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Narrow Stimulated Resonance Raman Scattering and
WGM Lasing in Small Conjugated Polymer Particles
for Live Cell Tagging and Tracking

Bastian Haehnle, Markus Lamla, Konstantin M. J. Sparrer, Malte C. Gather,

and Alexander J. C. Kuehne*

Conjugated polymer particles are brightly fluorescing and stable materials

for live cell imaging. Combination of conjugated polymers with a whispering
gallery mode (WGM) resonator allows laser emission from microscale
particles. Once internalized by cells, the mode pattern of the laser emission
can be used for tagging and tracking, as each laser spectrum represents a bar
code to identify individual cells. However, currently these particle systems are
limited by their large size, which might interfere with cellular functions. Here,
stimulated resonance Raman scattering (SRRS) in small conjugated polymer
microparticles is presented as a new method for generating narrow emission
as an alternative to WGM-based laser emission. This opens up spectral range
for multiplexing optical readout and multicolor imaging of live cells. The
synthesis of monodisperse micrometer-sized poly(fluorene-co-divinylbenzene)
particles is discussed and their WGM and SRRS emission are characterized.
Finally, how these particles and their emission can be employed in live cell

imaging and tagging is showcased.
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Fluorescent nano- and microparticles
represent useful entities for microscopic
cellular imaging because they are readily
taken up by cells via endocytosis.'™ If
the particles carry biological recognition
motifs on their surface, they can bind to
specific sites in the cell, enabling mole-
cular fluorescence labeling.*-8] When par-
ticles exhibit a sufficiently large size, they
can be used as whispering gallery mode
(WGM) resonators, in which the fluores-
cence is amplified to the point of laser
emission.’ 2l The resonator and, there-
fore, the size of the particle dictate the
laser mode pattern and its spectral posi-
tion. This feature can be used as a spectral
barcode, in which slightly differently sized
particles can be discerned by their indi-
vidual laser spectra. In cell culture, these
particles can be used to track, identify,
and distinguish living cells that carry such WGM particles.!!
However, particles that are able to support WGM lasing need
to be relatively large, of the order of 5-10 um in diameter,!?
at least when made from organic materials or silica, which are
the most widely used materials in this context. Therefore, such
particles take up a substantial fraction of the volume available
in a cell, and so there is a concern that the particles physically
interfere with some of the cellular mechanisms. While the laser
efficiency can be improved when increasing the amount of
gain material in the particle, the resonance effect is a function
of the refractive index and the size of the WGM sphere. While
there are synthetic pathways that yield particles that are com-
pletely composed of conjugated polymer as a gain medium,>4
the refractive index of even these materials is only around
n = 1.8, thus still requiring at least a diameter of d =5 um to
support WGM lasing. However, the typical synthetic pathways
to conjugated polymer particles yield only diameters in the
sub-micrometer range. For a d = 1 pum WGM laser particle,
the refractive index would need to be at least n = 2.5.'11 Such
high refractive indices are unattainable in organic materials
and are only achievable in materials that are less amenable
to colloidal synthesis, such as ITI-V semiconductors.>1) A
few approaches have been developed where spectrally narrow,
stimulated emission has been achieved in the absence of a geo-
metrical cavity. For instance, light with laser-like characteristics
could be obtained from small micro- and nanoparticles by reso-
nantly coupling the emission to surface plasmons or to Raman
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scattering.’”) Stimulated resonance Raman scattering (SRRS)
has been observed preferably in organic dye materials that are
based on the phenylene-vinylene motif.?%23 Interestingly,
SRRS shifts with the excitation wavelength; therefore, the signal
strength is less susceptible to the excitation wavelength as com-
pared to laser emission, where the threshold and laser inten-
sity will deteriorate with suboptimal excitation wavelengths. We
have previously reported a particle-based organic laser based on
poly(fluorene-co-divinylbenzene) (F8DVB).2l FSDVB has high
gain and a low threshold for amplified emission.?’l FSDVB fea-
tures the above-mentioned phenylene-vinylene motif, which,
together with the beneficial optical properties, could mean that
the material is suitable for SRRS emission, potentially allowing
us to reduce the diameter of WGM-based cell tracker particles
to sizes that are smaller than 5 um and therefore less inter-
fering and stressful to the cell.

Here, we develop a synthetic protocol that enables the pro-
duction of narrowly dispersed conjugated polymer particles,
expanding the size range from sub-micrometer diameters up to
several tens of micrometers. We establish that microparticles com-
posed of F8DVB exhibit SRRS with an extremely narrow emission
and an associated threshold, while we also determine the min-
imum particles size, which supports SRRS and WGM lasing. We
show how SRRS emission can be used to image and label cells,
while in combination with WGM cells can also be barcoded.

Dispersion polymerization of a step-growth type crosscou-
pling mechanism delivers monodisperse particles consisting

a .l%

ek LA /’v}
coupling n

www.advopticalmat.de

entirely of conjugated polymer with very good photostability
(see Figure S1in the Supporting Information). Starting concen-
trations of monomer between 3.1 x 1073 and 12 x 107 m deliver
particles with diameters between =250 nm and 1.5 um, respec-
tively.”1326] Beyond starting concentrations of =12 x 1073 m, the
particle diameter becomes first bidispersed and then polydis-
perse, preventing controlled synthesis of all-conjugated polymer
particles in the micrometer range. This loss in control over
the dispersity is due to secondary and subsequent nucleation,
debarring monodispersity. Here, we overcome this limitation by
conducting the dispersion polymerization as a fed-batch process.
We furnish the reactor with a stirrer bar, 1-propanol as solvent,
and 90 g L' of poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA)
(M,, = 50 kDa) together with 100 g L™ Triton X-45 as stabilizers.
We add only a small amount of monomers, divinyl benzene
(DVB) and dioctyl-functionalized 2,7-di-iodofluorene (F8) in
equimolar ratio together with Et;N as base and a Pd-catalyst. The
amount of monomer is sufficient to achieve nucleation but not
sufficient to obtain particles with diameters >1 um. We apply tech-
nical DVB, which comes as a mixture of ortho- and para-isomers.
Furthermore, DVB is contaminated with about 30% of ethyl
vinylbenzene, which acts as an endcapper for the polymerization
and limits the average degree of polymerization to X, = 11. We
have previously established that the nucleating species is a hexa-
to octamer, %l which is why we can continue to employ technical
grade DVB in this study as it delivers sufficiently high X, for par-
ticle formation. After nucleation, we continue to feed additional
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Figure 1. F8DVB particle synthesis via fed-batch dispersion polymerization. a) Reaction scheme and schematic illustration of the fed-batch dispersion
polymerization for the synthesis of large F8DVB particles. b) Scanning electron microscopy (SEM) image of the particles obtained with a final con-
centration of 15.6 X 1073 M. The inset shows the iridescence of self-assembled particles forming a colloidal crystal on a glass slide to provide evidence
for monodispersity of the sample. c¢) SEM image of the particles obtained with a final concentration of 49.8 x 107> M. The scale bars represent 5 um
for panels (b) and (c). d) Particle diameter d as a function of the final monomer concentration. The error bars indicate the particle dispersity. Particle
diameters within the gray-shaded area can be obtained from the standard batch dispersion polymerization, and sizes beyond this area can be produced
in the here developed fed-batch process. The dashed line is a guide to the eye. The red lines indicate the minimum particle diameter for SRRS and WGM
lasing. The inset shows F8DVB particle dispersions for different particle diameters (from left to right: 0.7, 1.5, 1.7, and 4.0 um). e) UV-vis absorption
of an F8DVB film (purple line) and fluorescence of F8DVB particle dispersions in propanol (cyan lines). The inset shows an F8DVB particle dispersion
in 1-propanol irradiated with white light (left) and UV light (right).
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Figure 2. a) SRRS and WGM lasing in F8DVB particles. Left: Emission spectrum of a 4.0 um particle excited at 460 nm showing WGM laser emission.
Middle: Emission spectrum of a 4.0 um particle excited at 464 nm showing WGM lasing alongside a single narrow SRRS peak at 501.7 nm. Right: Emis-
sion spectrum of a single 2.2 um particle excited at 470 nm showing a single narrow SRRS peak at 508.5 nm. b) Overlay of the emission spectra for
varying excitation wavelength A from 463 to 483 nm demonstrating the bathochromic shift of the SRRS peak from 500 to 520 nm for an increasing
excitation wavelength. c) Emission wavelength A, of the F8DVB particles as a function of excitation wavelength A.,. The dashed line (as a guide to the
eye) and the linear fit function indicate the excitation wavelength A, ranges that can be employed to obtain WGM (below 460 nm) and SRRS (above
460 nm). d) Microscopic images of 1-6 aggregated particles (d = 3.4 um). Red circles illustrate the excitation laser beam spot size. Scale bar represents
10 um. e) Overlay of the SRRS peaks for 1-6 assembled particles (3.4 um) excited at 470 nm, showing increasing intensity for more particles and no
shift due to the absence of optical coupling. f) Top: Maxima of the respective SRRS peaks depending on the amount of assembled particles. Bottom:
Maxima of SRRS peaks as a function of the particle diameter. The dashed lines mark the medians. g) SRRS threshold plot (cyan) and FWHM plot of the
emission spectrum (gray) for 2.2 um particles. h) Left: SRRS threshold plot (cyan) and FWHM plot (gray) for 4.0 um particles. Right: WGM threshold
plot and FWHM plot (gray) for 4.0 um particles. i) Quantum yields ® (cyan) and SRRS thresholds (gray) as a function of the particle diameters.

monomer and EfN solution at a rate of 2.0 mL h! using a
syringe pump (Figure 1a). By keeping the monomer concentra-
tion low in the reactor, we can prevent secondary nucleation and
sustain growth of the particles to much larger diameters than in
a standard batch process. We can go up to final concentrations of
72.6 x 1073 m and obtain monodisperse particles with diameters
of 4 um (Figure 1b,c; Figure S2, Supporting Information). The
monodispersity is readily evidenced by the fact that the particles
assemble into colloidal crystals that exhibit an optical stop band
(Figure 1b, inset). Only at 120.5 X 1073 M the particles become
polydisperse with an average diameter of 6 um (Figure 1d;
Figure S2, Supporting Information). This polydispersity might
be due to an increasing tendency of particle sedimentation
leading to concentration inhomogeneities inside of the reactor.
Having now particles available with diameters ranging from
700 nm to >4 um, we characterize their optical properties. We
observe increasing photoluminescence quantum vyields (P)
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with increasing diameters, alongside a reduction of the 0 — 1
transition and more bright yellow appearance (Figures 1d (inset),e
and 2i). We explain this behavior with an increasing molecular
weight for larger particle diameters, as we have observed in a
previous study.?®l Differential scanning calorimetry reveals that
smaller particles (composed of shorter chains) exhibit higher
crystallinity than larger particles (with longer chains), for which
we can also resolve a glass transition temperature (see Figure S3
and Table S1 in the Supporting Information). Shorter polymers
that are more likely to crystallize in the particle apparently suffer
from quenching. Large particles will consist of a higher amount
of polymer with greater molar mass, which tends to remain
amorphous with better luminescence characteristics. When we
excite individual d = 4 um particles with a pulsed excitation beam
(7 ns, 20 Hz) at 460 nm, we clearly observe laser emission from
the conjugated polymer particles, with the characteristic WGM
pattern of around 500-510 nm (Figure 2a). We check the laser
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emission for all of our different sizes and observe that WGM laser
emission is only possible for particles with d > 3 um (Figure 1d).
The F8DVB particles exhibit a relatively broad absorption profile,
which is why we can excite WGM laser emission using excita-
tion wavelengths between A, = 420 and A., = 490 nm; however,
between A, = 463 and A, = 483 nm, we observe an additional
intense and narrow peak (Figure 2a, SRRS). In contrast to the
WGM multiplet, this signal appears as a single narrow line,
which shifts bathochromically with increasing excitation wave-
length (Figure 2b,c). The additional sharp line shifts between
Aem = 500 and A, = 525 nm and scales linearly with the excita-
tion wavelength following A.,, = 1.17 A, — 39.41 nm (obtained by a
linear fit of the experimental data), which suggests that the addi-
tional peak is the result of SRRS (Figure 2c). The energy differ-
ence Aey, — Aex corresponds to the stretching vibration energy of
the mconjugated phenylene—vinylene backbone, which in SRRS
couples to the electronic transition within the gain spectrum of
our particles.’) To demonstrate that the observed effect is not
due to mode shifting induced by coupling of multiple aggregated
WGM resonators, we take spectra of a growing number of aggre-
gated F8DVB particles and observe the sharp mode (Figure 2d,e).
The assigned narrow emission line simply grows in intensity and
remains at the same wavelength with an increasing number of
aggregated particles, substantiating that this peak is produced by
SRRS, and coupling phenomena between particles do not play a
role (Figure 2f). Interestingly, we observe SRRS also for particles
with d < 3 um that are too small to support WGM lasing. The
peak position of SRRS (Asgrs) is independent of the number of
aggregated particles or the particle diameter (Figure 2f; the SRRS
spectra in Figure S4, Supporting Information).

In contrast to real laser emission, SRRS does not require
a population inversion; instead, the excitation needs to be
strong enough to induce the required molecular vibrations to
enable coupling with the emission. Therefore, a threshold can
also be assigned to the input—output curve of SRRS emission
(Figure 2g). The threshold of the input-output curve is accom-
panied by a sharp drop in the full width at half maximum
(FWHM) of the emission spectrum to <1 nm, similar to the
spectral behavior of laser radiation above threshold (Figure 2f).
For particles that do not support WGM laser emission, the
SRRS threshold is of the order of 10° uj cm™ (Figure 2g). We
do not detect SRRS emission for particles d < 1.4 um, which
is most probably due to the increased crystalline content for
particles below this diameter, as discussed above, preventing
the required vibrational resonance and reducing the requisite
gain as indicated by the deterioration of ® with the decreasing
particle diameter (Figure 2i). However, the SRRS threshold
decreases with the increasing particle diameter (Figure 2h,i;
Figure S5, Supporting Information). Particles with d = 4 pm
exhibit an SRRS threshold of O= 102 uJ cm™2 that is smaller by
an order of magnitude compared to d = 2.2 pm particles. These
larger particles can support WGM laser emission, which has its
own threshold of O= 103 uj cm2. Depending on the excitation
wavelength and the excitation power, WGM lasing, SRRS emis-
sion, or simultaneous emission can be provoked (Figure 2a).
The slopes of the input—output curves are superlinear, however,
relatively flat compared to other organic gain materials. This low
efficiency is characteristic for FSDVB, which exhibits exciton—
exciton quenching above threshold.?3% Again, thresholds for
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lasing in the respective input—output curve come with a sharp
decrease in FWHM, which decreases at the threshold to <1 nm,
indicating stimulated and amplified emission.

WGM laser particles can act as barcodes, where the laser spec-
trum can be used to identify living cells in culture.*! Our par-
ticles are capable of laser-like SRRS emission at much smaller
diameters and, therefore, have the potential to give a similar
response, however, at a much smaller size, meaning that the
particles will not interfere with or deform the cells as strongly
as particles that support WGM laser emission. To prove that
our particles are fit for intracellular application, we expose our
particles to macrophages differentiated from THP-1 cells, which
endocytose the particles in their direct vicinity (Figure 3a—c). The
polymerization mechanism leading to the particles might entail
heavy metal Pd residues originating from catalyst that precipitates
with the polymer. Inductively coupled plasma optical emission
spectrometry (ICP-OES) elemental analysis provides residual
amounts of only 1 wt% of Pd in the particles (see Table S2 in the
Supporting Information). To confirm that this low amount of Pd
is not jeopardizing cell compatibility of our particles, we perform
cytotoxicity tests on our macrophages as well as on HeLa cells to
prove that the particles are fully cell compatible (see Figure S6 in
the Supporting Information).

Particles with diameter of d = 2.2 um are taken up by mac-
rophages almost at the same rate as particles with d =4 um (cf.,
Figure 3b,c). Within minutes, the macrophages take up one or
more particles into the cytoplasm (see Figure S7 and Video S1
in the Supporting Information), which has no apparent effect
on the emission properties of the particles (Figure 3a; the cor-
responding z-stack images in Figure S8 of the Supporting
Information). While the uptake of multiple particles might be
disadvantageous in WGM-based imaging and tracking applica-
tions, due to variation in resonator coupling over time, the sharp
SRRS signal is independent of the number of particles inside of
the cell (Figure 3d). We showcase this behavior by choosing five
cells with one or more particles in the cytoplasm and measuring
the emission after excitation above the SRRS threshold. Indeed,
we observe the same narrow SRRS peak at the same spectral
position for all tested cells (Figure 3d). This enables simplified
staining protocols as the particle concentration does not need to
be adjusted as precisely as in other staining methods, where the
number of particles has to be below the cell number to prevent
multiple uptake events by the same cell. Furthermore, the narrow
emission signal of the particles reduces crosstalk with other
emitters and frees up spectral range for other dyes and particles
that can be applied for multicolor imaging and tracking of cells.
While small particles of down to 1.4 um can now be used to track
cells by SRRS, larger particles can support WGM resonance and
can, therefore, be used for barcoding of cells. Here we apply par-
ticles of 4 um that can support both WGM and SRRS emission
(Figure 3c,e). The slight variation in diameters in the set of d =4
um particles entails slightly shifted WGM laser multiplets. This
shift can be employed to discern and identify individual cells.™!
We chose three macrophages and record their combined WGM
laser and SRRS emission. As expected, the SRRS peak is situ-
ated at an identical wavelength for the three different cells and
particles. By contrast, the additional peaks from the WGM laser
emission appear around the SRRS peak. These laser signals are
distinct for each particle and can therefore be used for barcoding

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Live cell experiments. a) Confocal laser scanning microscopy image of a macrophage with red-stained cytoplasm, cell nucleus (highlighted
by dashed line), and endocytosed F8DVB particle (d = 3.4 um, cyan). The scale bar represents 6 um. The x, y, z indices are the direction normal to
the image plane. b,c) Confocal overview image (overlay of bright field and fluorescence) showing macrophages in culture that have taken up F8DVB
particles are shown with cyan fluorescence with d =2.2 um (in panel (b)) and d = 4.0 um. Scale bars represent 100 pm. d) Emission spectra with sharp
SRRS peaks of endocytosed d = 2.2 um particles and corresponding bright field images of the corresponding cells and particles. e) Emission spectra
showing SRRS and WGM laser emission lines alongside of bright field images of the corresponding cells with d = 4 um particles. The respective top
spectrum is recorded first; the corresponding spectrum below is recorded 5 min later to indicate reproducibility of the spectral features so that the WGM
spectrum can be used for cell barcoding. In panels (d) and (e), the SRRS peak is highlighted by the gray areas; A, =470 nm. Scale bars represent 10 um.

of these cells. We record the emission spectra above the SRRS
and WGM laser thresholds again after waiting for 5 min to let
the macrophages roam on the surface and then probe them
again. In this second excitation, we observe the same spectral
features as in the first measurement (Figure 3e). This substanti-
ates our claim that barcoding via WGM is also possible besides
imaging and tagging using the narrow SRRS peak.

In conclusion, we have presented an optically pumped
particle laser system, in which photons are simultaneously
generated by population inversion and by stimulated Raman
scattering in the same active medium. This enables laser-like
emission from particles that are too small to support WGM res-
onance. In the future, this technique could be extended to other
types of conjugated polymers to enable multicolor imaging,
tracking, and discerning of cells. The narrow emission profile
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of an SRRS emitter opens up spectral range to apply additional
stains and dyes alongside the tracer particles with reduced
crosstalk or undesired energy transfer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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