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ABSTRACT: Raman probes have received growing attention for their potential
use in super-multiplex biological imaging and flow cytometry applications that
cannot be achieved using fluorescent probes. However, obtaining strong Raman
scattering signals from small Raman probes has posed a challenge that holds back
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their practical implementation. Here, we present new types of Raman-active

nanoparticles (Rdots) that incorporate ionophore macrocycles, known as
cyanostars, to act as ion-driven and structure-directing spacers to address this
problem. These macrocycle-enhanced Rdots (MERdots) exhibit sharper and
higher electronic absorption peaks than Rdots. When combined with resonant
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broadband time-domain Raman spectroscopy, these MERdots show a ~3-fold

increase in Raman intensity compared to conventional Rdots under the same particle concentration. Additionally, the detection limit
on the concentration of MERdots is improved by a factor of 2.5 compared to that of Rdots and a factor of 430 compared to that of
Raman dye molecules in solution. The compact size of MERdots (26 nm in diameter) and their increased Raman signal intensity,
along with the broadband capabilities of time-domain resonant Raman spectroscopy, make them promising candidates for a wide

range of biological applications.

B INTRODUCTION

Accurately characterizing the distribution and dynamics of
various chemical species is of vital importance for under-
standing complex biological systems. To this end, chemical
probes play a key role in detecting biomolecules through
optical tools such as microscopy and flow cytometry.'~” By
attaching antibodies coupled with chemical probes to antigens
through highly selective protein—protein interactions, various
biomarkers can be identified with optical tools. Fluorescence
has traditionally been the gold standard for this purpose by
virtue of its high brightness.g’9 Recently, however, Raman
probes have emerged as a promising alternative to fluorescent
probes due to their high multiplex capability while maintaining
excellent binding efficiency and nondestructive measurement
capability.'~"?

A major drawback of Raman probes is their low brightness,
which significantly hinders their wider deployment in bio-
logical research. Since the cross section of Raman scattering is
generally several orders of magnitude smaller than that of
fluorescence, signal enhancement is necessary for making it a
practical tool in biology. To overcome this hurdle, various
approaches have been reported in the last decade.” Metal
nanoparticles for surface-enhanced Raman scattering (SERS)
are popular owing to their strong Raman signal, with a
potential enhancement factor of up to 10%,"*~"" but they are
still relatively large (~100 nm), which makes it difficult to
reach the site of action inside of cells.'® Bioorthogonal Raman
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probes are a promising alternative thanks to their small size,
but they have a low brightness compared to other Raman
probes, which limits their applicability.''*~>" Among these,
Raman-active nanoparticles (Rdots’>**) are a promising
approach because of their high brightness, small size, and
size controllability, as well as the ease of functionalizing their
surface with proteins and nucleic acids. Rdots consist of 20—60
nm polystyrene nanoparticles, in which Raman-active mole-
cules are densely enclosed at high local concentrations of >0.25
mol/L to ensure high brightness. However, the properties of
the electronic states of the tightly packed dye molecules in
these particles are often significantly altered by their
intermolecular interactions.>*”> Due to this, it has been
challenging to use Rdots under the desired electronic
resonance condition.

In the present work, we demonstrate ultrabright Rdots
whose Raman signals can be increased by electronic resonance
with the aid of cyanostar macrocycles, which we named
macrocycle-enhanced Rdots (MERdots). Specifically, we
synthesized MERdots with high dye concentrations that have
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their intermolecular distances controlled by using cyanostar
macrocycles”® that act as anion-binding and structure-directing
spacers.”” > Specifically, when 2 equiv of cyanostars are mixed
with cationic cyanine dyes, they are known to form crystals
that are hierarchically self-assembled into small-molecule, ionic
isolation lattices (SMILES).*® The cyanostars bind the counter
anions as a 2:1 sandwich dimer that serves as an anionic
platform that stacks in a charge-by-charge array”® with the
cationic dyes effectively isolating them from each other by ~15
A. MERdots show sharper and higher electronic absorption
peaks than Rdots and an ~3-fold increase in Raman intensity
compared to conventional Rdots under the same particle
concentration. The MERdots scheme will further diversify the
application range of Raman tags for biomedical research by
virtue of its high multiplex ability and brightness.

B EXPERIMENTAL SECTION

The synthesis of Rdots and MERdots was performed by
followinzg the procedures described in previously published
studies.””*”** All procedures were conducted at room
temperature. For the synthesis of Rdots, a mixture of 93.75
uL of 26 nm polystyrene nanoparticles (4% w/v, Invitrogen,
C37231), 150 uL of F-127 (2% w/v, Invitrogen, P6867), and
356.25 uL of deionized water was prepared in a 1.5 mL plastic
tube. Subsequently, 270 uL of tetrahydrofuran (THF) was
slowly added to the tube to swell the polystyrene nanoparticles,
which were then vortexed for 5 min. After vortexing, 6 uL of an
IR740-Cl solution (60 mmol/L in DMSO) was added, and the
tube was vortexed for another 2 min. This process was
repeated until it reached the desired dye concentration, and
DMSO was added to bring the final mixture volume to 900 L
(Table S1). The tube was vortexed for a total of 20 min.
Subsequently, the mixture was transferred to a 15 mL plastic
tube, and 10 mL of deionized water was slowly added to shrink
the particles back down to their original size. The resulting
mixture was then centrifuged at 2900g for 10 min using 100 K
MWCO filters (Millipore, UFC910096) to remove the
solvents. Finally, the stained nanoparticles were washed 3
times with at least S mL of deionized water and then
suspended in deionized water.

For the synthesis of MERdots (Figure 1), the same mixture
of 26 nm polystyrene nanoparticles, F-127, and deionized
water was prepared in a 1.5 mL plastic tube. In contrast to the
Rdot synthesis, 270 uL of THF was initially used to dissolve
the desired amount of cyanostars in a 10 mL glass vial. This
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Figure 1. Macrocycle-enhanced Rdots (MERdots) synthesis
procedure. THF containing cyanostars was added to the suspension
to swell the particles and incorporate cyanostars. IR740-Cl was added
to the suspension, followed by shrinking the particles by adding an
excess amount of water.

solution was then slowly added to the mixture in the tube and
vortexed for 15 min. Subsequently, 6 uL of an IR740-Cl
solution (30 mmol/L in DMSO) was added to the tube to
achieve the desired dye concentration, and DMSO was added
to bring the volume of the mixture to 900 uL (Table S2). The
mixture was then vortexed for another 10 min and transferred
to a 15 mL plastic tube. Then, the MERdots were shrunk,
washed, and suspended in the same manner as Rdots.

Although these MERdots can be used with various Raman
spectroscopy methods, we employed Fourier transform
coherent anti-Stokes Raman scattering (FT-CARS) spectros-
copy as a proof of concept. This choice was motivated by the
ultrafast and broadband detection capabilities of FT-CARS
spectroscopy, which would be useful for fully demonstrating
the potential of the synthesized MERdots for high-speed super-
multiplex imaging or flow cytometry applications. The
experimental setup of the rapid-scan FT-CARS spectrometer
utilized in this paper is schematically shown in Figure S1. A
pulse from a femtosecond Ti:sapphire laser (80 MHz pulse
repetition rate, 100 nm bandwidth, 800 nm center wavelength,
with 200 mW average optical power and ~20 fs pulse width) is
split into a pair of pulses by a Michelson interferometer with a
12 kHz rapid-scanning resonant scanner in one of the arms and
quarter-wave plates in both arms. At the output of the
interferometer, the two pulses are orthogonally polarized and
temporally separated with a time delay ranging from 0 to 3 ps.
Both pulses first pass through a pair of chirped mirrors to
compensate for dispersion and then go through a 750 nm long-
pass filter and are then focused onto the microfluidic channel
with an objective (LCPLN, 0.65 N.A., Olympus). The first
pulse (i.e, pump pulse) excites molecular vibrations whose
periods are longer than the pulse width, followed by an
interrogation of the molecular vibrations by the second pulse
(ie., probe pulse). When the probe pulse interacts with the
vibrating molecule, it gains or loses energy depending on the
phase of the vibration, resulting in the intensity change of the
anti-Stokes-shifted light intensity. The anti-Stokes-shifted light
is collected in the forward direction and detected by an
avalanche photodiode as a function of the pump-probe delay at
a rate of 24,000 spectra/s. The acquired interferograms are
then digitally Fourier-transformed to obtain the Raman spectra
of the sample. We averaged 10 spectra at a time to obtain
better spectral quality, resulting in an effective spectral
acquisition rate of 2400 spectra/s (417 us for one spectral
acquisition) in this paper.

B RESULTS AND DISCUSSION

To characterize the change of the physical properties of the
Rdots induced by the incorporation of cyanostars, three
measurements were performed. First, as shown in Figure 2a,
the ultraviolet—visible (UV—vis) absorption spectrum of the
26 nm IR740-Cl MERdots prepared with 2 molar equiv of
cyanostars to dyes was recorded along with the absorption
spectra of a methanol solution of IR740-Cl and conventional
IR740-Cl-Rdots at various local dye concentrations but with
the same average dye concentration. Here, the local dye
concentration is defined by the number of dye molecules
divided by the volume of the Rdots or MERdots while the
average concentration is defined by the number of dye
molecules divided by the total volume of the solution.
Compared to the absorption spectrum of the IR740-Cl
solution, high local dye concentration in the Rdots and
MERdots causes a red shift of the absorption spectra from 746
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Figure 2. Characterization of MERdots. (a) Absorption spectra of Ir740-Cl (10 uM) in a solution, conventional Rdots at different local dye
concentrations, and MERdots. (b) Emission spectra of the Ir740-Cl (1 M) in a solution, conventional Rdots at different local dye concentrations,
and macrocycle-enhanced Rdots. For both measurements, all of the samples were prepared to have the same average dye concentration. (c, d) SEM

images of (c) Rdots and (d) MERdots. Scale bar: 100 nm.

to 760 nm and the absorbance of the highest peak to decrease
in the case of Rdots. For the conventional Rdots, the increase
of the local dye concentration leads to the distortion of the
absorption spectra and a decrease of the absorbance maximum,
presumably due to the formation of molecular aggregates. This
change of absorption is nonideal for resonance Raman
measurements, where the scattering efficiency is enhanced
when the absorbance at the excitation laser wavelength is high.
Making Rdots with ideal resonance enhancement has been
challenging due to this effect.”’* For MERdots, however, the
addition of cyanostars helps prevent molecular aggrega-
tion,”’>* resulting in a large increase in the absorbance
maximum and a suppression of spectral broadening. Second,
the emission spectra of diluted samples from Figure 2a were
recorded using an excitation wavelength of 785 nm while the
emission was measured in the range of 800—1200 nm. As
shown in Figure 2b, the strongest fluorescence emission comes
from the IR740-Cl solution in methanol. For conventional
Rdots, only extremely weak fluorescence can be detected at all
local dye concentrations due to aggregation of the dye
molecules in the beads. In the MERdots case, due to the
addition of cyanostars as a structure-directing unit,””*%*%**
aggregation is reduced, and the fluorescence emission is
partially recovered. Finally, to ensure that the incorporation of
cyanostars in the Rdots does not alter the shape of the 26 nm
polystyrene beads, we took scanning electron microscope
(SEM) images of Rdots with a local dye concentration of 0.30
mol/L and MERdots with a local dye concentration of 0.15
mol/L prepared with 2 molar equiv of cyanostars to dyes, as
can be observed in Figure 2c¢,d, respectively. Due to the

12837

addition of a few-nm-thick conductive coating required to take
high-contrast SEM images of nonconductive materials, both
were found to have an average diameter of ~30 nm, which
matches the images of the normal polystyrene nanoparticles
and helps prove that the size of the beads is not affected by the
incorporation of cyanostar.

To explore the impact of incorporating cyanostars on the
Raman signal intensity, we synthesized MERdots with a local
dye concentration of 0.10 mol/L and 1 to 4 molar equiv of
cyanostars to dyes. Since we know from a previous study”® that
the cationic cyanine dye brings the iodide counterion that
binds inside a s-stacked dimer of the cyanostar, the ideal
number of molar equivalents of cyanostar to dyes is 2.
However, it has been our experience with polymers and other
noncrystalline materials that 2.5—3.0 molar equiv of cyanostars
to dyes often provide superior optical performance.””*%*%*
The FT-CARS spectra of the synthesized MERdots are shown
in Figure 3a. The results indicate that the addition of
cyanostars significantly increases the FT-CARS signal intensity
while preserving the spectral shape. As depicted in Figure 3b,
the addition of 1 equiv of cyanostars to dyes roughly doubled
the Raman signal intensity, and the addition of 2 equiv tripled
it. The signal intensity growth slowed down at 3 equiv, with an
increase of 3.8, which can be attributed to the small difference
between 2 and 3 equiv in absorbance measurements (Figure
S2). At 4 equiv, the signal intensity was similar to that at 3
equiv, which may result from exceeding the uptake potential of
cyanostars and dyes into the Rdots based on saturation of the
charge-by-charge assembly when the 2:1 stoichiometric ratio is
far surpassed. To determine the optimal conditions to
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Figure 3. Increase of the Raman signal intensity of Rdots by
cyanostars in FT-CARS spectroscopy. (a) Averaged FT-CARS spectra
of MERdots synthesized with various macrocycle-dye equivalents with
local dye concentrations of 0.10 mol/L (240 spectra). (b) FT-CARS
peak intensities of MERdots synthesized with various macrocycle-dye
equivalents. The local dye concentration in all of the samples was kept
at 0.10 mol/L, except for MERdots with 2 equiv of cyanostars to dyes,
where we measured local dye concentrations ranging from 0.1 to 0.15
mol/L. The error bars indicate the standard deviations of the
measured FT-CARS intensities (240 spectra).

synthesize the brightest MERdots, we tested MERdots with
higher local dye concentrations (0.125 and 0.15 mol/L) and
2—3 equiv of cyanostars to dyes. For MERdots with 3 equiv of
cyanostars to dyes, we observed unincorporated materials even
at 0.125 mol/L, as evidenced by SEM imaging (Figure S3).
This infers that we have surpassed the maximum molecule
uptake potential of the nanoparticles. For MERdots with 2
equiv of cyanostars to dyes, there were no unincorporated
materials even at a 0.15 mol/L local dye concentration, as
shown in Figure 2d, and they exhibited the highest Raman
signal intensity among all of the MERdots we successfully
synthesized (Figure 3b).

Next, we measured the Raman signal intensity of Rdots and
MERdots at various particle concentrations (as depicted in
Figure 4). The local dye concentrations of the samples used for
the measurement were 0.30 mol/L for Rdots and 0.15 mol/L
with 2 equiv of cyanostars to dyes for MERdots. These
conditions were chosen since they represent the highest
recorded Raman signal intensity for conventional Rdots (as
shown in Figure S4) and MERdots (as shown in Figure 3b).
Figure 4 highlights that the Raman signal intensity of MERdots

1.6

1.4 MERdot
1.2— O Rdot

1.0
0.8
0.6 —
0.4
0.2
0.0

Raman signal intensity [a.u.]

0 50 100 150 200 250 300
Particle concentration [nmol/L]

Figure 4. Concentration-dependent Raman signal intensity of
conventional Rdots (red circles) and MERdots (green squares) in
FT-CARS spectroscopy. The local concentrations of the samples used
for the measurement were 0.30 mol/L for Rdots and 0.15 mol/L with
2 equiv of cyanostars to dyes for MERdots. The error bars indicate the
standard deviations of the measured FT-CARS peak intensities (240
spectra).

is approximately 2.9 times higher than conventional Rdots (at
a 300 nmol/L particle concentration). We also tested several
other cyanine variants with 2 equiv of cyanostars to dyes,
which display a similar increase of Raman signal intensity, and
the Raman spectra are displayed in Figure SS. Also, the Raman
cross section of MERdots is approximately 330 times higher
than resonant dye molecules in solution and 1.3 X 10° times
higher than nonresonant Raman-active molecules such as
methanol.>®> Furthermore, the particle concentration of
MERdots at the detection limit is 69.0 nmol/L, which is a
factor of 2.5 improvement over conventional Rdots with a limit
of 170.6 nmol/L (as shown in Figure S6). The particle
concentration of MERdots at the detection limit is also
improved by a factor of 4.3 X 10* compared to that of the dye
molecules in solution with a limit of 29.4 ymol/L (as shown in
Figure S7).

This increase in Raman cross section is important for
biological applications such as cell phenotyping or cancer
detection by immunostaining. If we assume a lymphocyte with
a diameter of ~10 pm as a sample, then by multiplying its
volume by the detection limit concentrations of the brightest
Rdots and MERdots, we can estimate that a minimum of 5.4 X
10* Rdots/cell and 2.1 X 10* MERdots/cell would be
necessary for probe detection using our FT-CARS system.
Immunostaining with Rdots has already been demonstra-
ted””*® by attaching Rdots with antibodies and the same
strategy is applicable to MERdots. Various studies have
measured these values for different clusters of differentiation
(CD) markers. According to a previous study on CD marker
quantification’® and under the assumption that all of the Rdot/
MERdot-labeled antibodies bind completely to the target
antigens, only CD3, CD8, CD16, CD20, CD37, CD44, and
CD4S could be detected using Rdots. This limit closely aligns
with current fluorescence spectroscopic methods and does not
showcase the full potential of Raman probes in super-multiplex
biological imaging or flow cytometry. On the other hand, in
addition to the previously mentioned 7 CD markers, CD2,
CD4, CDS, CD7, CD11a, CD18, CD19, and CD24 could be
detected by using MERdots, effectively doubling the number of
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usable colors to 1S. These additional CD markers possess
unique qualities, which make them highly desirable for certain
applications. For example, CD4 is commonly used in the
diagnosis of HIV,*” whereas CD19 has been used to diagnose
cancers arising from B-cells.”®

B CONCLUSIONS

In conclusion, this study demonstrated the synthesis and
characterization of novel nanoparticles, called macrocycle-
enhanced Rdots (MERdots), which incorporate both dye
molecules and cyanostar macrocycles. The use of cyanostars
allowed the dye molecules to be densely packed within the
nanoparticle while circumventing dye aggregation by establish-
ing interdye spacing, as inferred by the suppressed peak
broadening observed in UV—vis absorption measurements.
These characteristics of MERdots make them advantageous for
achieving better and more predictable resonance Raman
enhancement compared to conventional Rdots. We compared
the Raman signal intensity of MERdots and conventional
Rdots using an FT-CARS spectrometer and found that the
signal intensity of MERdots with a local dye concentration of
0.10 mol/L increased as the amount of cyanostars was
increased, while the amount of dye in the particle was kept
constant. MERdots containing 3 molar equiv of cyanostar
macrocycles relative to the dyes had the highest Raman signal
intensity, which was 3.8 times higher than Rdots with the same
local dye concentration without cyanostar incorporation. The
optimal dye concentrations per nanoparticle for Rdots and
MERdots containing 2 equiv of cyanostars to dyes were found,
and when compared under the same particle concentration, the
MERdots showed a 2.9-fold increase of the Raman signal
intensity. Moreover, the detection limit on the concentration
of MERdots was found to be improved by a factor of 2.5
compared to that of Rdots and a factor of 430 compared to
that of Raman dye molecules in solution.

The results presented in this work suggest that MERdots
have the potential to expand the application range of Raman
tags in biomedical research due to their high brightness. For
example, in the context of immunostaining, this increase in
brightness would expand the variety of detectable CD markers.
Toward future super-multiplex imaging or flow cytometry
applications, various MERdots could be synthesized by
incorporating various cyanine dyes, as displayed in Figure SS.
Since these dyes are expected to have chemical properties
similar to the IR740-Cl dye used in this study, multicolor
MERdots can be produced using the same procedure outlined
in this paper. This capability leverages the plug-and-play nature
of the cyanostar-driven and hierarchical self-assembly of the
SMILES materials that underpin the deaggregation of dyes
present in the MERdots. However, it is important to consider
the shift in absorption spectra that may occur upon the
incorporation of different dyes into the MERdots, although the
shift would not be that large and would have similar trends.
Overall, this study provides a promising platform for the
development of novel Raman probes with increased sensitivity
and multiplexing capabilities.
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