributed to the existence of monoanionic species of FL in the
aqueous solution and are consistent with the results reported
elsewhere.28 The observed weak shoulder at ∼390 nm may be
due to the presence of a small fraction of neutral species of FL
in the aqueous solution.28 The literature also reveals that in
aqueous environments, FL can exist in different ionic forms
such as cation, neutral, monoanion, and dianion depending
upon the pH of the medium,45 and their respective chemical
structures are shown in Figure S3. The conversion mechanism
of the FL dye molecule from a monoanion to a dianion is also
shown in Figure S4. These different ionic structures
correspond to various absorption and fluorescence emission
properties of FL dye. In this study therefore, the change of pH
of the solvent medium after addition of FL dye in the solution
plays an important role in the observed absorption and
fluorescence properties that are mostly attributed to its
monoanionic form.

Figure 2. (a) UV−vis absorption spectrum of the aqueous solution of FL dye (concentration of 10 μM). UV−vis absorption spectra of (b) Ag NP/
FL mixed solutions for different concentrations of Ag NPs and (c) Ag NP/FL mixed solution in the presence of CTAB. The concentrations of Ag
NPs and FL dye were 0.04 nM and 10 μM. (d) Plot of absorbance intensity of the Ag NP/FL/CTAB mixed system vs concentration of the CTAB
solution. Inset of panel a shows the molecular structure of FL monoanionic species.
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We also studied the effect of Ag NP colloidal dispersion on
the absorption spectrum of FL in an aqueous solution. Figure
2b represents the UV−vis absorption spectra of the FL
aqueous solution (concentration of 10 μM) in the presence of
Ag NPs with varying concentrations, viz., 0.006, 0.009, 0.02,
0.04, 0.06, 0.08, and 0.12 nM. The pH of the mixed solution
was measured as ∼8.7. It is observed from the figure that after
addition of Ag NP colloidal dispersion to the FL dye solution,
the monoanionic monomeric band is red-shifted to ∼490 nm,
and with the increase in Ag NP concentrations in the mixed
solutions, the absorbance intensity at ∼490 nm gradually
increases. The absorption peak observed at ∼388 nm is
attributed to the plasmonic oscillation of Ag NPs after
photoexcitation, and the intensity of this band increases with
the increase in the concentration of NPs. The slight change in
the peak position of Ag NPs in the presence of FL dye may be
due to some changes in the microenvironment around the NP
surface in the aqueous medium. Most interestingly, the red-
shift of the absorption band of FL when compared to the pure
aqueous solution is probably due to the conversion of the
monoanionic form of dye molecules to the dianionic form after
the addition of Ag NPs.46 This study also reveals that the
effective pH of the mixed solution was increased because of Ag
NPs when compared to that of the pure FL dye solution (pH
∼5.8) in the present experimental condition. Therefore, the
change in the microenvironment due to the presence of Ag
NPs causes the transformation of FL dye from monoanionic to
dianionic species.46 The increase in absorbance intensity of the
Ag NP/FL mixed solution with the increase in Ag NP
concentrations is probably due to the increase in plasmonic
coupling between Ag NPs and FL dye molecules during the
optical excitation. We also deconvoluted the absorption spectra
of the Ag NP/FL mixed solution as shown in Figure S5, and it
is found that the oscillator strength ( f) and the transition
dipole moment (μ) are increased for various concentrations of
Ag NPs in the mixed solution. These parameters are
summarized in Table S1.
Figure 2c shows the UV−vis absorption spectra of the mixed

solution of Ag NPs (concentration of 0.04 nM) and FL
(concentration of 10 μM) in the presence of aqueous solutions
of the cationic surfactant CTAB with different concentrations,
viz.,: 0.7, 1, 2, 5, and 7 mM. The chemical structure of CTAB is
shown in Figure 3a. It is observed that a new absorption band

of FL is developed at ∼500 nm in the absorption spectra of the
Ag NP/FL/CTAB mixed solution. However, there is no
appreciable change in the band position of the absorption
maximum (∼472 nm) of FL observed except for some change
in the intensity distribution. As CTAB forms a cation in the
aqueous solution, the absorption band observed at ∼472 nm of
FL might be due to the presence of some fraction of

monoanionic monomeric species. Also, there is a small change
in the absorbance intensity of the band at ∼390 nm (which
arises due to the presence of Ag NPs in the mixed solution)
with the increase in CTAB concentrations. This slight change
in the absorbance may be attributed to the different
surrounding microenvironment of Ag NPs in the mixed
solution after addition of CTAB molecules. It is also evident
from Figure 2d that the absorbance at ∼500 nm almost linearly
increases with the increase in CTAB concentrations in the
mixed solution. This implies that the anionic FL molecules can
form a complex with cationic CTAB molecules via strong
electrostatic interactions. As we have already assumed that in
the presence of Ag NPs, most of the dye species were dianionic
in the mixed solution, it may be presumed that the enhanced
electrostatic interaction between FL and CTAB results in
closer association of dye molecules that were attached with the
polar part of CTAB molecules. As a consequence, the
enhanced dipole−dipole interaction of dye molecules facili-
tates the formation of dye aggregates, which is reflected as the
emergence of a new red-shifted absorption band at ∼500 nm
compared to the monomeric dianionic band (∼490 nm). This
red-shifted band is most possibly due to the formation of J-type
dimer or aggregates of FL dianionic species in the studied
aqueous medium.47 We further examined the UV−vis
absorption spectra of the FL solution (concentration of 10
μM) in the presence of CTAB of varying concentrations (viz.,
(in mM) 0.7, 1, 2, 5, 7, etc.) as shown in Figure S6a. We
immediately observe that the absorbance of FL increases with
the increase in CTAB concentrations. In fact, with the increase
in CTAB concentrations, the number of available cationic
binding sites increases, causing more dye molecules to form
their aggregates due to their closer association. As a result, the
absorption band intensity at ∼500 nm increases as a result of
the increased number of dimeric species (J-type) in the mixed
solution. The strength of the binding interaction of FL and
CTAB in the Ag NP/FL/CTAB mixed solution can be
described by the equilibrium constant or association constant
(Keq) using the modified Benesi−Hildebrand (BH) equation.48
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where A0 and Ax are the absorbance of the free FL dye and Ag
NP/FL/CTAB complex, respectively. Amax is the saturated
absorbance from the Ag NP/FL/CTAB mixed system. [M] is
the concentration of the CTAB solution. As FL is dianionic in
the studied aqueous solution in the presence of Ag NPs and
with CTAB being a monocation, the value of n may be taken as
2 considering 1:2 binding stoichiometry of the dye with
CTAB.49 The value of Keq was obtained from the slope of the
straight line plot of 1/(Ax − A0) vs 1/[CTAB]2 as shown in
Figure S6b and found to be 3.829 × 105 M−1 (Table 1). This
high value of Keq corresponds to the strong binding interaction
between FL and CTAB in the 1:2 binding stoichiometry. The
magnitude of Keq is also related to the change in Gibbs free

Figure 3. (a) Molecular structure of CTAB. (b) Schematic
representation of the formation of J-type dye aggregates in the
CTAB micellar medium.

Table 1. Equilibrium Constant (Keq) and Gibbs Free Energy
(ΔG) of Ag NP/FL/CTAB Complexa

Keq (M−1) R2 ΔG (kJ mol−1)

3.829 × 105 0.932 −31.851

aR2 is the corresponding correlation coefficient.
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energy (ΔG) during complexation between the species and is
estimated using the equation50 ΔG = − RT ln Keq, where R is
the universal gas constant and T is the absolute temperature.
Both the values of Keq and ΔG at ambient temperature (298
K) confirm the binding of FL with the micellar surface of
CTAB in the aqueous solution.47 Furthermore, the negative
ΔG indicates that the interaction of CTAB with the Ag NP/FL
system is spontaneous. In the presence of cationic micelles of
CTAB, Keq and ΔG represent a composite of electrostatic and
hydrophobic interactions.47

Therefore, the present study reveals that the strong binding
affinity between CTAB and dye molecules in the Ag NP/FL/
CTAB mixed solution eventually favors the aggregations of dye
species. However, the critical distance between the dye
molecules toward the formation of dye aggregates is an
important parameter and is generally known to be less than
∼3.5 Å.47 Various molecular association processes in different
media are manifested as the shift (blue or red) of the
absorption bands due to molecular exciton splitting when
compared to their monomeric band.51 Commonly, two types
of molecular aggregates such as J-type for the band shift toward
lower energy (red-shift) and H-type for the shift toward higher
energy (blue-shift) are observed from the absorption spectrum
of many organic molecules. In this study, for the Ag NP/FL/
CTAB mixed system, the ∼10 nm red-shift of the absorption
band of dianionic dye species (as shown in Figure 2b,c) may
be attributed to the formation of J-aggregates of dye molecules.
To have a better understanding of the formation of J-
aggregates, the Gaussian deconvolution of the experimental
absorption spectra of Ag NP/FL/CTAB mixed solutions is
performed. Each deconvoluted absorption spectrum shows

three distinct bands with peaks centered at ∼388, 472, and 500
nm, respectively, as presented in Figure S7.
The observed spectral changes may be understood with the

help of the exciton coupling theory developed by Kasha et al.51

considering the dipole−dipole interactions of the excitons of
monomers. According to this theory, the geometrical structure
of the aggregates is governed by the splitting of the excitonic
energy levels of the monomers in the dimer and the angle
between the transition dipole moments of the monomers (α)
as well as the angle (θ) between the line joining the molecular
centers and the transition moments of the monomers. This is
schematically shown in Figure S8. Therefore, a perfect
sandwich dimer (H-type) may be obtained where the
molecules can stack one above the other so that their dipole
moments are aligned in parallel planes with θ = 90° and α = 0°.
Generally, for H-dimers, the electronic transition from ground
state to the most energetic excited state is allowed, but
transition from ground state to the lowest energetic excited
state is forbidden, and therefore, the H-dimer shows
absorption bands at a higher energy side with respect to the
monomeric absorption band. H-aggregates are generally
nonfluorescent due to the very fast nonradiative deactivation
to the lowest excited state. The other possibility is in-line head-
to-tail or side-by-side arrangements (J-type) of the monomers,
where the dipole moments are aligned in-line and coplanar
with θ = 0° and α = 0°. The J-dimer or aggregates can emit
fluorescence due to the transition between the lowest excited
state and the ground state resulting in a bathochromic shift
(red-shift) of the monomer absorption spectrum. However, in
general, the molecular chromophores can arrange themselves
in aqueous solutions with any intermediate values of θ and α
(0° ≤ θ ≤ 90° and 0° ≤ α ≤ 90°) resulting in the formation of

Figure 4. (a) Fluorescence spectrum of the FL aqueous solution (concentration of 10 μM). (b) Fluorescence spectra of the Ag NP/FL mixed
solution for different concentrations of Ag NPs. (c) Plot of fluorescence intensity obtained from the Ag NP/FL mixed solution and FWHM vs
different concentrations of Ag NPs. (d) Fluorescence spectra of the Ag NP/FL mixed solution in the presence of CTAB with different
concentrations. The concentrations of Ag NPs and FL were 0.04 nM and 10 μM, respectively. Inset of panel b shows the plot of Log{(F − F0)/F0}
vs Log[Conc of Ag NPs].
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twisted type H- and J-aggregates. According to Martinez et
al.,52 the ratio between the area of H-band (AH) and J-band
(AJ) (obtained from the absorption intensities curve) is an
indicative parameter for the type of dimer. For AH/AJ ≥ 1.3 (θ
≥ 54.7°),52 the H-aggregate becomes prominent with
diminished fluorescence emission intensity. For AH/AJ ≤ 0.7
(θ ≤ 54.7°),52 the J-aggregate becomes prominent, which
shows an additional band in the longer wavelength in the
fluorescence spectrum of the fluorophore. The angle between
monomeric units in the dimer (α in degree) can be determined
using eq 5 from the exciton coupling theory:51

= A A2tan ( / )1
1 2 (5)

where A1 and A2 are the area of Gaussian bands corresponding
to longer and shorter wavelengths, respectively. The values of θ
for the J-dimer are determined with the help of the expression
α + 2θ = 180° by using the calculated value of α from eq 5.
The value of θ is found to be ∼42.5° (<54.7°), which also
confirms the formation of the J-dimer of FL molecules in the
mixed solution in the presence of CTAB. The complexation of
FL dye molecules with CTAB micelle and the formation of
their dimers or aggregates are schematically shown in Figure
3b.

Steady-State and Time-Resolved Fluorescence Emis-
sion Spectroscopic Studies. Although the UV−vis
absorption spectroscopic study gives an indication of the
formation of dimers or aggregates of FL dye molecules in the
CTAB micellar medium in the presence of Ag NPs, the
fluorescence spectroscopic technique is another important
analytical approach for further understanding of the aggregated
species of dye molecules from their excited-state molecular
mechanism. Figure 4a shows the steady-state fluorescence
emission spectrum of the FL aqueous solution (concentration
of 10 μM). The experimental details of the spectroscopic
characterization methods are discussed in the Supporting
Information. An excitation wavelength of 474 nm was selected
for all the steady-state fluorescence emission measurements.
The FL dye shows a strong characteristic fluorescence
emission band with a peak centered at ∼513 nm accompanied
with a prominent shoulder at ∼545 nm. The emission band
observed at ∼513 nm may be due to the intrinsic fluorescence
of FL monomeric monoanionic species.27 The weak hump in
the lower energy side of the spectrum is associated with the
vibronic transition of the FL monomer.20 However, in the
presence of Ag NPs and CTAB, different factors such as the
distribution and shape of NPs and separation between the
metal surface and dye chromophores may affect the
fluorescence of FL. Also, the surface morphology and LSPR
of NPs play a crucial role in the observed SEF phenomenon.
Figure 4b shows the fluorescence emission of FL (concen-
tration of 10 μM) in the presence of Ag NPs with different
concentrations, viz., 0.004, 0.009, 0.02, 0.04, and 0.06 nM. For
Ag NP/FL mixed solutions, it is observed that the fluorescence
intensity increases gradually with the increase in the
concentration of Ag NPs and shows the maximum at 0.04
nM. Interestingly, on further increase in Ag NP concentrations
in the mixed solution, the fluorescence intensity starts to
decrease as shown in Figure 4b. The apparent binding constant
(KA) and number of binding sites (nb) for the Ag NP/FL
mixed solution are computed by using the linear Benesi−
Hildebrand (BH) equation.50
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where F0 and F are the steady-state fluorescence emission
intensities of FL in the absence and presence of Ag NPs,
respectively. [Q] is the concentration of Ag NPs. The values of
KA and nb are obtained from the intercept and slope of the plot
of Log{(F − F0)/F0} vs Log[Q] as shown in the inset of Figure
4b and are presented in Table 2. The Gibbs free energy (ΔG0)

for the Ag NP/FL mixed solution at 298 K is also calculated
using the following expression:50 ΔG0 = − RT ln KA, where R
is the universal gas constant and T is the absolute temperature.
The calculated value of ΔG0 is presented in Table 2. The
negative value of ΔG0 as obtained from fluorescent data also
indicates that the process of interactions is spontaneous.48 The
value of nb reveals nearly one binding site of each FL molecule
in the Ag NP/FL mixed solution. The interaction of dye
molecules with cationic sites of CTAB is more favorable
compared to that with Ag NPs as confirmed by the value of
ΔG0 because the dianionic form of FL in the mixed solution is
responsible for their strong binding with CTAB molecules via
electrostatic interaction.
As stated earlier, when the concentration of Ag NPs is 0.06

nM in the dye solution, there is a decrease in fluorescence
intensity as shown in Figure 4b. In fact, at such higher
concentration (0.06 nM) of Ag NPs, the average internano-
particle distance might have decreased, resulting in the direct
adsorption of some fraction of the dye molecules on the NP
surface. This eventually causes the quenching of the overall
fluorescence intensity of FL via some nonradiative decay. The
distance-dependent enhancement and reduction of fluores-
cence of FL in the Ag NP colloidal aqueous medium are
schematically illustrated in Figure 5. Similar quenching of
fluorescence intensity due to the adsorption of organic
fluorophores onto the NP surface has been studied by various
researchers.38,53 Figure 4c represents the plot of the
fluorescence band intensity at ∼513 nm as obtained from
the Ag NP/FL mixed solution and full width at half-maximum
(FWHM) vs different concentrations of Ag NPs. From this
figure, it is clear that the maximum fluorescence enhancement
occurs for the Ag NP/FL mixed solution with Ag NP
concentration of 0.04 nM. On further increase in Ag NP
concentrations, the reduced FWHM and the reduction in
fluorescence intensity reveal an increase in the scattering of
photons due to much closer association of NPs at their higher
concentration in the mixed solution. However, from the
steady-state fluorescence emission measurements of the Ag
NP/FL mixed solution with Ag NPs (concentration of 0.04
nM), it is obvious that the interaction of NP surface plasmons
with photoexcited dye molecules dominates over the scattering
at some optimum internanoparticle distances in the mixed
solution. Consequently, the overall fluorescence emission of
the dye molecules was enhanced. Therefore, the corresponding
fluorescence enhancement factor (FEF) at different wave-

Table 2. Values of the Apparent Binding Constant (KA),
Number of Binding Sites (nb), and Gibbs Free Energy
(ΔG0) for the Ag NP/FL Mixed Solutiona

KA (M−1) nb R2 ΔG0 (kJ mol−1)

50.889 0.871 0.993 −9.736
aR2 is the corresponding correlation coefficient.
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lengths may be defined by the ratio of fluorescence emission
intensity of the Ag NP/FL mixed solution for NP
concentration of 0.04 nM to that of the pure FL aqueous
solution (5 μM) and is shown in Figure S9. From this figure, it
is clear that the highest FEF of ∼4.108 is obtained at the
wavelength of ∼513 nm (the peak of fluorescence). However,
FEF is decreased to ∼3.282 for the Ag NP/FL mixed solution
with NP concentration of 0.06 nM. Most possibly, the
fluorescence enhancement occurred because of sufficient
coupling between the electric field produced by the plasmonic
oscillation of Ag NPs and the excited dipoles of the emitter in
the vicinity of NPs in the mixed solution resulting in an
increase in the radiative decay rate constant.54 However, the
relative orientation and the separation between the NPs are the
two important factors toward the possibility of overall SEF.
The decrease in FEF at a higher concentration of Ag NPs (i.e.,
0.06 nM) is attributed to the decrease in spacing between the
fluorophore (FL) and NPs as well as the increase in the
number of nonradiative pathways of the emitter molecules
located at very close proximity to the NPs. Fluorescence
lifetime studies also support this observation as discussed later.
To support the observations from the UV−vis absorption

and steady-state fluorescence emission spectroscopic study as
already discussed above and also to have a direct visual
evidence of the distribution of NPs in the presence of dye
molecules, TEM study was performed. Figure 6a shows TEM
micrograph of the Ag NP/FL mixed sample at an ambient
condition. It is observed from this figure that Ag NPs formed
closely spaced different-sized clusters or domains throughout
the scanned sample surface. It is obvious that in the presence
of FL dye, the NP medium is more viscous in the mixed
solution. Interestingly, the NP distributions became more

homogeneous, and the average size of NPs was increased to
∼10.38 nm with SD of ∼4.02 nm as is obtained from Figure
S2b,c. However, the crystallinity of NPs almost remained
unaltered, which is evidenced by the distinct diffraction rings
observed in the SAED pattern of the Ag NP/FL mixed system
(Figure S2d). This TEM study reveals that the relative
separation between the dye molecules and NPs decreases
because of the formation of cluster of Ag NPs in the mixed
sample. As a result, the excited dipoles of dye molecules might
have encountered the enhanced plasmonic field around the
NPs, which is also manifested as the enhancement of
fluorescence intensity of FL as shown in Figure 4b.
In general, this type of observed fluorescence enhancement

is mainly attributed to two principal factors.55 First is the
increment of excitation rate due to the presence of local
enhanced plasmonic field produced by the interaction between
LSPR of NPs and incident EM radiation (photons). Second,
the enhanced intrinsic radiative decay rate of fluorophore
provides a higher quantum yield.55 The excitation properties
( f E’s) of spherical metal NPs having a size comparable to the
wavelength of incident EM radiation may be represented by
the combination of both scattering ( f S) and absorption ( fA)
cross-section terms and are given by eq 7.55
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where α = 4πr3(ϵm − ϵ1)/(ϵm + 2ϵ1) is the polarizability of the
sphere of radius r and ϵm and ϵ1 are the dielectric constants of
metal NPs and the first medium, respectively. k1 = 2πn1/λ0 is
the incident wave vector in the first medium. From the
previous reports,55 we may anticipate that the fA term which
increases as r3, causes the fluorescence quenching, whereas the

Figure 5. Schematic representation for the enhancement of fluorescence emission of FL dye in the presence of Ag NPs.

Figure 6. (a) TEM micrograph of the Ag NP/FL mixed sample. (b) Fluorescence decay plots (TCSPC) of the FL aqueous solution and Ag NP/FL
mixed solution, respectively, in the absence and presence of CTAB at pre- and postmicellar concentrations.
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f S term which increases as r6, facilitates the fluorescence
enhancement. According to the Mie theory,56 for the small
metal NPs (< 10 nm), fA is the dominant term, resulting in the
fluorescence quenching of the fluorophore in the vicinity of
NPs. On the other hand, for large metal NPs or nanoclusters,
f S dominates over fA, resulting in the SEF phenomenon of the
fluorophores. Therefore, as the relative distance between NPs
and dye molecules decreases with the increase in NP
concentrations in the mixed solution, some fraction of the
NPs can form clusters or larger-sized aggregated domains at
the NP concentration of 0.04 nM as evidenced by the TEM
study (Figure 6a). When two or more NPs come closer in the
aqueous medium, the plasmonic fields may interfere
constructively at an optimum average distance, leading to the
enhancement of the resultant plasmonic electric field, which
eventually facilitates the SEF from the organic fluorophore
around the NPs.
As mentioned earlier, the fluorescence emission studies were

also performed in the presence of the cationic surfactant CTAB
to elucidate the effects of ionic guest species on the
photophysical properties of the Ag NP/FL mixed system in
an aqueous environment. The concentrations of the CTAB
aqueous solution were chosen below and above its critical
micellar concentration (CMC) (∼0.92 mM).57 Figure 4d
represents the fluorescence emission spectra of the mixed
solution of Ag NPs and FL in the absence and presence of
CTAB of different concentrations. It is clearly observed that
the fluorescence intensity is quenched with an almost
unaltered peak position for the Ag NP/FL mixed solution
with CTAB concentration of 0.7 mM compared to that in the
absence of CTAB. This quenching may be attributed to the
attachment of FL dye molecules with cationic CTAB
molecules. However, on further increase in CTAB concen-
trations, the main fluorescence emission peak (∼513 nm)
gradually starts to shift toward the longer wavelength side and
is observed at ∼520 nm for both CTAB concentrations of 5
and 7 mM. This red-shift is an indication of the formation of
dye aggregates due to their strong electrostatic interactions
with cationic CTAB molecules. More precisely, at such higher
concentrations, CTAB forms micelles that facilitate the closer
association of FL molecules due to electrostatic interactions.
As a result, dye aggregates are formed in the restricted
geometry of CTAB molecules. Also, with the increase in CTAB
concentration from the CMC, the number of such dye
aggregates eventually increases, which is manifested as the
enhancement of fluorescence intensity as shown in Figure 4d.
The emergence of the higher wavelength emission peak in
Figure 4d is due to the formation of J-type aggregates where
the excited transition dipoles of monomer units are strongly

coupled resulting in the delocalization of excited-state energies
over neighboring monomers.51,58

However, to have a further understanding of the molecular
species responsible for the observed fluorescence emission,
fluorescence excitation spectra of the samples were recorded as
shown in Figure S10. From this figure, it is observed that the
excitation spectrum of pure FL with emission monitored at
∼513 nm has a similarity with the UV−vis absorption
spectrum of the FL aqueous solution. Also, the excitation
spectrum of the Ag NP/FL mixed solution shows a nearly
similar spectral profile except for some change in the intensity
distribution of different peaks. However, most interestingly, the
excitation spectra of the Ag NP/FL mixed solution in the
presence of CTAB molecules are significantly red-shifted and
broadened especially for higher CTAB concentrations. This
peak broadening is generally attributed to the overlapping of
the several vibrational levels associated with each electronic
energy level of the dye molecules due to their closer
association while interacting with cationic CTAB molecules
in the aqueous solution. Therefore, the emission band
observed at ∼520 nm of FL in the presence of the CTAB
solution corresponds to the formation of J-type aggregates
(head-to-tail molecular stacking).
We have also studied the fluorescence emission spectra of

the Ag NP/FL mixed solution in the presence of CTAB for
another concentration of Ag NPs, i.e., 0.06 nM, in the same
aqueous environment. However, similar spectral changes are
observed except for the change in the intensity distribution of
fluorescence emission peaks as shown in Figure S11. This
observation reveals that dianionic FL has a much stronger
interaction with cationic CTAB molecules even at higher
concentrations of Ag NPs in the aqueous medium. More
precisely, it can be concluded that most of the cationic binding
sites are covered with anionic FL molecules in the mixed
solution.
The time-resolved fluorescence emission spectroscopic

studies were performed to comprehend the steady-state
fluorescence spectroscopic results. The characterization
method of this study is discussed in the Supporting
Information. All the sample solutions were excited at a
wavelength (λex) of 450 nm, and the corresponding
fluorescence emissions were monitored at a wavelength of
maximum fluorescence intensity as obtained by steady-state
measurements. The time-resolved fluorescence emission decay
data of the FL dye solution (concentration of 10 μM) were
recorded by using the time correlated single photon counting
(TCSPC) method in the absence and presence of Ag NPs and
CTAB. The fluorescence decay spectra as shown in Figure 6b
and Figure S12 are well fitted by two exponentials according to

Table 3. Time-Resolved Fluorescence Decay Parameters As Obtained from the Fitted Data of FL, Ag NP/FL, and Ag NP/FL/
CTAB Solutionsa

sample name τ1 (ns) α1 τ2 (ns) α2 τav (ns) χ2

FL (10 μM) 1.9488 0.0550 3.6590 0.9449 3.565 1.078
FL/Ag NPs (0.04 nM) CTAB (0 mM) 2.1976 0.0328 3.9411 0.9671 3.884 1.090

CTAB (0.7 mM) 2.7330 0.5595 4.5780 0.4404 3.546 1.115
CTAB (5 mM) 2.1648 0.1320 3.7203 0.8679 3.515 1.113

FL/Ag NPs (0.06 nM) CTAB (0 mM) 1.9924 0.0775 3.8600 0.9224 3.715 1.154
CTAB (0.7 mM) 2.2257 0.3904 4.2833 0.6095 3.479 1.120
CTAB (5 mM) 1.2926 0.1379 3.6453 0.8620 3.321 1.002

aAll the samples were excited at a wavelength of 450 nm. Decay data are fitted by two exponentials. χ2 = fitting parameter; close to 1 means a good
fit.
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eq 8. The average fluorescence lifetimes (τav’s) of FL are
determined by using eq 938 and are summarized in Table 3.

= +I t e e( ) t t
1

/
2

/1 2 (8)

= i i i

i i
av

(9)

where τ1 and τ2 are the fluorescence lifetimes of the molecules
with normalized pre-exponential factors of α1 and α2,
respectively. The observed fluorescence lifetime (τobs) of FL
and fluorescence intensity may be related by eq 10.38

= =
+ +K K K K

1 1
obs

obs r nr et (10)

Kobs is the observed decay rate that is the inverse of τobs. Kobs
includes the radiative decay rate (Kr), nonradiative decay rate
(Knr), and rate of energy transfer (Ket), if any. For a particular
fluorophore in a specific microenvironment, both Kr and Knr
remain constant.32 The τav of pure FL (10 μM) is calculated as
∼3.565 ns,59 which is increased to ∼3.884 ns after addition of
Ag NP dispersion (0.04 nM). This enhancement of τav might
be due to the increase in excited-state energies of FL molecules
due to the coupling of their oscillating dipoles with the nearby
plasmonic electric field created by Ag NPs after photo-
excitation.60 Initially, with the increase in Ag NP concentration
in the mixed solution, the extent of overlap of the augmented
electric field around the NPs and the oscillating dipoles of FL
dye after photoexcitation increased, resulting in the increase in
the excited-state energy of dye molecules. Although the
scattering of radiation increased with the initial increase in
NP concentration (i.e., 0.04 nM), plasmonic overlap was
predominant over the scattering, resulting in the observed
fluorescence enhancement. The increase of both the lifetime
components (i.e., τ1 and τ2) is also correlated with the different

excited-state energies of dye species due to NP plasmonic
contribution. It is relevant to mention that the size and shape
of the plasmonic band of metal NPs play a crucial role in the
SEF of the fluorophore around NPs.61 The metal NPs with a
sharp plasmon resonance band have better control over the
scattering of the EM wave around the fluorophore in the
vicinity of NPs. In this work, the as-synthesized Au NPs of
diameter ∼8.71 nm show a well-defined sharp plasmonic band
that can facilitate better control over scattering by the NPs in
the medium.
However, most interestingly, on further increase of NP

concentration (i.e., 0.06 nM), the value of τav of FL is
decreased to ∼3.715 ns. This reduction of τav as compared to
that of the Ag NP/FL mixed solution with NP concentration
of 0.04 nM is due to the closer association of dye molecules
and NPs in the ensemble. The observed change in τav at higher
Ag NP concentration is also consistent with the observed
fluorescence quenching (Figure 4b) and is possibly due to the
reduction of relative distance between NPs and dye molecules
as well as the sufficient coupling of the oscillating dipoles of the
emitter and collective LSPR of NPs.62 Lakowicz63 reported
that the quenching of fluorescence of organic fluorophore is
usually observed when the molecules are at shorter distances
(<5 nm) from the metal NP surface. Therefore, in our study, at
such higher concentration of NPs (0.06 nM), some fraction of
excited energy of FL dye is lost via a nonradiative energy
transfer mechanism, mainly the surface energy transfer (SET)
due to the close proximity of NPs and dye molecules. More
precisely, the observed fluorescence quenching and hence the
lifetime of FL dye at higher Ag NP concentration are a result of
the interplay between the change in radiative deactivation rate
(Kr) and the nonradiative SET.

64 Thus, Ket and Knr in eq 10
play the dominant role in the reduction of observed
fluorescence lifetime of FL for higher concentrations of NPs.

Figure 7. Distribution of the electric field around the hotspots as estimated by the 3D-FDTD simulation study for various interparticle separations:
(a) ∼2.879 nm, (b) ∼2.575 nm, (c) ∼3.194 nm, and (d) ∼1.44 nm measured from the TEM image (Figure 6a) of the Ag NP/FL mixed sample.
The polarizations of the incident light waves were considered along the Z-axis.
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On the other hand, the τav for the Ag NP/FL mixed solution
(with concentrations of 0.04 nM and 10 μM, respectively) in
the presence of premicellar CTAB (0.7 mM) is found to be
∼3.546 ns, which is less compared to that in the absence of
CTAB (∼3.884 ns), and this indicates the formation of
different species of FL (J-aggregates).58 Moreover, in the
presence of postmicellar CTAB (5 mM), the further decrease
of τav (i.e., ∼3.515 ns) corresponds to the presence of a large
number of J-aggregates of FL with different molecular
orientations in the aqueous medium. These observations
should be correlated with the red-shift of the steady-state
fluorescence emission spectra of Ag NP/FL in both pre- and
postmicellar solutions of CTAB. A similar type of fluorescence
lifetime results is also found in the case of the Ag NP/FL
mixed solution at a higher NP concentration (i.e., 0.06 nM)
with both pre- and postmicellar CTAB.

3D-FDTD Simulation. To establish a correlation between
distance-dependent metal NP mediated SEF of FL dye and the
spatial distribution of near-field EM wave around the
plasmonic Ag NPs, 3D-FDTD simulations studies were
performed. The strong LSPR band of metallic NPs can
generate evanescent waves that may give spatial frequency
information during interaction with different guest fluoro-
phores.65 The strongly localized near-field distribution around
the NPs interacts with plasmonic oscillation of nearby NPs,
leading to the confinement of a large amount of EM field,
which is responsible for the creation of various hotspots in the
vicinity of NPs. Such hotspots play a pivotal role toward the
SEF of organic molecules placed in the assembly of NPs or
nanoclusters.65 The TEM images of pure Ag NPs (Figure 1b)
and the Ag NP/FL mixed sample (Figure 6a) show some
changes of morphological features of the NPs. It is observed
that various aggregated domains or clusters of NPs are formed
as a result of their interaction with dye molecules in the
aqueous medium. These clusters or aggregated domains of
NPs eventually favor the creation of various hotspot geo-
metries due to the overlapping of LSPR modes of NPs
resulting in the confinement and augmentation of the localized
EM field on photoexcitation. Figure 7a−d presents the
different hotspot geometries corresponding to the spatial
distributions of the electric field as estimated theoretically via
the 3D-FDTD simulation approach considering various
interparticle separations measured from the TEM image
(Figure 6a) of the Ag NP/FL mixed sample. The prominent

hotspots (red color) are generated from the simple
heterodimeric nearly spherical aggregates of Ag NPs. It is
clear from this study that these simple heterodimeric spherical
aggregates of NPs are therefore effective to create various
hotspots. Recently, some researchers66 also suggested that
simple dimeric aggregations are more favorable in the creation
of such hotspots that are responsible for SEF of organic
fluorophores around the plasmonic metal NPs. The literature
also reveals that the LSPR of metal NPs is strongly coupled by
photon tunneling through the interparticle gap of less than
∼2.5 times the short-axis length of the NPs resulting in a
strong EM field around the NPs.67 However, the increase in
internanoparticle separation reduces such plasmonic coupling.
The coupling strength between the NPs may be represented by
eq 11.68

E e r/ar (11)

where a and r are the propagation length of the surface mode
and separation between the NPs, respectively. This relation
clearly indicates that the coupling between NPs decays
exponentially with the increase in NP separation for a constant
value of a (10 μm).68 The hottest among the hotspots is
identified and is shown in Figure 7d. The estimated magnitude
of the hottest electric field is ∼12.2 V m−1, which is distributed
over a distance of ∼6 nm with interparticle separation of ∼1.44
nm. Thus, this study reveals that the simple heterodimeric
nanostructure is favorable for creating such hottest geometry
producing a strong electric field. By considering the solvent
accessible surface area (SASA) of FL dye molecules as ∼371
Å2, it is evident that the area of the simulated hotspot can
accommodate more than two guest dye molecules that can
participate in SEF.
According to the plane wave approximation and by

considering the EM near-field distribution of LSPR of Ag
NPs, the hottest among the ensemble of hotspots with a
simulated electric field magnitude of ∼12.2 Vm−1 is attributed
to an FEF of ∼4.108. Therefore, the enhanced electric fields
produced by various hotspot geometries eventually may
interact constructively with the oscillating dipoles of dye
molecules, thereby showing the enhanced fluorescence
intensity that is reflected in the steady-state emission
measurements.

DFT Study. DFT is an important theoretical approach for
studying the electronic structure and molecular mechanism

Figure 8. Geometry optimized structure and frontier molecular orbitals (HOMO and LUMO) associated with the electronic states of neutral and
anionic species of FL dye molecules as obtained by using the B3LYP/6-31G and B3LYP/6-31 + G level of theory. The excitation energies (ΔE’s)
are calculated from the TD-DFT calculation using the same level of theory.
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responsible for various photophysical processes of molecular
systems in different microenvironments. Figure 8 shows the
geometry optimized structure of different species of FL dye in
a solvent (water) background using the IEFPCM model. The
neutral and anionic forms of FL dye were optimized by the
B3LYP/6-31G and B3LYP/6-31 + G level of theory,
respectively, using the Gaussian 09 suit of software.33 We
also performed TD-DFT calculation using the same level of
theory as was used for geometry optimization. The HOMO−
LUMO energy differences or the excitation energies between
the singlet states for neutral, monoanion, and dianion forms
are ∼3.984, ∼2.917, and ∼2.784 eV, respectively. The
theoretical study also reveals that the main strong characteristic
transition of FL dye is attributed to the π−π* transition of the
xanthene moiety.69 From this study, it is predicted that the
excitation energy is the minimum for anionic dye species, and
the result is consistent with the experimental UV−vis
absorption study of the dye aqueous solution. The resultant
transition dipole moments for the ground state to the first
excited state transition of neutral, monoanionic, and dianionic
forms are ∼0.12, ∼2.503, and ∼3.483 D, respectively. The
difference in transition dipole moments as estimated from TD-

DFT calculation is manifested as the observed spectral changes
for different molecular species of FL dye. Therefore, the well
converging nature of this theoretical study signifies various
important information on the electronic structures and
molecular mechanism involved in their ground electronic
states.

Human Cell Imaging. Cellular imaging via the fluo-
rescence method is an excellent and conventional choice to
assess various cellular phenotypic changes as well as the role of
a particular agent in the in vitro study of diseases. Also, the
fluorescence imaging microscopic method has emerged in the
biomedical research for routine studies to realize various
biophysical and biochemical processes in the living cells.70

However, this elegant method requires an optimum resolution
to image intracellular and extracellular medium of living cells.
The use of traditional organic fluorescence dyes in fluorescence
imaging microscopy is limited because of their low quantum
yield, small Stokes shift, less stability in the excited state, and
inefficiency in suppressing the autofluorescence from various
intracellular components during cellular imaging.71 Addition-
ally, because of the hydrophilic nature of most of the
traditional organic dyes, they are normally inefficient to

Figure 9. Fluorescence microscopic images of human lung fibroblast cells (WI 38 cell line) after treatment with (a) FL and (b) Ag NP/FL mixed
sample. Concentrations of Ag NPs and FL dye were 0.006 nM and 0.8 μM, respectively. (c) Intensity profiles obtained from images a and b along
the line (red color). (d) Cell viability study for 3 h of incubation as obtained by the MTT assay method. Mixed solutions of Ag NPs and FL were
prepared in a 1:1 volume ratio. (e) Schematic presentation of the penetration of the Ag NP/FL mixed system through the cell membrane.
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penetrate through the cell membrane at very low concen-
trations, and an increase in their concentration can induce
moderate to high cytotoxicity. To circumvent these issues in
cellular imaging, it is essential to tailor the spectral properties
and related photophysical behaviors of those organic fluorop-
robes for their suitability with higher resolution and better
optical contrast. Several studies on metal−fluorophore
interactions in the nanoscale reveal the fluorescence emission
enhancement of organic fluorophores in close proximity to the
metal surface, thereby creating new opportunities of
applications of nanophotonics for biomedical interest.72 In
this regard, the plasmonic NPs such as Au NPs, Ag NPs, Cu
NPs, etc., are promising candidates toward the fluorescence
enhancement of organic fluoroprobes through coupling of
LSPR and oscillating dipoles of the emitters.73 In this work, we
have systematically studied the improvement of fluorescence
signal and other related photophysical parameters of bio-
logically relevant water-soluble organic dye FL in aqueous
media. As most of the in vitro studies of cell and tissue culture
are performed in aqueous media, it is therefore expected to
consider the combination of these metallic nanostructures (Ag
NPs) and FL with enhanced fluorescence signal as a promising
approach for cellular imaging applications. In this study, we
performed the fluorescence imaging of healthy human lung
fibroblast cells (WI 38 cell line) as shown in Figure 9a,b after
treatment with both FL dye and Ag NP/FL mixed solutions for
an incubation period of 3 h. From these figures, it is observed
that Ag NPs and FL dye successfully entered into the
cytoplasmic region of the cell but did not penetrate to the
nucleus as a distinct blue color region is clearly differentiated.
The blue color emission from the nucleus is due to its selective
interaction with DAPI as used in this experiment.73 DAPI is
basically used to selectively identify the nucleus in the
intracellular region. The fluorescence images reveal that both
FL and Ag NP/FL mixed systems seem to have no or
significant interaction with the nucleus but only emit a signal
from the entire cytoplasmic domain in the cell. FL has a
dianionic form in physiological pH.45 It is relevant to mention
that charged hydrophilic compounds are generally inefficient to
penetrate through the cell membrane via any specific
mechanism due to the hydrophobicity and ionic nature of
the cell membrane. We tested the FL dye solution with a very
low concentration (as a low concentration is always preferable
to avoid any significant cytotoxicity) in the cell culture medium
but did not obtain any appreciable fluorescence signal (figure
not shown) during cellular imaging. However, after slightly
increasing the concentration of the dye solution in the culture
medium and allowing some incubation time, the dye molecules
successfully entered into the cell as evidenced by the
fluorescence image (Figure 9a). This cellular internalization
of these small polar molecules might have occurred via some
diffusion process.74 It is also observed from the figure that
when the cells were exposed to FL dye only, they show a low
green fluorescence emission from the intracellular cytoplasmic
region. However, most interestingly, after exposure to the Ag
NP/FL mixed solution, the fluorescence image of the cells
gives an intense green fluorescence emission as shown in
Figure 9b. The relative fluorescence intensity for the FL and
Ag NP/FL mixed system along the line section (Figure 9a,b)
as a function of distance is shown in Figure 9c. From this
figure, it is also evident that the fluorescence intensity is much
higher for the Ag NP/FL system compared to when only FL
entered in the cell. Also, the metal NP/dye based probe system

is distributed throughout the cytoplasmic region showing a
well-defined spatial boundary with the nucleus (blue color
region). This study reveals that, after addition of Ag NPs, dye
molecules exhibit similar metal enhanced fluorescence of FL in
the cytoplasmic region as was also observed previously in the
aqueous medium without a cell. Therefore, the plasmonic
metal nanostructures efficiently improve the resolution of the
cellular image with much better contrast.
However, good cellular imaging requires cell viability and

proper biocompatibility of the fluorescent probe against the
cells to be studied. In this regard, to know the cell viability with
the Ag NP/FL mixed system, various amounts of Ag NPs, FL,
and Ag NP/FL were added to the culture medium of human
lung fibroblast cells separately and incubated for 3 h. The
cellular viability was then determined by the MTT assay
method as already described in the Experimental Section. The
3 h incubation time was chosen as the fluorescence imaging
was performed after the same incubation time. From MTT
assay results shown in Figure 9d, it is observed that more than
90% cells were alive after being treated with the Ag NP/FL
mixed solution (volume of 150 μL). These results confirm the
viability of the proposed Ag NP/dye based probe system for
efficient cellular imaging. The penetration of the Ag NP/FL
mixed system into the cell is schematically shown in Figure 9e.
However, the cellular entry of Ag NPs can vary based on the
type of the cell. Because of the nanoscale size of Ag NPs, the
internalization of Ag NPs could involve some nonspecific
mechanism if individual NPs can diffuse through the cell
membrane along with the dye molecules.75,76 The literature
suggests that the uptake kinetics and intracellular localization
of the NPs may depend on the size and surface characteristics
of NPs, ability to form aggregates, etc.24 Although the
amphiphilicity of the constituent phospholipids of the bilayer
assemblies of the cell membrane may be an important factor to
make the cell membrane an efficient selective barrier, a
balanced hydrophilicity/hydrophilicity of the membrane
permits the penetration of such metal NP/dye system into
the cell via the diffusion process.77

■ CONCLUSIONS
In conclusion, this study demonstrates the surface enhanced
fluorescence of organic dye FL while interacting with colloidal
Ag NPs in an aqueous solution. This enhancement of
fluorescence of FL dye due to Ag NPs is also observed in
fluorescence images of human lung fibroblast cells (WI 38 cell
line) after being treated with the Ag NP/FL mixed aqueous
solution. The FL dye forms its dianionic species in the aqueous
solution containing Ag NPs as confirmed by UV−vis
absorption and steady-state and time-resolved fluorescence
emission spectroscopic studies. The higher values of
association constants and Gibbs free energies of Ag NP/FL/
CTAB and Ag NP/FL mixed ensembles as estimated from
UV−vis absorption and fluorescence emission spectroscopic
results give a conclusive evidence for the greater extent of
interaction between FL and CTAB in their mixed solution
when compared to that in the case of the Ag NP/FL system.
The strong electrostatic interactions between cationic CTAB
and dianionic FL dye facilitate the formation of J-type
molecular dimer or aggregates of FL in the presence of Ag
NPs as evidenced by UV−vis absorption and fluorescence
spectroscopic results. The J-type aggregates of FL dye are
manifested as the red-shift of the absorption band when
compared to their monomer absorption band. The 3D-FDTD
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theoretical simulation study reveals the formation of various
hotspots due to the plasmonic overlapping of the local electric
field between the neighboring NPs. The interaction of the
augmented local electric field generated by Ag NPs with
excited dipoles of dye molecules is responsible for the overall
fluorescence enhancement that also depends on the
internanoparticle separation. More precisely, this fluorescence
enhancement depends on the concentration of Ag NPs in the
mixed ensemble. The DFT study reveals the information about
the electronic energy levels and the transition dipole moments
of the various forms of FL molecules in the aqueous medium.
The fluorescence microscopic image of human lung fibroblast
cell shows a much stronger green emission from the entire
cytoplasmic region of the cells after being treated with the Ag
NP/FL mixed sample for 3 h of incubation when compared
with cells treated with FL dye only. The penetration of the FL
dye and Ag NP/FL mixed system into the intracellular region
through the cell membrane occurred possibly because of some
nonspecific diffusion mechanism under the balanced hydro-
philic/hydrophilic condition of the cell membrane. More than
90% of the cells were viable after exposure with the Ag NP/FL
mixed solution as confirmed by the cytotoxicity study through
the MTT assay method. The remarkable brightness obtained
in the cellular medium mediated by Ag NPs via metal surface
enhanced fluorescence ensures their promising and continued
importance in biomedical applications.
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