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onjugated polymers (CPs) are fluorescent materials that are
Cuseful for fluorescent microscopic imaging of cells and
tissues.'” Their photophysical properties, such as high molar
absorptivity (¢), high quantum yield (QY), and high photo-
stability, are suitable for the fluorescent labeling and detection of
nucleic acids,®’ proteins,10 enzy'mes,“’12 cancer cells,"® and
bacteria.'*'® In addition to the photophysical properties, versa-
tile organic synthesis allows straightforward modification for
absorption and emission tuning and coupling of sensing entities
into CPs.'®'” Despite these promising fundamental photophy-
sical characteristics and successful sensing applications in vitro,
cellular imaging applications of CPs have been retarded by the
intrinsic hydrophobic nature of conjugated backbones, poor
cellular uptake efliciency, and toxicity. Phase separation and
aggregation between polymer chains in aqueous media are the
most obvious limitations.'® >* Severe aggregation generates
w—ot stacking of conjugated backbones that significantly di-
minishes the physical and photophysical merits, so that the
fluorescence imaging applications are no longer advantageous.
To achieve aqueous solubility of CPs and decrease aggregations,
various polar or charged pendant groups have been introduced
into the side chains of CPs. CPs with negative charges and/or
branched ethylene glycol side chains exhibit relatively high QYs,
but their poor cellular uptake efficiency retards applications in
imaging.”* Positively charged CPs are taken up by live cells
through ionic interaction between the CPs and the negatively
charged cellular membrane followed by endocytosis pathways.*
However, the permanent positive charges, mainly from quatern-
ary ammonium salts, often cause cellular toxicity, limiting the
cellular applications of CPs."> Most recently, researchers demon-
strated that conjugated polymer nanoparticles (CPNs) fabri-
cated by phase inversion precipitation,” encapsulation in lipids,”
or direct emulsion polymerization® of nonaqueous soluble CPs
are photophysically excellent and suitable for live cell imaging.
Previously, we fabricated CPNs by treating a nonaqueous
soluble, primary amine-containing poly(phenylene ethynylene)
(PPE-NH,) with organic acids to overcome the above issues in
cellular imaging.”* We have demonstrated that organic acid
treatment of PPE-NH, followed by ultrafiltration produces
stabilized CPNs (<100 nm in hydrodynamic radius) in water,
exhibiting high QYs, photostability, and uptake by live cells
without noticeable toxic effects. The key discovery is that the
controlled chain—chain interaction by organic acids allows
formation of stable nanoparticles via balanced hydrophilicity
(ie., surface charges in the side chains) and hydrophobicity
(conjugated backbones), while the photophysical properties of
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CPs are relatively preserved in aqueous phases. Here, we present
spectroscopic evidence that different organic acid treatment
results in different aggregation structures and photophysical
properties of CPs in water. CPNs formed by acetic acid (AA)
treatment (CPN-AAs) exhibit characteristics of loose aggrega-
tion with minimal 77— stacking, while CPNs formed by tartaric
acid (TA) treatment (CPN-TAs) exhibit a high degree of 71—
stacking among PPE-NH, chains. Aggregation structures (Figure 1)
were suggested from various spectroscopic techniques including
nuclear magnetic resonance (NMR) spectroscopic studies. Be-
cause of the dense aggregation, higher fluorescence quenching
efficiency was observed in the CPN-TAs compared to that of
CPN-AAs. Understanding and controlling aggregation structures
will lead to broader cellular applications of CPs such as labeling of
target cells with improved photophysical properties or delivery of
biologically active molecules to target cells or tissues, depending
on the aggregation natures.

The basic mechanism of particle formation with nonaqueous
soluble CPs is phase inversion precipitation.”® When a dilute CP
solution in a water miscible solvent is added to an excess volume
of water or aqueous buffer, the CPs aggregate and form particles
as the organic solvent diffuses into the water phase. The particle
size and stability are highly dependent on the amount of organic
solvent, polymer concentration, and salinity. Indeed, when an
aliquot of the PPE-NH, synthesized in an organic solvent [i.e., N-
methyl-2-pyrrolidone (NMP) ] was mixed with an excess amount
of water without acid treatment, precipitates formed immediately
from the concentrated polymer solution and after overnight
stirring from the highly diluted solution. However, when the
same batch of polymer at the same high concentration was pre-
treated with acetic or tartaric acid followed by mixing with an
excess amount of water, a clear homogeneous solution was
obtained. No indication of precipitation was observed in the
solution even after extended stirring, dialyzing against water, and
concentrating in water (more than 10 mg/ mL). However,
physical precipitation was observed during the dialysis when
the same batch of polymer was treated with citric acid. Hydro-
dynamic radii measured by dynamic light scattering (DLS)
indicated that the sizes of the CPNs were different (1) when
the same batch of PPE-NH, was treated with different organic
acids and (2) when different batches of polymer were treated
with the same organic acids. If the mechanism of particle
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Figure 1. Schematic illustration of CPN formation. The same batch of PPE-NH, produces different aggregation structures depending on the organic

acid treatment.

formation is the phase inversion precipitation, which is driven
kinetically by the insolubility of PPE-NH,, the hydrodynamic
radii of CPNs would not be affected by counteranions and
molecular weight differences between the batches. On the basis
of this observation, we postulate that the formation of CPNs was
not driven by the phase inversion precipitation but was driven by
a different mechanism such as micelle formation, once the amine
groups of the PPE were protonated by organic acids. Because the
resulting PPEs-NH, " typically from low molecular weight
proportions increased hydrophilicity due to the acid treatment,
the aggregation mechanism will follow the micelle-formation
mechanism that is closely correlated with the hydrophilicity
(length) of side chains, nature of counteranions, molecular
weights, and salt concentration.”” NMR studies support the
concentration, temperature, and counteranion dependent aggre-
gation behaviors of CPNs (see the NMR section below). Tartaric
acid, which is a dicarboxylic acid, induces strong interchain
interaction by attracting more PPE chains (both high molecular
weight proportions with nonaqueous solubility and low molec-
ular weight proportions with a limited aqueous solubility),
bringing adjacent rigid-rod PPEs together to form a various sized
compact particles. The particles are then stabilized by the surface
positive charges, preventing further precipitation. Meanwhile,
acetic acid acts as a solvent for the low molecular weight charged
PPE-NH;". When poor solvent water is mixed with the PPE-
NH,/acetic acid, the relatively solvated low molecular weight
fractions are loosely aggregated with the rest of the polymers.
Contributions from those low molecular weight proportions are
observed from various spectroscopic data (see below). Because
the high molecular weight proportion in both CPNs exhibits no
(or very limited) aqueous solubility even after acid treatment, the
aggregation of the high molecular weight proportion is neither
acid nor concentration dependent. The contributions from the
high molecular weight proportions were seen in both emission
and NMR spectra of both CPNs. Aggregation size changes upon
exchange of counterions in quaternized amine-containing poly-
(fluorene)s were reported previously.”® In addition, aggregation
changes in polyelectrolytes upon interaction with charged dyes
or DNA were also previously observed.”” '

Spectroscopic analyses of the CPNs strongly indicate that the
aggregation structures are significantly different for the two acid
treatments (Figure 2). The CPN-AAs exhibit blue-shifted ab-
sorption and emission with a relatively narrow spectral width
comparable to those of PPEs in an organic solvent. 2 Meanwhile,
CPN-TAs exhibit characteristic aggregation features (red shift
and broadening) in both absorption and emission spectra.
Increased wavelength in the absorption results from better
planarization of the conju§ated backbone and/or extended
conjugation through space.” The CPN-AAs exhibit a relatively
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Figure 2. Absorbance (a) and emission spectra (b) of the PPE-NH, in
NMP, CPN-AA, and CPN-TA. The same batch of PPE treated with
two different acids results in different photophysical properties.

sharp absorption and slightly broadened emission spectrum
compared to that of PPE-NH, in NMP (Figure 2), indicating a
limited degree of aggregation. The spectral shape implies the
presence of different aggregation stages with different excited
states. Although precise assignment of each spectral feature is
uncertain and requires further controlled studies by single-
molecular spectroscopy,® the two emission spectra clearly
indicate different populations of conformations or aggregation
stages. Nonetheless, the CPNs exhibit high quantum yields
(QYs) (0.13 for the CPN-AAs and 0.06 for the CPN-TAs) in
water. As expected, CPN-TAs exhibit lower QYs than CPN-AAs
due to the high degree of 7— staking. Similar sharp absorption
with broad emission characteristics were previously reported in
the rigid hydrophilic-structured CPs in water.>

Different aggregations induced by the organic acids treatments
were further supported by NMR spectroscopic studies. Since
the protons in the CPNs are exposed to various chemical
environments (i.e., different solvation and stacking among the
conjugated backbones), monitoring these protons using NMR
spectroscopy as a function of concentration and organic solvent
will provide structural information. Typically, chemical shift and
broadness of the aromatic protons that are sensitive to the 71—
stacking of conjugated backbones will provide information on
the degree of aggregation.**** Using the ultrafiltration techni-
que equipped with a molecular weight cutoff membrane (10 kDa),
we successfully exchanged the solvent (water) of CPNs with
deuterium oxide without changing the aggregation status of the
polymer. While broad and poorly resolved 'H NMR spectra of
the CPNs indicate that the PPE-NH, were aggregated in water,
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Figure 3. NMR spectra of CPN-AA (a), CPN-TA (b), and selective
NOESY spectra of CPN-AA: 7.05 ppm (c) and 7.36 ppm (d) irradiation.
NMR spectra indicate that the aggregation statuses are different between
the organic acid treatments.

as shown in Figure 3, the degree of aggregation was significantly
different between the acid treatments. The CPN-AAs exhibit
relatively resolved proton peaks (Figure 3a), while the proton
peaks in the CPN-TAs are heavily aggregated (Figure 3b). Three
distinctively separated aromatic protons peaks were observed
from the CPN-AAs, while a very broad aromatic proton peak
with two shoulders was seen from the CPN-TAs. Generally,
protons of CPs are broadened and upfield shifted due to the
restricted rotational and translational motions in the aggre-
gation.* From the broad aromatic proton and heavily aggregated
side chain proton peaks, the backbones and side chains of the
CPN-TAs are more tightly aggregated than those of the CPN-
AAs. Meanwhile, well-solvated CPs generally exhibit downfield
chemical shifts (i.e., deshielded) and relatively sharp aromatic
proton peaks.** The CPN-AAs exhibit two relatively sharp
aromatic peaks centered at 7.36 and 7.56 ppm along with a
broad aggregation peak at 7.05 ppm. Selective nuclear Over-
hauser enhancement spectroscopy (NOESY) experiments clearly
indicate that the aromatic protons interact strongly with each
other through space. As shown in Figure 3c, the deshielded peak
at 7.36 ppm appeared when the 7.05 ppm peak was irradiated,
implying that the aromatic protons within the same aggregate but
different aggregation structures are interacting through space.
Interestingly, the sharp 7.56 ppm peak appeared along with the
7.05 ppm peak when the 7.36 ppm peak was irradiated
(Figure 3d). No direct interaction between the peaks at 7.56
and 7.05 ppm through space was observed. The three aromatic
environments can be interpreted as a core—shell-like structure
with loose aggregation. The PPEs-NH; " in the middle shell is

relatively well solvated (deshielded) with direct communication
with both the core (shielded) and shell (deshielded). Concen-
tration dependent NMR experiments also support that the
aromatic peaks originated from the same aggregates, not from
a mixture of CPNs with isolated PPE-NH, chains (Supporting
Information). The integration ratio of the 7.36 ppm peak to the
7.0S ppm peak increases as the CPNs concentration decreases.
If the deshielded peaks originated from the isolated PPE-NH; "
(i.e., they are not parts of the CPN-AAs), the ratios would remain
constant regardless of the dilutions. At lower concentration, the
interpolyelectrolytes” attraction will be reduced while the hy-
drated chain proportion increases. Relatively, the concentration
effect on the aromatic proton peaks of the CPN-TAs is minimal,
indicating that the interpolymer hydrophobic interaction is
somewhat strong. The difference in hydrophobic interaction
between the CPN-AA and CPN-TA was examined by monitor-
ing the change in the proportion of the aromatic protons
while increasing organic solvent concentration (i.e., titration
with CH30D). Because an organic solvent will reduce the hydro-
phobic interaction among aggregated chains, the proportion of
the deshielded peaks will be increased from the loose aggregates.
Indeed, the ratio changes were observed from both CPNs
(Supporting Information). A dramatic increase in the ratio was
observed in the CPN-AA. Almost all the shielded peaks dis-
appeared at 50% CH;0D concentration. However, the CPN-
TAs still exhibit a significant intensity of the broad peak at the
same MeOD concentration, implying the aggregation nature of
the CPN-TAs is somewhat tight and strong. The NMR data
support well the mechanistic interpretation that the low molec-
ular weight proportions in the CPN-AAs were formed via a
micelle-like mechanism since the aggregation characteristics are
concentration, temperature, and counteranion. The dense ag-
gregation was further tested by a fluorescence quenching experi-
ment. Densely packed CPN-TAs exhibit a higher Stern—Volmer
constant (Ksy = 8 x 10%) than that of the CPN-AA (Kgy = 4 x 10%)
(Supporting Information).

On the basis of these results, we postulate two possible
aggregation structures from the acid treatments, as shown in
Figure 1. The loose aggregates of rigid rods of the PPE-NH,, were
built by reflecting blue-shifted absorption, relatively narrow
emission, large hydrodynamic radius, and large concentration
and solvent dependent proton NMR peaks. The dense or tight
aggregation in the CPN-TAs was expressed by a high proportion
of t— stacked PPE chains and packed assembly.

In conclusion, we have demonstrated that aggregation struc-
ture in CPNs can be modulated by different organic acids treat-
ments using various spectroscopic techniques. Acetic acid offers
loose aggregation in the CPNs, while tartaric acid produces dense
and tight aggregation. The different aggregation states of CPNs
showed the different physical and photophysical properties,
leading to different applications. The loosely aggregated CPN-
AAs are useful for delivery of drugs or biologically active mol-
ecules because they offer large surface area for encapsulation
within the polymer chains. Recently, the CPN-AAs were used to
complex negatively charged small interfering RNA (siRNA), and
the complexes were successfully delivered siRNA to live cells to
down regulate a target gene.*' The densely aggregated CPN-TAs
can be useful for sensing or labeling applications because the
ordered 7t—r stacking will offer more efficient energy transfer
compared to the randomly organized aggregation. Fluorescent
labeling of target cells or tissues with fewer environmental
variations in the fluorescent signals can be expected by using
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the tight aggregation. In this case, aggregation enhanced fluo-
rescence should be considered to achieve high Qys.**
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