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Abstract. The study describes the optical properties of fluorescent tags based
on gold nanoparticles coated with a polymer shell with incorporated
cyanine 5.5 in water and medium with a physiological salt background. The
radiant efficiency was assessed by fluorescence tomography for the tag
suspensions placed in a black plate and after their local subcutaneous injection
into ICR mice. Partial aggregation of tags is noted, which occurs at changing
water on isotonic solution, which leads to the increase of dye fluorescent
intensity. In vivo imaging was performed in a bimodal fluorescence and
computed tomography regime with varying the dose of the tags. The
fluorescence enhancement 30 min after the tags injection was revealed.
Computed tomography images allow reliable identification of the area of gold
tags localization when their content in the injected suspension is at least
23.7 mg/mL. © 2024 Journal of Biomedical Photonics & Engineering.
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1 Introduction

The implementation of nanomaterials in biomedicine is
currently occurring at an increasing rate. Nanoparticles
(NPs) of various compositions are considered to be ones
of the most promising objects for a wide range of
biomedical applications. In particular, many potentially
biocompatible structures based on nanodiamonds [1],
iron oxide [2, 3], silicon [4], silicon oxide [5, 6] and
upconversion [7] nanoparticles have already been
proposed for targeted drug delivery [8], instrumental
diagnostics [9] and therapy [10, 11]. Some of the
developments have already reached clinical
trials [12—14]. Plasmonic metal NPs, primarily gold, are
among the most promising candidates for solving some
problems of photomedicine. On their basis, agents for
contrast computed tomography (CT) [15] and
photothermal therapy [16,17] have been actively
developed. In combination with molecular dyes, gold
NPs can be used as fluorescent tags [18—20] and surface-
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enhanced Raman scattering tags [21-23]. Many relevant
systems have been proposed to date, in which gold NPs
are combined with cyanines [24, 25], BODIPY's [26, 27]
and other dyes. The advantage of hybrid structures over
molecular dyes is that they allow not only imaging of
target cells, but also their treatment, i.e. theranostics.

At design of theranostic agents based on noble metal
NPs, it is necessary to take into account all the features
of their physical and chemical properties. In particular,
chloride-induced aggregation is characteristic for almost
all metal nanoparticles, which consists of the formation
of NPs aggregates under a high salt background [28, 29].
Often, even stabilization of NPs by coating with various
shells does not allow avoiding this effect completely. For
practical purposes, nanostructures are of interest that
retain colloidal stability in an aggregated state and are
thus subject to injection. The aggregation of NPs affects
their optical properties. As a rule, the absorption of light
by gold NPs aggregates occurs at longer wavelengths
compared to individual particles [30]. This can be
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considered as a positive side for bioimaging, since it
allows one to perform the measurements in the first
transparency window of biological tissues.

It has already been noted that when developing
photoactive agents based on molecules and NPs prone to
aggregation, it is necessary to study their optical
properties  change that occurs during the
aggregation [31,32]. It is worth considering that
aggregation can lead not only to an absorption
wavelength shift, but also to a significant change in the
intensity of the optical response. Quenching of the optical
response may occur, for example, in the case of
H-aggregates formation for polyaromatic dyes [33], or
amplification of the optical response also may be
observed, for example, the effect of aggregation-induced
emission enhancement for molecular dyes [34] or the hot
spots effect for plasmonic nanoparticles [35]. It is
rationally to carry out a spectral evaluation of
fluorophores and hybrid structures with them in
conditions close to potential in vivo use, i.e. at
physiological salt background and in the concentration
range supposed for administration. This study is
addressed to the evaluation of optical properties of tags
based on gold NPs and cyanine 5.5 in saline solution used
for injections and to testing of the tags as contrast for
in vivo bimodal imaging by fluorescence tomography and
computer tomography.

2 Materials and Methods

Gold nanoparticles of rod shape with an average aspect
ratio of 2.76 were obtained by the two-stage seed-
mediated method [36]. Further modification of the NPs
included the coating with a polymer shell using a layer-
by-layer technique accompanied with a dye
incorporation. To coat the gold NPs, sodium polystyrene
sulfonate (PSS) and polydiallyldimethylammonium
(PDDA) chloride were used. These polymers are widely
used in the fabrication of microcapsules for targeted drug
delivery [37] that is the reason for their choice.
Cyanine 5.5 was used as a fluorophore, the emission
range of which falls within the first transparency window
of biological tissues. The NPs coating with polymers was
carried out sequentially in 4 stages, positively charged
PDDA was used as layers 1 and 3, negatively charged
PSS was used as layers 2 and 4. At each stage, NPs
suspension was added dropwise to the polyelectrolyte
solution under vigorous stirring, the mixture was kept for
2h, and then the excess polymer was removed by
centrifugation at 8000 rpm for 20 min. The previous
study of nanorods coated via applied technique by
transmission electron microscopy showed the polymer
shell thickness of 2.5-3 nm [38]. The overall size of the
obtained core-shell structures is about 50 nm in length
and 18 nm in diameter. Cyanine 5.5 was introduced into
the polymer shell by dropwise addition its solution with
a concentration of 1x1073 M into the NPs suspension in a
ratio of 1:9 before applying the final fourth layer of
polymer. Immobilization of the dye on NPs surface
occurred due to non-specific adsorption proceeding
during 2 h. The excess of not attached dye was removed
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by centrifugation at 8000 rpm for 20 min. The absorption
spectra recorded for the stock solution of cyanine 5.5 and
supernatant after centrifugation showed that about 40%
of the added dye is retained in the polymer shell, which
corresponds to ~10° molecules per particle since the NPs
concentration in  the  suspension is  about
3.8x10% particles/mL.

UV-Vis absorption spectra were recorded on a
spectrophotometer UV-1800 (Shimadzu). Spectra were
acquired in the range of 200900 nm with a step of 1 nm.
Quartz cuvettes with an optical path length of 1 cm were
used. The baseline was recorded with deionized water
under identical conditions.

Iv vivo imaging was performed with 25-30-day-old
male ICR (CD-1) mice weighing 18-20 g obtained from
the vivarium of Almazov National Medical Research
Centre. Imaging was performed with test and control
animals. The background radiation was taken into
account based on the signal from the control mouse.
Fluorescence emission was measured using an IVIS
spectrum CT tomograph (PerkinElmer), which also
allows working in computed tomography regime. Taking
into account the optical properties of the fluorophore
used, imaging was performed with the filters of 675 nm
for excitation and 720 nm for emission. CT images were
obtained at 50 kV and 1 mA, exposure time 20 ms,
4-4 binning and increment angle of 0.5. At imaging, mice
were anesthetized and injected subcutaneously with a
saline suspension of NPs in a volume of 30 pL. In a dose-
dependent experiment, the fluorescent tags were studied
at gold concentrations of 15-45 mg/mL. The control
mouse was injected subcutaneously with 30 uL of
physiological solution (0.9% NaCl). The fluorescence
efficiency was recorded 5 and 30 min after the tags
administration, and computed tomography was
performed 30 min after the administration. During the
experiment, the animals were kept on a thermostatic
operating table, which maintained body temperature at a
level of 37.0+05°C (TCAT-2LV, Physitemp
Instruments Inc.).

The laboratory animals were kept on a standard diet
with sufficient water in accordance with veterinary
legislation and in accordance with the requirements for
the humane maintenance and use of animals in
experimental studies (National research Council, 2011).

3 Results and Discussion

Optical properties of nanoobjects depend on their size
and morphology. Gold nanoparticles are a clear
example: with a change in size and shape, not only their
light scattering changes, but also the absorption
wavelengths and extinction coefficient. The size of gold
NPs increases with their partial or complete
aggregation, which can occur when the salt content in
the surrounding solution changes. Fig. 1 shows the
UV-Vis absorption spectra of the obtained fluorescent
tags based on gold NPs in water and isotonic solution.
The spectrum 2 was measured 5 min after salt addition.
This time was chosen based on the time that usually
passes between the dilution of nanoparticles suspension
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with saline and their injection in the experiments with
laboratory mice. As can be seen, the main absorption
band shifts from 710 to 750 nm. This shift indicates a
partial aggregation of NPs, which progresses over time,
but it is not dramatic during yet in the selected time
period. Nevertheless, the change in the optical
properties of NPs that occurs during the environment
exchange from water to salt should be taken into
account when choosing the conditions for fluorescence
tomography performed using them.

The preparation of core-shell nanostructures based
on gold NPs modified with fluorescent dyes can only be
carried out in water, since with a high salt background
the stability of the NPs is significantly reduced, and they
do not withstand multiple centrifugation-resuspension
cycles. The transfer of NPs into a medium with
physiological salt background, suitable for injection, is
carried out immediately before their use by diluting the
concentrated suspension with a saline solution. The
degree of aggregation and the shift of the absorption
band maximum, which affects the optical efficiency of
the hybrid nanostructure, depend on the concentration
of the gold NPs themselves in the suspension.
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Fig. 1 UV-Vis absorption spectra of modified gold
nanoparticles (1) in water and (2) isotonic solution
(Cau=35mg/L).
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Gold NP-based contrast agents are used in in vivo
experiments for injection in sufficiently high
concentrations, which allow obtaining a detectable signal
after natural dilution in physiological fluids. According
to the literature, the concentration of suspensions based
on gold NPs introduced into a laboratory animal can
reach up to 33 g/L on gold [39]. The study of such
concentrated and, accordingly, optically dense
suspensions of gold NPs by traditional methods of
absorption and fluorescence spectroscopy is extremely
difficult due to the dominance of self-absorption and
scattering processes. In turn, the optical scheme of signal
registration in fluorescence tomography differs greatly
from that implemented in conventional measurements in
the cuvette holder of a spectrometer, carried out with
solutions, films and solid samples. Therefore, it is
advisable to evaluate the change in the optical properties
of concentrated NPs suspensions when replacing water
with a salt medium directly on a fluorescence tomograph.
Fig. 2 shows the images of the fluorescent tags
suspensions obtained in a black plate on a fluorescence
tomograph before and after a two-fold dilution with a
1.8% sodium chloride solution. Since the luminosity of
gold core-shell nanostructures can also vary depending
on their concentration, a similar volume of distilled
water was added to the well on the right as a control
sample.

As can be seen, there is an increase in the signal from
the fluorescent contrast by almost 40% in the isotonic
solution. Comparison of radiant efficiency values from
the well, to which the saline solution was added with the
control well, to which water was added, shows that this
observation is due to the influence of chloride
background. Apparently, the plasmon resonance band of
the tags shifts to the long-wavelength region as a result
of aggregation and the emission of cyanine 5.5 becomes
more pronounced due to the less spectral overlap with the
absorption region of the gold core. It is worth noting that
after aggregation, the particles do not precipitate and are
suitable for injection, which was carried out on
laboratory mice. Fig. 3 represents the images of mice
obtained 5 and 30 min after subcutaneous injection of a
suspension of gold-cyanine tags into the thigh.

0.9 I 100 mkL NPs
2 +100 mkL NaCl
sec/cm*/sr | L 3
(M) I + 100 mkL H,0 1910
> uW/cm I
s o6
&% +1.0x10°
w x107 T
< B04 |
o
5
E 15.0x10
© §0.2
0 0.0
C

Fig. 2 Fluorescent images of the tags suspension (a) before and (b) after dilution with saline and water.
(c) Radiant efficiency recorded from the test wells before and after addition of solvent.
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Fig. 3 Fluorescence tomography images after (a) 5 and (b) 30 min of tags subcutaneous administration.
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Fig. 4 (a) Fluorescence tomography images of control and injected mice after administration of tags in doses of 15.8,
23.7, and 47.3 mg/mL. (b) Dependence of the recorded radiant efficiency on the dose of gold tags administered. Error

bars in graph indicate standard deviation of radiant.

Analysis of the radiant efficiency reveals that 30 min
after tags injection, the signal level increases by almost
two orders of magnitude. This flare-up of the introduced
fluorescent tags can be associated with their interaction
with the components of the subcutaneous fat tissue. The
observed result is certainly extremely interesting, but
requires further research.

When developing diagnostic contrasts, it is necessary
to conduct dose-dependent experiments. Since hybrid
nanostructures based on gold NPs and molecular
fluorophores are capable of providing imaging in a
bimodal mode, it is advisable to perform such
experiments, scanning in both, the computer tomography
and fluorescence tomography, regimes. The possibility of
working with contrasts based on gold NPs in a bimodal
mode has already been demonstrated previously and is
one of their main advantages [40]. Fluorescence and CT
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images obtained with varying doses of injected contrast
from 15 to 47 mg/mL on gold are shown in Figs. 4 and 5,
respectively.

As can be seen, the signal intensity in both regimes
increases as expected proportionally to the dose of tags
admistered. At the same time, a dose of 23.7 mg/mL on
gold is sufficient to obtain a contrast image.

4 Conclusions

The study highlights the physicochemical properties of
hybrid tags based on gold nanoparticles with a polymer
shell labeled with a fluorescent dye, which are important
for their potential use for bioimaging purposes. In
particular, partial aggregation of the tags is shown,
which occurs when a medium in their suspension is
exchanged from water to saline with a high salt content.
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15.8 mg/mL

23.7 mg/mL
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47.3 mg/mL

Fig. 5 Invivo CT images of ICR mouse after subcutaneous local injection of gold tags in three doses: (a) sagittal plane,
(b) coronal plane, (c) transaxial plane. In the highlighted areas, the arrow indicates the accumulation of gold tags.

The aggregates formation causes a shift in the absorption
maximum to the long-wavelength region, which is
accompanied by an increase in the recorded emission
intensity of cyanine 5.5.

In vivo experiments carried out on ICR mice using the
gold-based tags clearly demonstrated the possibility of
bimodal imaging in combined fluorescence tomography
and computed tomography regime. Tags fluorescence
increasing was revealed 30 min after their subcutaneous
injection. The observed increase in radiative efficiency
by almost two orders of magnitude is an extremely
interesting effect that requires further research. CT
images allow identification of the area of tags
localization, the minimum tags content in the injected
suspension required for acceptable contrast is of
23.7 mg/mL.
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