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Luminescence transformation mechanisms of indocyanine green dye

in the presence of gold nanorods
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Spectral-luminescent manifestations of the plasmon-exciton interaction between gold nanorods (Au NRs) with
average length and diameter of 35+ 5nm and 9 + 2nm, passivated by molecules of cetyltrimethylammonium

bromide (CTAB) and the indocyanine green dye (ICG) molecules are found.

Extinguishing of the ICG

luminescence near Au NRs and its buildup are detected at spacial separation of hybrid nanosystem components

achieved by a spherical shell of SiO, with an average thickness of 26 + 5nm formed on the Au NRs.

The

amplification of the luminescence with growth of the dielectric shell is provided due to blocking of steric
transformations of ICG polymethine chain when the interaction emerges between the dye and the silicious shell,

and the Purcell effect.
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Introduction

Currently, the development of stable multifunctional
complexes that provide directing and localizing of the
existing and luminescent agents in vivo is a relevant
problem for the diagnostics of oncological diseases [1-
3,4]. Complexes based on the indocyanine green (ICG)
dye are among promising materials in the field of modern
medicine [5-12]. Its absorption and luminescence are
within the near IR region (780-910 nm), that coincides
with the therapeutic transparency window of the biological
tissue [13-20]. This dye is not only able to work as a
biomarker in the near IR region, but also can be an agent
for photothermal and photodynamic therapy [5-7,11,12].
However, disadvantages of ICG, such as low quantum yield
of IR luminescence (~ 2.5% in aqueous solution), which
is promoted by the mobility of its molecular structure,
especially the polymethine chain, low photo- and thermal-
stability, impede its biomedical application.

To resolve the above-mentioned problems, a number
of ICG stabilization methods are proposed: encapsulation
using derivatives of calcium phosphate [21], mesoporous
silicon nanoparticles [22], polymer nanocomposites [23],
binding with lipid nanoparticles [24,25], molecules of al-
bumine [26,27], nanofibers, quantum dots [28-30], plasmon
nanoparticles [12,27,31-36).

Creation of hybrid nanostructures based on luminescent
objects and plasmon nanoparticles of silver and gold for
different applications of photonics and biomedicine, as well
as investigation of their spectral properties are relevant tasks
today [12,31-46]. The issues of plasmon nanoparticles field
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effect on luminescent properties of emitters in plasmon-
exciton nanostructures are actively discussed [37-40]. The
works discuss techniques to create hybrid nanostructures
based on colloidal quantum dots and plasmon nanoparticles,
that provide for the manifestation of plasmon-exciton inter-
actions of different types in spectral-luminescent properties.
The main problem is to select conditions (distance between
components, geometry of nanostructures, setting of resonant
frequencies of the emitter and resonator) that provide for
effective amplification of the luminescence.

Another type of luminescent objects being extensively
investigated are nanostructures of dye molecules of different
classes with metal nanoparticles. The effect of metal
nanoparticles on dye properties can vary in a very wide
range [12,27,31-36,42-46). Possible effects are a change
in type and probability of self-association of the dye, an
extinguishing of fluorescence of the dye due to nonradiative
transfer of electron excitation, as well as a change in the
probability of spontaneous emission due to the Purcell
effect [47-49]. Also, a decrease in the number of degrees of
freedom and achievement of molecular skeleton rigidity of
the molecule at its adsorption on the surface of a plasmon
nanoparticle are possible.

There is a number of ICG investigations demonstrated
successful use of gold nanoparticles for improvement of
ICG properties when it is used as a medical filler [28—
36]. These investigations most commonly are focused on
the biomedical aspect of the problem [30-36]. The use
of created plasmon-exciton nanostructures in the field of
biomarking, photothermal and photodynamic therapy and
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Figure 1. TEM-images of Au NRs (a), Au NRs/SiO, (b).

their cytotoxicity are discussed. Thus, in [34] parameters of
optimum configuration of the Au@SiO,@mSiO, nanoplat-
form are reported that provide almost twofold increase in
temperature, a fivefold increase in efficiency of formation of
active forms of oxygen and, finally, a threefold increase in
the capability of cancer cell neutralization as compared with
free molecules of ICG.

In [35] the work of complicated, peptide-functionalized
tLyp-1-structures that contain (ICG) mesoporous, silicon
dioxide-coated gold nanorods is demonstrated. It is shown
that they have a double function, can be used as a
fluorescent probe in the near IR region and as an agent
of photodynamic therapy aimed at malignant cells.

The conjugation of a dye diluted in the serum albumin
HAS with island films of silver nanoparticles composed
of silver particle partial coating applied on a glass slide
by chemical reduction of silver, or with complex lamellar
nanostructures of gold nanospheres/silica/gold nanospheres
increases the luminescence from the dye by 20-—30
times [33-36].

To successfully use the ICG and structures based on it,
a relevant fundamental task is the control of photoprocesses
in molecules of the ICG dye that provide optimum IR lu-
minescent properties. However, the existing studies pay
no attention to the physical and chemical mechanisms that
provide improvement of the parameters of ICG work as a
multifunctional medical filler when conjugating molecules
with plasmon nanoparticles.

In this study we consider features of manifestations of
the plasmon-exciton interaction in ICG dye luminescence
spectra and kinetics, which is realized in the case of
association with gold nanorods passivated by molecules of
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CTAB and coated with a spherical dielectric shell of silicon
dioxide (SiO3).

Materials and methods

The investigation is concerned with mixtures of the ICG
dye with gold nanorods (Au NRs), as well as Au NRs
coated with a dielectric shell of SiO, (Au NRs/SiO;). Plas-
mon Au NRs were produced by means of colloidal synthesis
in the presence of a surface-active agent (SAA) of the
cetyltrimethylammonium bromide (CTAB), which serves as
a growth coordinator for the gold nanorods [39,40,50]. The
procedure to produce Au NRs is a multistage process and
consists in successive preparation and mixing of seed and
growth solutions. The role of seed solution was played by
the solution of spherical nanoparticles of gold, Au NPs
(~ 3nm), obtained as a result of chemical reduction of
HAuCly (7 ul, 0.36 M) by solution of NaBH4 (1.0 ml, 5 mM)
in the presence of CTAB (20ml, 0.02mM). The growth
solution was obtained as a result of mixing of HAuCly
(28 ul, 0.36 M), CTAB (50 ml, 0.1 mM) and C¢HsOg (5ml,
0.05 uM). Adding 60 ul of AgNO; (0.02M) to the growth
solution coordinates the growth of Au NRs.

The structures of Au NRs/SiO, were formed within the
aqueous technique using (3-mercaptopropyl)trimethoxysi-
lane (3-MPTMS) as a binding agent on the surface of Au
NRs and sodium metasilicate (NayO(SiO,) - 9H,O) as a
precursor of the main layer of SiO; [40].

The obtained colloidal solutions of Au NRs and Au
NRs/SiO, were stripped of reaction products by multiple
centrifuging and repeated dispersing of the residue in
distilled water.
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Figure 2. Spectra of light extinction (dashed line) and lumi-
nescence (solid line) of the specimens under study: I,1" —
ICG in aqueous solution (107°M); 2,2" — ICG+CTAB in a
ratio of vicg/veras = 10°mf; 3,3 — ICG + CTAB in a ratio of
vicg/veras = 2 - 1072 mf In the insert — scheme of coordination
of ICG molecules in the presence of CTAB.

Sized and morphology of Au NRs and Au NRs/SiO,
were determined using a transmission electron microscope
(TEM, Libra 120, CarlZeiss, Germany). The analysis of
TEM-images has shown that the applied technique makes it
possible to obtain Au NRs with average length and diameter
of 35+ 5nm and 9 £ 2nm, respectively, while the length-
to-diameter ratio of nanorods is 3.8 (Fig. 1). Thickness
of the SiO, shell on the surface of Au NRs is 26 &= 5nm
(Fig. 1, b). Dispersion of Au NRs in ensemble was ~ 30%.

Mixtures of molecules of an organic dye with Au NRs
were obtained by introducing the aqueous solution of ICG
(10->M) into the colloidal solution of NRs with the
following ratio of the number of dye molecules to the
number of gold nanorods [n(ICG)]:[n(NRs)] = 1:50, 1:100,
1:500, 1:1000, 1:1500.

It is worth noting that molecules of CTAB are not only
coordinators of growth for Au NRs, but also possess the
micellae-form properties with the possibility of encapsu-
lation of ICG molecules in them. Therefore a dye in
aqueous solution of CTAB was considered as of reference
for comparison. To form micellae, CTAB was diluted in
water in a concentration of 5-1072M and heated up to a
temperature of 40°C. The ICG encapsulation was performed
by introducing the dye aqueous solution into the solution of
CTAB with molar ratios of vicg/verag = 102, 2- 1072 m. f.
at a temperature of 30°C. This concentration of CTAB is
equivalent to the concentration used for the synthesis of Au
NRs.

Spectra of optical absorption and luminescence of the
prepared specimens were recorded using a USB2000-+
spectrophotometer (OceanOptics, USA). The luminescence
was excited by a LPC-836 semiconductor pulse laser
(Mitsubishi, Japan) at a wavelength of 660 nm with a power
of 300 mW.

The kinetics of IR luminescence in the emission band of
ICG monomer was investigated using a PicoSingleTCSPC
system for time-correlated counting of photons with a
InGaAsKIT-IF-25C single-photon detector (MicroPhoton-
Devices, Italy) and a PMC-100-20 photomultiplier module
with controller (Becker & Hickle). A PICOPOWERLD660
semiconductor pulse laser was used as an excitation source
(with a wavelength of 660 nm, a pulse length of 60 ps) (Al-
phalas, Germany). Time resolution of this setup configura-
tion was 0.12ns and limited by characteristics of the single-
photon detector. ICG luminescence attenuation curves
were approximated using deconvolution with experimentally
measured response of devices, which allowed controlling the
measurement of the luminescence attenuation time with an
accuracy of at least 0.05 ns.

Quantum yield of the ICG luminescence was determined
by the relative method using the following equation:

| Dgr n?
QY—QYRIR D an’ (1)
where QYR — quantum yield of reference luminescence, |
and | g — integral intensity in luminescence band of sample
and reference, D and Dr — absorbances at the excitation
wavelength for sample and reference (in the experiments it
was ~ 0.1), n and ng — refraction coefficients of solution
with sample and reference, respectively. A solution of ICG
dye in DMSO with a quantum yield of 12% in the region
of 830 nm was used as the reference for the quantum yield
of luminescence in the IR region [51].

The presented results are obtained at a temperature of
300K.

Experimental results and discussion

Spectra of optical absorption and Iuminescence
of ICG molecules in aqueous solution and CTAB-
micellae Due to the possible effect of CTAB on spectral
and structural properties of the dye [52], first of all we
considered the behavior of ICG spectral properties in its
presence. Initial absorption spectrum of the aqueous ICG
with a concentration of 107>M (Fig. 2, curve I) is a
curve having its maximum in the region of 780 nm, which
corresponds to the absorption of ICG monomer, and a
local peak in the region of 700 nm, which corresponds
to the oscillating structure of = — s*-transition of the
monomer [13,18]. In the luminescence spectrum of this
solution with the excitation at 660 nm a peak is observed
with a maximum at 820nm, which corresponds to the
emission of ICG monomer (Fig. 2, curve I").

When molecules of CTAB are added to the ICG solution,
absorption spectra of the dye are transformed significantly.
At low concentrations of CTAB molecules in the solution,
when about 100 molecules of ICG are accounted for one
SAA molecule (vicg/verap = 102 m.f), the curve of ICG
absorption has two peaks at 715 and 800nm (Fig. 2,
curve 2). The peak at 800 nm corresponds to the absorption
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Figure 3. Spectra of absorption (a,c¢) and luminescence (b,d) of ICG in mixtures with Au NRs and Au NRs/SiO2, Aexit = 660 nm:
I — ICG in aqueous solution (107>M), 2 — Au NRs (Au NRs/SiO,), 3 — Au NRs (Au NRs/SiO,) +ICG (experimentally obtained
spectrum), 4 — sum of spectra of Au NRs (Au NRs/SiO;) and ICG, ICG + CTAB in a ratio of vicg/veras = 2 - 1072 mf.

band of monomer shifted towards the long-wave region by
20nm as compared with the peak in the aqueous solution
of ICG, while the peak at 710 nm corresponds to light
absorption by the dimer form of ICG [13-20]. It is also
shifted by 10nm in relation to the absorption peak of the
aqueous solution, containing dimers of ICG. These shifts
are caused by the electrostatic interaction of cation CTAB-
micellae with negatively charged chromophoric groups of
ICG. Thus, at a low concentration of CTAB, the dye
assembling to dimers is typical for the solution, which
is manifested as a sharp drop of intensity of its light
emission (Fig. 2, curve 2'). It should be noted, that the
maximum of luminescence spectra of the ICG monomer
with encapsulation in CTAB-micellae (840 nm), as well as
the absorption peak, is shifted to the long-wave region as
compared with the aqueous solution, which is caused by
the interaction of chromophoric groups of the dye with
molecules of CTAB.

With increase in concentration of CTAB molecules in
the solution (vicg/verag = 2-1072m.f), the absorption
spectrum of ICG has maximum absorbance again in the
absorption region of dye monomer (800 nm), while intensity
of light emission increases by 4 times (Fig. 2, curves 3
and3’). The increase in intensity of light emission in case
of ICG dye stabilization by CTAB micellae is caused by
blocking of steric transformations of the ICG polymethine
chain due to the interaction with molecules of CTAB.

Optics and Spectroscopy, 2022, Vol. 130, No. 6

Spectra of optical absorption and luminescence of
ICG molecules in the presence of gold
nanoparticles

Let us consider behavior of spectral properties of the
dye in the presence of Au NRs in two different situations:
closely located components of the mixture (distance of
about the length of a CTAB molecule, 2.5nm [53]) and
located at a distance of about thickness of the SiO, shell,
26 + 5nm for Au NRs/SiO,+ ICG (Fig. 3).

In the extinction spectrum of Au NRs we observed
two peaks located at 530 and 840 nm, that correspond to
transverse and longitudinal dipole modes of the localized
plasmon resonance, which is typical for gold nanorods [54]
(Fig. 3, a, curve 2). The formation of Au NRs/SiO, system
results in an increase in scattering over the entire spectral
profile. At the same time, the maximum in the region
of 840 nm, in essence, does not change its position. The
considerable half-width of peaks of the transverse and
longitudinal localized plasmon resonances of Au NRs and
Au NRs/SiO; is caused mainly by the inhomogeneous
broadening. Thus, the peak of dipole mode of the localized
plasmon resonance lies in the region of light emission of the
ICG monomer.

When mixing the aqueous solution of the dye with
the solution of Au NRs, the extinction spectra had their
maximum in the region of 805nm, corresponding to
absorption of dye monomers, and a shift in relation to the
peak position in the aqueous solution, as in the case of
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Figure 4. Kinetics of luminescence attenuation (@), scheme of electron excitation transfer in hybrid nanostructures of ICG + Au NRs (b).

CTAB-micellae. However, the profile of extinction spectrum
is significantly different from the spectrum of dye in CTAB-
micellae and is not a simple sum of extinction spectra of
initial components of the mixture (Fig. 3, a, curves 3 and 4),
which indicates that the components interact in the solution.
The presence of CTAB growth coordinator molecules on
the surface of metal nanoparticle probably, as in the case
of encapsulation of dye molecules into CTAB-micellae,
provides for formation of a structure shown in the insert
in Fig. 2 due to the electrostatic interaction of cation CTAB-
micellae with negatively charged chromophoric groups of
the dye.

When mixing the aqueous solution of the dye with the
solution of Au NRs/SiO,, the extinction spectrum peak
corresponding to the absorption of dye monomers is shifted
in relation to the peak position in the aqueous solution,
as in the case of CTAB-micellac (Fig. 3,c). However, in
this case molecules of CTAB on the surface of Au NRs
are covered by the silicious shell, thus the transformation of
the spectrum profile of ICG molecules are caused by the
interaction with plasmon Au NRs/SiO,.

Luminescent properties of the ICG dye in the presence
of Au NRs and Au NRs/SiO, change in different manner.
In the case of mixtures of Au NRs+ ICG, in the spectra of
luminescence excited by radiation with a wavelength of 660
nm, we observed a shift of the emission maximum towards
the long-wave region by 20 nm to 840 nm as compared with
the aqueous solution of the dye. At the same time, the
light emission extinguished as concentration of Au NRs in
the solution increased (Fig. 3, b). The observed changes are
caused by the charge phototransfer between molecules of
the ICG dye and Au NRs. At the same time, the interaction
between CTAB and ICG dye with the dye kept in monomer
form probably should only increase the intensity of its
luminescence (Fig. 3, a, curve 3).

When forming mixtures of Au NRs/SiO, with ICG,
an increase in intensity of light emission by five times
is observed in the luminescence spectra with increase in

concentration of Au NRs/SiO; in the mixture (Fig. 3,d).
Quantum yield of the dye luminescence has increased from
3.2% in aqueous solution to 15% in the mixture with Au
NRs/SiO;. In this case the distance between Au NRs/SiO;
and a dye molecule is defined by the average thickness of
the SiO, shell.

Two mechanisms of this increase in light emission
intensity are possible: blocking of nonradiative processes
caused by steric transformations of the ICG polymethine
chain due to the interaction with the silicious shell, and
amplification in the field of metal nanoparticle acting as a
nanoresonator.

Figure 4,a shows curves of luminescence attenuation in
the emission band of the ICG dye at 840nm. For the
cases of ICG molecules in aqueous solution and in mixture
with Au NRs, the curves of attenuation do not differ from
each other, ie. average lifetime of luminescence in the
emission band of the ICG monomer remains unchanged
(Fig. 4,a). Average lifetime of luminescence for ICG
in aqueous solution and in mixture with Au NRs was
0.18 + 0.05ns. It should be noted, that we determined the
average lifetime of luminescence by experimental curves of
luminescence attenuation using the following expressions
for the approximation:

2 . 2
I =17ai7
=Y am =212
i=1 dlici @
where a; — amplitude and 7; — the time constant of the
i-component in the luminescence attenuation curve. a; and

7; values were obtained by approximating the luminescence
attenuation curves by the sum of the two exponents:

2
1(t) =) ajexplt/7]. (3)
i=1

The presented experimental data indicate that the con-
siderable luminescence extinguishing of the dye monomer
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in the presence of Au NRs with unchanged lifetime of the
luminescence occurs due to photoinduced charge transfer.
Relative positions of HOMO-LUMO-levels of the dye and
the Fermi level of gold confirm this possibility (Fig. 4,c¢).
The energy of dye photoionization is about 547eV [55].
The energy of the Fermi level for Au — 5.1eV [56]. The
position of HOMO-level of the dye is below the Fermi level
for metal and equal to 5.5¢eV.

In the case of ICG encapsulation into CTAB-micellae,
the monomer luminescence buildup is accompanied by a
deceleration of the attenuation kinetics and an increase in
the average lifetime of dye luminescence up to 0.56ns.
Thus, molecules of the CTAB growth coordinator used in
the synthesis of Au NRs promote coordination of the dye on
the surface of nanoparticle, but not significantly contribute
to the formation of luminescent properties of the ICG in the
presence of Au NRs.

When preparing mixtures of ICG with Au NRs/SiO,
along with the increase in their quantum yield luminescence,
we observed a considerable acceleration of the lumines-
cence attenuation kinetics down to the limit of the exper-
imental setup resolution (about 0.12 ns). Such behavior
of luminescent properties indicates the manifestation of the
Purcell effect [47-49]. Presumably, creation of structures
of the Au NRs/SiO, type with a SiO; layer thickness of
26 nm breaks the conditions for charge transfer between
components of the mixture, and Au NRs/SiO, play the
role of nanoresonators with oscillation modes close to the
frequency of ICG monomer luminescence.

Conclusion

In this study we investigated the effect of Au NRs
with an average wavelength and diameter of 35+ 5nm
and 9 +2nm on luminescent properties of molecules of
the organic ICG dye. It is shown that association of
ICG molecules with Au NRs results in extinguishing of
luminescence in the band of the dye monomer, which
can be explained by photoinduced charge transfer between
components. In the case of spatial separation of the
associate components, due to formation of Au NRs/SiO,
structures in mixtures with molecules of the ICG dye
a 5-time increase in light emission intensity of the dye
is observed with simultaneous reduction of luminescence
lifetime. These changes are considered as manifestation of
the Purcell effect.
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