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ABSTRACT

Conjugated polymer particles provide an important platform for the development of theranostic
nanoagents. However, the number of biocompatible and foremost biodegradable m-conjugated
polymers is limited. Imidazole is a m-conjugated motif that is abundant in biological systems.
Oxidative degradation of imidazole is present in nature via enzymatic or free radical processes. In
this work, we introduce polymer particles consisting purely of polyimidazole. We employ direct
arylation polymerization and adapt it to a dispersion polymerization protocol to yield uniform and

narrowly dispersed nanoparticles. We employ this mechanism to produce linear and crosslinked



polymer particles to tune the optical properties from fluorescent to photoacoustically active. We
show that the particles can be degraded by H>O, as well as by reactive oxygen species produced
by cells and we detect the degradation products. Altogether our results suggest that polyimidazole

particles represent ideal candidates for theranostic applications.

INTRODUCTION

Nanomedicine plays a significant role in the diagnosis, monitoring and treatment of many
diseases.!? Conjugated polymer nanoparticles have shown great potential as contrast agents in
fluorescence and photoacoustic imaging.>® Compared to small molecular contrast agents
nanoparticles are advantageous in their high fluorescence and photostability.” In addition to their
outstanding optical properties, nanoparticles of conjugated polymers can be used for passive
targeting, where they make use of the enhanced permeation and retention (EPR) effect.
Alternatively, they can be transformed to theranostic nanoparticles by surface functionalization so
that specific biomolecular targeting motifs can be attached, allowing site specific staining for
contrast as well as for drug release.!®!! Dispersion polymerization is one means to obtain
conjugated polymer nanoparticles of low dispersity.'>"'* This polymerization technique allows
precise adjustment of the particle size in the range of about 100 nm and up to the micrometer scale
under mild reaction conditions.'*!® A variety of transition metal based C-C cross-coupling
reactions like Suzuki, Heck, and Sonogashira-coupling have been employed in dispersion
polymerization protocols yielding uniform and monodisperse particles.!*!® However, the
monomers for these coupling reactions need to be equipped with specific functional groups to take
part in the catalytic cycle. By contrast, direct C-H arylation offers a more atom economic

alternative, especially to Suzuki-coupling.!”?° The direct arylation approach has already been



applied to the synthesis of conjugated polymers;?! however, it has not yet been adapted to the
dispersion polymerization protocol to synthesize narrowly dispersed or uniform conjugated

polymer particles.

A prerequisite for the application of polymer nanoparticles in biomedical applications is that they
can be degraded into units that are smaller than the critical diameter of 5-6 nm for renal
clearance.?? ?* Particles and entities lager than that would accumulate in the body, which in turn
could lead to toxic effects in the short or long term.?>” To use nanoparticles safely, polymers that
make up the nanoparticles must be degradable via biologically available processes in the body.
Imidazole represents a conjugated unit, which has been shown to be degradable by exposure to
reactive oxygen species (ROS). ROS are produced by macrophages in the body.?®* The imidazole
motif is common in biological systems, for example it features in the aminoacid histidine and
occurs in a variety of luminescent biomolecules, such as in the emitter unit of the green fluorescent
protein. As a result, imidazole-derivatives have been investigated for biomedical applications.>* A
previous attempt to synthesize a homopolymer with the imidazole in the conjugated backbone has
been achieved by coupling a dibromo bisimidazole by Yamamoto cross-coupling.®! The resulting
polymer displayed absorption in the visible spectrum, making it a potential candidate for optical
biomedical imaging techniques. However, Yamamoto coupling requires stoichiometric amounts
of nickel catalyst, which entails extensive purification of the obtained polymer and the residual
traces of heavy metal Ni precludes biological applicability. The resulting polyimidazole is only
soluble in organic solvents further complicating application of these polyimidazoles as contrast

agents.

Direct arylation polymerization (DAP) of imidazole into particles would circumvent the described

problems, because catalyst load could be reduced and particles can be rendered colloidally stable



using biocompatible dispersing agents, enabling application of polyimidazole particles in aqueous
biological systems. Such polyimidazole particles could be used as contrast agents or as vehicles
for drug delivery as the imidazole motif can be degraded. However, the lack of a suitable

polymerization method obviates the availability of such biocompatible polyimidazole particles.

In this work, we develop a DAP protocol for the dispersion polymerization technique synthesize
uniform polyimidazole particles. We show that the particle diameter can be adjusted precisely from
below 100 nm up to several hundred nanometers. We characterize the optical properties of the
obtained particles and investigate their degradation mechanism and the biocompatibility of these

units.

RESULTS AND DISCUSSION

The key to develop DAP for imidazoles and adapt it to a dispersion polymerization approach, is to
use a palladium catalyst with adamantylphosphine oxide ligands. Other typical ligands such as
pivalic acid fail to produce particles. The palladium catalyst with adamantylphosphine oxide
ligands has previously been used to couple structurally related oxazolines and indoles.'”** To
obtain particles of linear polymer chains we utilize 5-iodo-1,4-dimethylimidazole as a monomer
(P1 in Figure 1a). When leaving the 4-position of the imidazole unblocked, we obtain a crosslinked

imidazole polymer network P2 (see Figure 1a).*
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Figure 1. Direct arylation polymerization to synthesize polyimidazole particles. (a) Reaction scheme for the synthesis
of linear polymer particles P1 (red) and crosslinked polymer particles P2 (cyan). (b) Schematic illustration of a
dispersion polymerization, including a SEM image of P1 particles. The scale bar represents 500 nm. (c) SEM image
showing P1 particles, with an average size of 572 + 43 nm. The scale bar represents 1 pm. (d) SEM image showing
P2 particles, with an average size of 38 + 8 nm. The scale bar represents 1 pm.

DAP of the imidazole monomers in the presence of stabilizers and in a solvent that is good for the
monomers but bad for the polymer yields particles (Figure 1b).!343° In the beginning of a
dispersion polymerization, all reactants are dissolved. This includes catalyst, monomers, as well
as stabilizers and base. When reaching the critical molar mass for solubility of the polymer,
nucleation occurs and further DAP yields chains that condensate onto these nuclei enabling growth
of the particles. Here, we use n-propanol as a suitable solvent and potassium tert-butoxide as base.
The stabilizing agents are poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA) and Triton X-45

(non-ionic surfactant), which prevent aggregation and provide colloidal stability to the particles.



The obtained particles are purified by consecutive centrifugation and redispersion in n-propanol
or water to remove byproducts, unreacted monomers, and excess stabilizers (see Experimental
Methods). We analyze the purified particles using scanning electron microscopy (SEM) revealing
that the choice of monomer has a strong effect on the size of the particles. While we obtain particles
with an average diameter (d) of around 570 nm for P1, we obtain much smaller particles with
d <50 nm for P2 using the same reaction conditions (Figure 1c and Figure 1d). We extend our
study by applying different imidazole monomers and analyzing the resulting particles (Table 1,
and Table S1). The reaction conditions established for P1 and P2 are precisely transferrable to
other types of imidazole monomers. Introduction of an ethyl or propyl residue to the 1-N position
does not have a significant impact on the size and shape of the particles. By contrast, increasing of
the probability for crosslinking results in decreasing particle diameters as well as reduced
absorption wavelength Aas (see Table 1). The absorption wavelength is a function of the
conjugation length of a conjugated polymers, allowing us to hypothesize that particles with shorter
Jabs €xhibit shorter conjugation lengths and are therefore more strongly branched or crosslinked.
Indeed, only P1 particles can be dissolved in DMF as a good solvent for the polymer, whereas all
other particles only swell and maintain their globular particle shape, as their molecular structure
will exhibit some degree of branching or crosslinking. More crosslinked particles exhibit also
reduced uniformity, which can be understood by recognizing that in linear chains the critical molar
mass is approached in a more controlled way as compared to monomers that can branch or

crosslink (see Table 1).



Table 1. Overview of all different monomers used to synthesize polymer particles with the respective size and
maximal absorbance wavelength.
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For biomedical in vivo applications, it is essential that the particles do not exceed d = 400 nm as
larger particles will be receptive to the EPR effect, which enables some degree of targeting also in
the absence of molecular recognition motifs.>® Therefore, we conduct a concentration study on
P1a particles to showcase that precise adjustment of d is possible, with diameters as small as 50 nm

and up to about 350 nm (see Figure 2a,b).
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Figure 2. Characterization of the synthesized polymer particles. (a) Overview of particles P1a with three different
sizes. All scale bars represent 1 pm. (b) Size adjustment of the particles P1a by varying the monomer concentration.
The error bars indicate the uniformity of the particles. (¢) Optical characterization of the polymer particles. The red
continuous line shows the absorption spectrum of linear polyimidazole polymers synthesized in solution. The dashed
lines indicate the fluorescence of the particles when being excited at 300 nm (P1-red; P1a-blue; P1b-grey; P1c-green;
P1d-orange; Ple-light blue; P2-cyan). To compare the intensity of the particles, all spectra are recorded at a
concentration of 0.2 mg/mL in 1-propanol. Whereas P1 exhibits a strong fluorescence, the intensity of all other
particles is comparatively small. The inset shows a schematic representation of a fluorescent particle. (d) Photoacoustic
behavior of P2. There is a linear dependency between the photoacoustic intensity and the used particle concentration.
The inset at the top represents the photoacoustic response of the corresponding particle concentration (from red=low
to white=high intensity). All measurements are performed in water using an LED at 850 nm. The small inset in the
bottom right corner illustrates a photoacoustically active particle.

The UV/Vis absorbance spectra of small polyimidazole particles are strongly dominated by
scattering, especially for particles with d < 200 nm. To obtain information about the absorption
resulting from the conjugated nature of the molecular backbone, we take the UV/Vis absorption
spectrum of a linear polyimidazole polymer synthesized in solution as a reference (see
Experimental Methods). The solution of the linear polyimidazole exhibits strong absorption at

300 nm. Next, we excite our particles at this wavelength and record the fluorescence to evaluate



whether the particles are suitable for fluorescence imaging. We prepare dispersions of particles in
1-propanol with a concentration of 0.2 mg/mL. P1 exhibits much stronger fluorescence compared
to all other particles (see Figure 2¢). As fluorescence is a feature of the molecular structure, we
hypothesize that branching in the 4-position of the imidazole repeat unit is detrimental to
fluorescence and will probably feature non-radiative relaxation of the excited state. P2 only shows
a very weak fluorescence, and we therefore expect that non-radiative relaxation will take place via
vibronic pathways, which could allow us to follow the particles by photoacoustic imaging rather
than fluorescence. Here, vibronic relaxation of a photoexcited state is recorded by the produced

ultrasound waves that are generated upon pulsed excitation.?’

For our P2 particles, we observe a strong photoacoustic signal for wavelengths between 820 nm
and 940 nm (see Figure 2d and Figure S2). The relationship between concentration and
photoacoustic signal is linear, which is consistent with the literature on photoacoustic active
particles.’® We can detect photoacoustic signal for low intensity excitation (850 nm; 200 pJ/pulse)
down to concentrations of 400 pg/mL (see Figure 2d). The possibility to use these excitation
wavelengths in the near infrared (NIR) spectrum enables application of the particles as contrast
agents in vivo, as NIR can penetrate through tissue much deeper than visible or UV light. The
photoacoustic activity supports our hypothesis that non-radiative relaxation is the preferential

pathway in crosslinked polyimidazole particles instead of fluorescence.



HN N o
ROS ,QOL j% HNJ»'/«N_&(O HNJ)J( HNJ)
- NH
rilH o N o I _NH o |
222

128 71

(o) N
~NH N

t, s
OH 0 \  NH,
HN: 0 Mo \NH,
,(‘OL HN ’N S o
NH O O | NH
l n 7
265 128 71

Figure 3. Particle degradation by applying H»O, as reactive oxygen species. (a) SEM image of P1 before degradation.
(b) SEM image of the P1 particle dispersion after H>O, exposure for 24 h.. (c) and (d) SEM images of P2 before and
after degradation by exposure to H,O; for 24 h. The scale bars in (a) and (b) represent 5 pm in (d) and (e) 500 nm. (e)
and (f) show the proposed degradation of linear P1 and crosslinked P2 particles alongside a series of representative
fragmented degradation products (see Supporting Information for more details).

Being present in so many functional biological units, imidazoles can be degraded by enzymatic
oxidation.?® It has also been described that hydrogen peroxide and ROS produced by macrophages
can cleave and degrade the imidazole units.*>* To test whether our particles could also be
degraded by macrophages, we first perform a simplified degradation procedure by exposing an
aqueous dispersion of particles to hydrogen peroxide. We monitor the particles over the course of
24 h using UV/Vis spectroscopy and we take aliquots for analysis by SEM (see Figure 3a-d and
Figure S3). For the P1 particles, we observe a significant decrease in size after 24 h. From the
initial size of 570 nm, the uniformity as well as the diameter decreases after 24 h of degradation,
resulting in a broad distribution of particle sizes with diameters below 100 nm (see Figure 3a,b).
Such high dispersity indicates uncontrolled degradation and corrosion of the particles from the
outside. UV/Vis spectroscopy provides a gradually decreasing absorbance for advancing

degradation (see Figure S3a). For P2 particles, we observe a similar trend of decreasing

absorbance, while monitoring of the reduction in diameter is not as easy as P2 particles are much
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smaller from the start (see Figure 3c,d and Figure S3b). To obtain information about the
degradation products we apply chemical ionization mass spectrometry (CI-MS). The obtain mass
spectra of the degradation products show groups of peaks separated by a mass of 1 indicating that
there is a mixture of degradation products where N and O can be interchanged as a consequence
of the oxidative degradation process. Furthermore, there is a superordinate spreading with a
separation representing the weight of an imidazole unit. The larger separation will be the effect of
incomplete degradation and the presence of degraded oligomers. The CI-MS analysis allows us to
identify a selection of the most frequent degradation products in agreement with the oxidative
degradation mechanism (see Figure 3e,f). We conclude that in contrast to the enzymatic
degradation of imidazole, where a distinct degradation products have been presented,?®*° hydrogen
peroxide induced degradation is much less controlled and results in a greater variety of degradation

products (see Figure 3e,f and Figure S4 and S5).

To display that our particles can also be degraded at concentrations produced by cells, while at the
same time being powerful contrast agents, we employ P1 particles as fluorescent nanoparticles for
imaging of J774 A.1 macrophage cells. To prove that J774 A.1 macrophages take up our P1
particles, we stain the cells with a suitable UV dye (CellTracker™ Blue CMHC) culture them in
FluoroBrite™ medium and expose them to a P1 particle dispersion in phosphate buffered saline
(PBS). We analyze the uptake process straight after addition of the P1 particles by confocal
microscopy. We excite the P1 particles at 633 nm to avoid crosstalk with the CellTracker™ dye
and to avoid autofluorescence of the macrophages. In the beginning, we observe free particles,

which become internalized by the cells within 1 h of incubation (see Figure 4a-c).

To activate ROS production in the J774 A.1 macrophages, we stimulate the cells with

lipopolysaccharide (LPS), a well-established reagent and process for the activation of
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macrophages.?”*’ After incubating the macrophages with particles for 3 h, we again make use of
confocal microscopy to monitor the degradation process. We identify cells that have taken up
several nanoparticles, which we image again 4 h later (7 h after activation). To make sure we do
not miss particles by recoding a slice through the cell that does not contain particles, we record z-
stacks to image the identified cells in 3D (see Supplementary Videos). The fluorescence of the
particles has decreased significantly and completely disappears after 2 more hours, leading to the
conclusion that particle degradation by activated macrophages is possible within the timeframe of
9 h (Figure 4f and Figure 4g). We can exclude that the decrease in fluorescence is caused by
photobleaching, because the particles have also disappeared in the bright-field images. Moreover,
we see free fluorescent particles in the cell medium that have not been taken up by macrophages.
These particles are exposed to the same amount of light as the degraded particles inside the cells,

allowing us to rule out photobleaching.
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Figure 4. Uptake and degradation in cell culture: Confocal images of (a)-(c) particle uptake and (d)-(f) particles
degradation after LPS activation by J774A.1 macrophages. The white arrows indicate the presence of P1 particles. (a)
Confocal image of blue stained macrophages incubated with P1 particles at ¢ = 0 h, (b) same region of interest at ¢ =
1 h. (¢) Zoom in on the dashed square in (b) displaying a cell that has taken up particles at = 1 h. (d) Confocal image
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of LPS activated macrophage with particles # = 3 h of incubation. The particles are clearly visible by their red
fluorescence. (¢) and (f) Same region of interest as in (d) at #= 7 h (e) and =9 h (f). The fluorescence of the particles
becomes weaker and disappears indicating complete degradation of the particles. The scale bars in (a) and (b)
represents 25 um; in (c) to (f) 8 pm. (g) Cell viability of particles P1 (red) and P2 (cyan) for J447A.1 cells after 4 h,
18 h, and 24 h of incubation. Exposure of J447A.1 to P1 together with 1 pg/mL of LPS (for ROS activation) is shown
in grey. (h) Cell viability of particles P1 (red) and P2 (cyan) exposed to HeLa cells for 4 h, 18 h, and 24 h. All particle
concentrations in (g) and (h) are 10 pg/mL.

We are also interested, whether the degradation products are toxic to the cells. We could not
observe any signs of cytotoxicity during the degradation cell experiments, which is why we repeat
uptake and degradation experiments and incubate the J774 A.1 cells of a longer period of time. As
a measure for the cell viability, we perform an assay of the ATP level. Neither P1 nor P2 particles
nor the degrading P1 particles show cytotoxic effects at concentrations of 10 mg/mL over the
course of 24 h (see Figure 4g). To get an impression of how other cell types behave when exposed
to our polyimidazole particles, we extend the viability studies to HeLa cells. In a standard MTT
assay, with particle concentrations of 10 pg/mL we see low cytotoxicity over 24 h similar to the
results with the J774 A.1 cells (see Figure 4h). At higher concentrations of 200 pg/mL the relative
viability decreases to 60 % (see Figure S6). We have to note, that these are particle concentrations
where the cells are heavily loaded with particles. Therefore, we cannot determine with high

confidence whether we have reached a toxic concentration of the degradation products or whether

the cells are suffering under the high load of internalized particles.

CONCLUSIONS

In summary, we have developed polyimidazole particles with great potential as contrast and
delivery vehicles in the field of biomedicine. Their hydrophobic nature could in the future be used
to encapsulate and release hydrophobic drugs. The possibility of tuning the particle diameters to

less than 100 nm enables passive targeting strategies (such as the EPR-effect) to enter inflamed or
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cancerous tissue. Our particles represent one of the few examples, where degradation and possible
release is triggered by ROS. This trigger could play an important role for release and imaging of
inflammations or tumors with high oxidative stress. Here, tumor associated macrophages produce
high levels of ROS and could trigger degradation once the particles have entered the pathological
tissue. In the future, in vivo studies about the toxicity of the degradation products would be required

to progress the materials further into application.

EXPERIMENTAL METHODS

Chemicals:  1,4-Dimethylimidazole, di(1-adamantyl)phosphine oxide and 5-iodo-1,4-
dimethylimidazole are purchased from abcr. 2,5-Diiodo-1-methylimidazole and 1-
propylimidazole are obtained from ChemPur. 1-Ethylimidazole is received from Merck. The
following chemicals are purchased from Sigma-Aldrich: Potassium tert-butoxide, 1-
methylimidazole, 5-iodo-1-methylimidazole palladium(Il)-acetate as well as the stabilizers
poly(1-vinylpyrrolidone-co-vinyl acetate) (PVPVA: average MW ~ 50,000 Da) and Triton X-45.
The solvent n-propanol (>99,7%, AnalaR NORMAPUR® ACS) is received from VWR. All

chemicals are applied without any further purification.

General synthetic procedure for the direct arylation polymerization: The stabilizers Triton X-45
(800 mg) and PVPVA (720 nm) are dissolved in 1-propanol (3.3 mL). Potassium tert-butoxide
(2.14 mmol, 240 mg) is dissolved in n-propanol (2 mL). The monomers (each monomer 0.5 mmol,
1 mmol in case of one monomer) are mixed with n-propanol (3.3 mL) in a round-bottom flask,
which is equipped with a stirrer and a rubber septum. The stabilizer solution is added to the reaction
flask and subsequently the pale yellow reaction solution is degassed with argon for 10 minutes.

Palladium(II)-acetate (0.025 mmol, 5.6 mg) and di(1-adamantyl)phosphine oxide (0.0125 mmol,
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4.0 mg) are combined and added to the reaction solution. The reaction solution is heated to 100 °C.
After the base solution is degassed with argon for 2 minutes, it is transferred to the reaction vessel
via syringe. The reaction is stirred for 4 — 18 h at 100 °C. For purification, the reaction mixture is
cooled to room temperature. The particles are received by centrifugation (9000 rpm, 10 min). After
the supernatant is discarded, the particles are redispersed in n-propanol using ultrasonication. This

purification procedure is repeated five times to yield the polymer particles.

Synthetic procedure for polymerization in solution (Yamamoto): During the synthesis all
chemicals are handled in an oxgen and moisture free environment. 2,5-diiodo-1,4-
dimethylimidazole (0.14 mmol; 50 mg) and 2,2'-bipyridine (0.22 mmol; 35 mg) are dissolved in
DMF (2.5 mL). This solution is degassed with argon several times. The catalyst Ni(COD)
(0.18 mmol; 50 mg) is added and the reaction mixture is stirred at 80 °C over night. After the
solvent is removed in vacuum, the brown solid is washed with aqueous ammoniac solution and
subsequently centrifuged. The residue is dissolved in a mixture of DMSO and CHCIl3 (20/80) and
insoluble parts are separated using a short filtration column. The product is obtained with a M, of

6700 g/mol (determined by GPC).

Field Emission Scanning Electron Microscopy (FESEM): Field emission scanning electron
microscopy (FESEM) is executed with a Hitachi S-5200 Cryo-SEM to analyze the size and the
shape of the particles. To prepare the samples a dispersion of polymer particles in n-propanol is
deposited on a silicon wafer. After air-drying, the wafers are sputtered with a layer (4-8 nm) of

gold. The measurements are performed with acceleration voltages of either 5 kV or 10 kV.

UV/Vis spectroscopy: A Lambda 365 spectrophotometer by Perkin Elmer supplied with UV

WinLab as standard software is used to perform UV/Vis analysis. For sample preparation, the
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polymer particles are dispersed in water or propanol and placed in a 1 cm quartz glass cuvette. The

measurements are performed at a constant scan speed of 600 nm min™.

Fluorescence spectroscopy: The measurements are performed with a FL6500 fluorescence
spectrometer from Perkin Elmer. For sample preparation, the polymer particles are dispersed in n-

propanol and placed in a 1 cm quartz glass cuvette.

Photoacoustic Imaging (PAI): Photoacoustic measurements are performed using the LED array
light source Photoacoustic Imaging System by Cyberdyne LED with AcousticX as standard
software. As light sources, high-density high-power LEDs with different wavelength (750/850 nm
and 820/940 nm) and selectable pulse widths of 30 ns up to 150 ns are utilized. The measurements

are carried out with the speed of sound (1480 m s™!) specific for water as the surrounding medium.

Mass Spectrometry (MS): CI mass spectrometry was performed on a Thermo Scientific ISQ LT

using methane as reagent gas.

Gel permeation chromatography (GPC): The molecular weight of the polymer is determined by
gel permeation chromatography (GPC) on a self-assembled device with the following components:
auto sampler: Agilent 1100; pump: Dionex P580; column oven: Shimadzu CTO-10A VP and
refractive index detector: Waters Corp. Model 2410. Polystyrene is used as a standard and DMF

as the eluent.

Microscopic macrophage degradation study:

J774A.1 cells (50000) are seeded overnight in a p-dish (35 mm, Ibidi) in fluorobrite (Gibco,
ThermoFisher) + 10 % FBS (Gibco, Thermofisher) + 4 mM L-Glutamine (Sigma-Aldrich) +
I mM Pyruvate (Sigma-Aldrich) + 100 units/L penicillin (Sigma-Aldrich) + 0.1 mg/L

streptomycin (Sigma-Aldrich). Next day, the cells are stained with a cell tracker CellTracker™
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Blue CMHC Dye (Invitrogen™, ThermoFisher). For this, a solution of the dye in serum free
medium with a concentration of 25 pg/mL is prepared. After removing the fluorobrite, dye solution
(2 mL) is added to the cells for one hour. The dye solution is removed and subsequently the cells
are washed and incubated with fresh fluorobrite. Immediately afterwards a LPS solution (1 pL;
Sigma Aldrich, Lipopolysaccharides from Escherichia coli 0111:B4) and a PBS (Sigma-Aldrich)
particle dispersion (20 pL) is injected to give final concentrations of 1 pg/mL LPS and 25 ng/mL
particles. Generally, the particles are sterilized and stored in pure ethanol. For the degradation
study, an aliquote is washed three times with PBS and subsequently dispersed in 20 uL PBS which
is then injected into the cell medium. It has to be stated, that during the washing procedure a high
amount of particles sticks to the plastic sides of the centrifugation tubes (Eppendorf), which is why
we assume that the final concentration is lower than 25 pg/mL. The cells are monitored by a Leica
DMi8 confocal microscope. We use a cell chamber, which has a constant temperature of 37 °C
and a COz rich atmosphere of 5 % and air humidity of 95 % water (gas flow: 0.1 L/min). Two
excitation wavelength channels are applied, the stained cells are excited at 405 nm and the particles

are excited at 633 nm.

Cell cytotoxicity assay:

To determine the cell viability, the MTT assay and the CellTiter-Glo assay are used. The viability
is tested with Hela and J774A.1 cells, which are cultivated in a humidified incubator with 5% CO»
at 37 °C. For the CellTiter Glo assay, J774A.1 cells are seeded in a density of 7500 cells per well
into a white 96 well plate and are grown for 24 hours. To determine the influence of LPS on the
cell viability, the cells are treated for one hour with 100 pl DMEM containing LPS (1 pg/ml).
Subsequently, the medium is replaced by 100 pl fresh DMEM and the cells are incubated for 24 h.

In another control experiment, the cells are incubated for 24 hours with 100 pl DMEM containing
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1 ug/ml LPS. To determine the cell viability of the nanoparticles, the cells are treated for 4 h, 18 h
and 24 h with 100 ul DMEM containing the nanoparticles in a concentration of 10 pg/ml and
200 pg/ml. In a control experiment, cells are treated for 4 h, 18 h and 24 h with 100 ul DMEM
containing the nanoparticles in a concentration of 10 pg/ml and 200 pg/ml and in addition LPS
with a concentration of 1 pg/ml is added to each approach. To determine the viability, the medium
is replaced with 100 pl fresh DMEM and 100 pl CellTiterGlo reagent (Promega) is added. Then
the 96 well plate is placed for three minutes on a shaker and subsequently it is incubated for 10
minutes at room temperature. The luminescence is measured by a Promega™ GloMax® Navigator
microplate reader. For the MTT assay, 7500 HeLa cells are plated in a 96 well plate. After 24 h
the medium is replaced by 100 pl of fresh DMEM, containing the nanoparticles in a concentration
of 10 ug /ml or 200 pg/ml. After that, the cells are incubated for 4h, 18h and 24h. The supernatant
is removed and the cells is washed with 100 ul PBS. Subsequently, 100 ul phenol red-free DMEM
and 10 pul MTT solution (5mg/ml in PBS) is added. The cells are incubated at 37 °C for 1 h. The
supernatant is removed and the formazan crystals are dissolved by adding 100 ul DMSO. The
absorption is determined at 550nm using a Tecan Infinite M1000 microplate reader. All
experiments are performed in triplicate and the results are shown as the mean +- standard
deviation.

ASSOCIATED CONTENT

Supporting Information.

SEM images and absorbance spectra for all synthesized particles, PAI data for P2 at different
wavelength, UV/Vis spectra of the process of particle degradation, mass spectra of the
degradation products of P1 and P2, cell cytotoxicity studies on HeLa and J774A.1 cells. Video

sequences of z-stacks through the cells for localization of our polyimidazole nanoparticles.
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ABBREVIATIONS

ATP, adenosine triphosphate; CHCI3 ,chloroform; CI, chemical ionization; DAP, direct arylation
polymerization; DMEM, dulbecco's modified eagle medium; DMF, dimethylformamide; DMSO,
dimethylsulfoxide; EPR, enhanced permeation and retention; GPC, gel permeation
chromatography; H»O., hydrogen peroxide; KO7Bu, potassium potassium tert-butoxide; LED,
light emitting device; LPS, lipopolysaccharide; MS, mass spectrometry; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Ni(COD),, bis(cyclooctadiene)nickel(0);
PAI, photoacoustic imaging; PBS, phosphate-buffered saline; PVPVA, poly(vinylpyrrolidone-
co-vinyl-acetate); ROS, reactive oxygen species; SEM, scanning electron microscopy; UV,

ultraviolet.
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