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ABSTRACT: A new strategy has been developed to synthesize
conjugated polymer (CP) nanoparticles (CPNs) with numerous
surface hydroxyl groups via click chemistry between a CP and
hyperbranched polyglycerol (HPG) in miniemulsion. Laser light
scattering and TEM characterizations indicate that the synthesized
CPNs have spherical shapes with uniform sizes tunable in the
range of 40—210 nm simply by adjusting the feed amount of the
oil phase or surfactant in the miniemulsion. The obtained CPNs
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have good water dispersibility and orange emission with high fluorescence quantum yields of 23 + 2%. Detailed spectroscopy
studies reveal that the CPNs have shown stable fluorescence against pH change, ionic strength variation, or protein disturbance.
In addition, they have good photostability and low cytotoxicity, which make them an ideal fluorescent moiety for cellular imaging.
This study provides important fundamental understanding of cross-linking modification on CP to form CPNs, which will
stimulate further research on synthesis and application of advanced CPNss.

he development of fluorescent bioimaging reagents has

gained significant attention in recent years. An ideal
bioimaging reagent generally requires high fluorescence
quantum yield (QY), good optical stability, biocompatibility,
and surface functionality." As a promising candidate, conjugated
polymers (CPs) have shown advantages over small fluoro-
phores, fluorescent proteins, and even semiconductor quantum
dots (QDs), which include large absorption cross sections,
bright fluorescence, and favorable biocompatibility.” However,
CPs with inherent hydrophobic backbones are insoluble in
water. As a consequence, it is highly desirable to endow CPs
with good water dispersibility to facilitate their biological
applications.

Several strategies have been developed to transform organic
soluble CPs into aqueous media, which include emulsion
technique, precipitation technique, design and synthesis of
conjugated polyelectrolytes (CPEs) and direct polymerization
in heterophase system.” Among them, synthesis of CPEs and
formation of CP nanoparticles (CPNs) via precipitation
technique are the two most widely used strategies. However,
the synthesis of CPEs generally requires laborious synthetic
steps and the modification has to be specifically designed for
each CP. In addition, the charged side chains of CPEs often
lead to nonspecific interactions with biomolecules.* The other
commonly employed strategy is to form CP nanoparticles
(CPNs) by precipitation technique in the absence or presence
of surfactants.® It involves the dissolution of CPs in organic
solvents, followed by injection of the CP solutions into water
with ultrasonication. CPNs are formed when hydrophobic CP
chains fold into spherical shape to release interface energy. A
variety of water-dispersible CPNs have been synthesized via this
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approach, however, these CPNs with hydrophobic surface are
not inherently stable, and their surface possesses no functional
groups for further functionalization.® Recently, embedding CPs
into polymer matrix such as carboxylic polyethylene glycol and
poly(pL-lactide-co-glycolide) afforded CPNs with surface func-
tional groups.”® The poor structural stability resulted from
noncovalent interaction may cause microphase separation or
CP leakage, which is problematic for practical applications.®”
As the polymer encapsulated CPNs generally have —COOH or
—NH, functional groups, they could also lead to undesired
association with cell membrane and other char%ed biomolecules
via hydrophobic and electrostatic interactions.” ' Despite the
progress on CPNs in recent years, the preparation of CPNs
with inherent hydrophilic surface, multiple neutral functional
groups, and high structural stability is still in its infancy.

In this contribution, we report a new strategy toward water-
dispersible CPNs via copper-free click chemistry in an oil-in-
water miniemulsion system, as shown in Scheme 1. Hyper-
branched polyglycerol (HPG) was selected as the cross-linker
because it is a well-known biocompatible dendritic polymer
with good water solubility and numerous reactive hydroxyl
groups."' In addition, HPG can be easily synthesized by one-
step polymerization as compared to dendrimers.'> As one of
the most widely used CPs for CPN formation, poly[9,9"
dihexylfluorene-coalt-4,7-(2,1,3-benzothiadiazole)] (PFBT) was
chosen as a representative CP to react with HPG.”~'* Detailed
studies reveal that the cross-linked CP—HPG nanoparticles
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Scheme 1. Schematic Illustration of the Preparation of CP—HPG Nanoparticles
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with multiple surface hydroxy groups exhibit good structural
stability and water dispersibility, high fluorescence QY, stable
optical properties, and low cytotoxicity. In addition, CP—HPG
nanoparticles show tunable size in the range of 40—210 nm
with narrow size distribution, simply by adjusting the oil phase
and surfactant used for miniemulsion. This work opens a new
opportunity to synthesize functional water-dispersible fluores-
cent CPNs.

The synthetic route to water-dispersible CPNs is depicted in
Scheme 1. Poly[9,9"-bis(6"-bromohexyl)fluorene-coalt-4,7-
(2,1,3-benzothiadiazole)] (PFBT—Br, M, = 15000, polydisper-
sity (PDI) = 1.75) was synthesized according to our previous
report."”> The —Br groups were then transformed to —N,
groups by reaction between PFBT—Br and sodium azide to
afford poly[9,9"-bis(6"-azidohexyl)fluorene-coalt-4,7 -(2,1,3-
benzothiadiazole)] (PFBT—N;) in 95% vyield. After the
reaction, the resonance peaks at around 3.30 ppm for
—CH,Br disappears and new peaks appear at 3.18 ppm for
—CH,N; in the '"H NMR spectrum for PEBT—Nj, indicating
the successful transformation of —Br to —Nj. This is further
verified by the appearance of an obvious peak at 2104 cm™
corresponding to —Nj groups in the FTIR spectrum of PFBT—
N, (Figure 1).

HPG (M, = 15500, PDI = 1.23) was synthesized by anionic
ring-opening polymerization according to the literature,"*
which has excellent water solubility. The structure of HPG
was characterized by FTIR and NMR spectra (Figure 1, Figures
S1 and S2 in the Supporting Information, SI). The degree of
branching (DB) for the HPG calculated from the results of
inverse-gated '>*C NMR spectrum is about 0.53 (Figure S2 in
the SI).'* The surface hydroxyl groups of HPG were
subsequently esterified with S-hexynoic acid (HA) in the
presence of N,N'-dicyclohexylcarbodiimide (DCC) to afford
alkyne-modified HPG (HPG—Alk). As compared to the FTIR
spectrum of HPG, two new peaks at 2105 and 1724 cm™
corresponding to —C=CH and —C=0 groups appear on the
FTIR spectrum for HPG—AIk. In addition, the resonance peaks
at 2.27 ppm (—CH,C=CH), 2.0 ppm (—C=CH), and 1.85
ppm (—CH,CH,C=CH) in the '"H NMR spectrum of HPG—
Alk also suggest its right structure (Figure S3 in the SI). The
conversion efficiency of the hydroxyl groups to alkyne groups
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Figure 1. FT-IR spectra of HPG, HPG—Alk, PFBT—Nj3, and CP—
HPG-1.

calculated from the "H NMR spectra of HPG and HPG—Alk is
~20%, which is further confirmed by the GPC result of HPG—
Alk (M, = 19200, PDI = 1.32) relative to HPG (Figure S4 in
the SI). It should be noted that the HPG—Alk still possesses
numerous hydroxyl groups (~168 —OH groups per HPG—Alk
macromolecule calculated from the GPC and NMR results).
The HPG—AIk shows good solubility in organic solvents such
as dichloromethane and chloroform but is not dispersible in
water. The detailed synthesis and characterization are shown in
the SL Similar to HPG—Alk, HPG—AIk2 (M, = 35600, PDI =
1.20) with over 80% surface alkyne groups was also synthesized
simply by increasing the feed ratio of HA to HPG.

As copper ions are toxic to biosubstrates, biocompatible
copper-free click coupling was adopted to synthesize CP—HPG
nanopartlcles using thermal initiation in oil-in-water mini-
emulsion. ' PFBT—N; and HPG—Alk with 1:1 azide/alkyne
ratio were first dissolved in chloroform (oil phase) and then the
mixture was miniemulsified with water in the presences of
sodium dodecyl sulfate (SDS) surfactant. As the temperature
increased to 85 °C, click reaction between HPG—Alk and
PFBT—Nj occurred. After reaction, transparent orange aqueous
solution was obtained, indicating good water dispersibility of
the CP—HPG nanoparticles. The disappearance of the peak at
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about 2100 cm™ corresponding to alkyne or azide groups in
the FTIR spectrum of CP—HPG confirms the nearly complete
“click” cross-linking and efficient thermal initiation (Figure 1).
Meanwhile, the peak at 3400 cm™' remains strong, indicating
that the CP—HPG nanoparticles possess numerous hydroxyl
groups.

To probe the effect of miniemulsion conditions on the size of
CP—HPG nanoparticles, we conducted a series of experiments
by changing the feed ratio of oil phase or surfactant to water
(Table 1). The sizes of the obtained CP—HPG nanoparticles

Table 1. Reaction Parameters and the Optical Properties of
the Water-Dispersible CP—HPG Nanoparticles”

Vil phase Csps diameter”

product (mL) (mM) (nm) PDI® QY
CP—HPG-1 1 9.5 83 0.046 0.24
CP—-HPG-2 2 9.5 114 0.0583 0.23
CP—HPG-3 3 9.5 152 0.048 021
CP-HPG-4 1 12.5 44 0.042 0.28
CP—-HPG-§ 1 8.0 210 0.068 0.21
CP—-HPG-6 1 0 135 0.723 0.17

“Volume of the water phase is 20 mL. The feed amounts of PFBT—Nj,
and HPG—Alk are 11.8 and 7 mg, respectively; [azide]/[alkyne] = 1:1.
“Determined by LLS.

were investigated by laser light scattering (LLS), and the results
are shown in Figure 2a and Figure S5 in the SI. As the critical
micelle concentration (CMC) for SDS in water is about 8.0
mM, we first fixed the concentration of SDS (Cgpg) at 9.5 mM.
The size of CP—HPG nanoparticles increased from 83 to 152
nm with increased oil phase from 1 to 3 mL. This is due to the
fact that more oil phase could result in the formation of bigger
micelles at the same Cgpg in an oil-in-water system.'” On the
other hand, it is found that at a constant oil-to-water ratio, the
size of CP—HPG increased from 44 to 210 nm when the Cgpg
was varied from 12.5 to 8.0 mM (Tablel). This is consistent
with previous reports on using miniemulsion to synthesize
polystyrene and poly(N-isopropylacrylamide) nanoparticles.'®
These results indicate that the size of CP—HPG nanoparticles
could be fine-tuned simply by adjusting the oil phase and
surfactant used in the miniemulsion. All the CP—HPG
nanoparticles synthesized with SDS as the surfactant showed
narrow size distribution (PDI < 0.07) and good water
dispersibility. Transmission electron microscopy (TEM)
further verified the well-defined nanostructure and uniform
size. As shown in Figure 2b, the CP—HPG-1 nanoparticles

exhibit spherical shape with an average size of 78 nm, which is
slightly smaller than that for LLS data (Table 1).

It is worth noting that both the HPG—Alk and the PFBT—
N; have good solubility in chloroform. Interestingly, after click
reaction, the products show good dispersibility in water phase
(Figure S6 in the SI). The SDS surfactant should be removed
by repeated washing with hexane, followed by dialysis against
Milli-Q water for five days. We deduce that the good water
dispersibility of the CP—HPG nanoparticles is attributed to the
presence of numerous hydrophilic hydroxyl groups on the
surface of CP—HPG nanoparticles while the hydrophobic
domain is encapsulated as the core after the click reaction. To
prove this conjecture, first, a control experiment for CP—HPG-
6 in the absence of SDS was conducted (Table 1). The resulted
CP—HPG-6 presents good dispersibility in the upper aqueous
layer of a water/chloroform mixture, which indicates that SDS
is not directly related to water dispersibility of the CP—HPG
nanoparticles, although it significantly affects the nanoparticle
size and morphology (Figure S7 in the SI). In addition, HPG—
Alk2 was also reacted with PEBT—N; (1:1 alkyne/azide) in
miniemulsion and the product showed good dispersibility in
water. However, when HPG—AIk2 with 4:1 alkyne/azide was
used, the resulting CP—HPG nanoparticles exhibited amphib-
ious dispersibility that can be dispersed both in water and in
chloroform phase as a result of the presence of hydroxyl groups
and un-cross-linked HA chains on their surface. Based on these
results, the good water dispersibility of the CP—HPG
nanoparticles is attributed to the presence of numerous
hydrophilic neutral hydroxyl groups on the surface of CP—
HPG nanoparticles. These results also suggest that the surface
functionality of CP—HPGs can be easily fine-tuned by choosing
suitable cross-linkers.

The absorption and emission spectra of CP—HPG-1
nanoparticles in aqueous solution are shown in Figure 2c.
Compared with the PFBT—Nj in dichloromethane, no obvious
shift is observed for the absorption and emission peaks of the
CP—HPG-1. All the CP—HPG nanoparticles prepared using
SDS as surfactant exhibit strong fluorescence with quantum
yields (QYs) higher than 20% (Table 1), which compare
favorably to other reported CPNs based on PFBT with QYs
less than 10%.'>" Such a high fluorescence QY of CP—HPG
nanoparticles could be attributed to the minimized self-
quenching of PFBT in the CPNs format. As compared to the
CPNss prepared by the precipitation approach, the introduction
of HPG as a spherical scaffold to the polymer side chain can
effectively reduce the chain tangling and 7—7 stacking of CPs,
leading to reduced polymer fluorescence self-quenching.
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Figure 2. Hydrodynamic radius distribution (a) and TEM image (b) of CP—HPG-1. UV—vis absorption (dashed line) and emission (solid line)
spectra (c) of PFBT—Nj in dichloromethane and CP—HPG—1 in aqueous solution (4., = 450 nm). The inset of (c) is the aqueous solution of CP—
HPG-1 nanoparticles under daylight (left) and 365 nm UV light illumination (right).
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Figure 3. pH (a), NaCl concentration (b), BSA, and y-globulin concentration (c) dependent fluorescence intensity ratio (I/1,). For (a), (b), and (c),
I, is the emission intensity of CP—HPG-1 aqueous solution in the absence of NaCl, BSA, and y-globulin, I is the emission intensity of CP—HPG-1
aqueous solution at different pH values (a) or different concentrations of NaCl (b), BSA, and y-globulin (c). Illumination time-dependent
fluorescence intensity ratio (I/I;) of CP—HPG-1, Alexafluo 488, and fluorescein (d). I, and I are the emission intensities of CP—HPG-1, Alexafluo
488 and fluorescein without and with illumination for different time, respectively. The concentrations of CP—HPG-1 for (a), (b), and (c) are at

[RU] = 20 uM, and for (d) is at [RU] = 1 uM.
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Figure 4. (a) Cell viability of MCF-7 cells after incubation with CP—HPG-1 at different concentrations for 24 and 48 h, respectively. Confocal
fluorescence image (b) and bright-field image (c) of MCF-7 cells upon incubation with CP—HPG-1 ([RU] = 1 uM) for 2 h.

Therefore, using HPG as cross-linker can not only endow CPs
with hydrophilic neutral hydroxy groups associated with good
water dispersibility but also can retain strong fluorescence of
the CPs.

Considering the complex physiological environment for
bioimaging applications, the physical stability of CP—HPG
nanoparticles in aqueous solution was examined under different
conditions. Because all the CP—HPG nanoparticles show
similar optical properties, CP—HPG-1 was chosen as a
representative for the following studies. The concentration of
CP—HPG-1 solution was calculated based on the concentration
of PFBT repeat unit (RU). The fluorescence change of CP—
HPG-1 at [RU] = 20 gM and different pH is shown in Figure
3a. Less than 5% variation in emission intensity is observed
when the pH is changed from 3 to 11. In addition, there is very
little fluorescence change when the solution ionic strength is
increased from 0 to 1 M (Figure 3b). This compares favorably

to CPEs and other CPNs with a charged surface that show
obvious fluorescence quenching in solutions with relatively high
ionic strength.”® In addition, the CP—HPG-1 possesses high
colloidal stability in water and no obvious precipitate is
observed even after being stored at room temperature for three
months.

As proteins largely exist in biological media, BSA and y-
globulin (a kind of immunoglobulin in blood) were chosen as
the representative examples to study their interactions with
CP-HPG-1. As shown in Figure 3¢, the CP—HPG-1
fluorescence remains unchanged when the protein concen-
trations are increased from 0 to 300 yg/mL. LLS measurements
further confirm that there is no significant difference in size and
size distribution of CP—HPG-1 in aqueous solution before and
after the addition of BSA and p-globulin, suggesting good
antiprotein adsorption property of CP—HPG-1. In addition, the
photostability of CP—HPG-1 was studied by continuous
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imaging using confocal laser scanning microscopy (CLSM) for
10 min. For comparison, commercially available fluorescent
dyes such as Alexafluo 488 and fluorescein were also
investigated under the same condition. As shown in Figure
3d, the emission intensities decrease by 11, 28, and 90% at 10
min for CP—HPG-1, Alexafluo 488, and fluorescein,
respectively. These studies indicate that the CP—HPG-1
nanoparticles possess good physical and photo stabilities,
which make them good candidates for biological applications.

The cytotoxicity of CP—HPG-1 was evaluated for MCE-7
breast cancer cells using MTT cell-viability assay. Figure 4a
summarizes the in vitro MCF-7 cell viability after being
cultured for 24 or 48 h. It is noteworthy that the concentrations
of the CP—HPG-1 solution are much higher than that used for
cell imaging ([RU] = 1 uM). The cell viabilities are close to
100% at [RU] = 2 and S uM and close to 90% at [RU] = 10
4#M within the tested period, suggesting the low cytotoxicity of
CP—HPG-1. This result is consistent with the previous studies
of CPNs prepared by precipitation technique.® The good
biocompatibility of CP—HPG-1 should also benefit from the
highly biocompatible HPG.

To demonstrate the CP—HPG nanoparticles in cell imaging,
MCEF-7 cells were incubated with CP—HPG-1 solution at [RU]
= 1 uM. After a 2 h incubation, the cells were fixed for
fluorescence imaging by CLSM. The excitation wavelength was
fixed at 488 nm, and the fluorescent signals were collected
above 540 nm. The CLSM image of CP—HPG-1 stained MCEF-
7 cells is displayed in Figure 4b. Strong fluorescence from the
cellular cytoplasm is observed for MCF-7 cells, implicating that
CP—HPG-1 is efliciently internalized by MCF-7 cells and
accumulated in the cytoplasm, which is further confirmed by
the 3D CLSM image (Figure S8 in the SI). In contrast, no
fluorescence can be observed for the cells without incubation of
CP—HPG-1 (Figure S9 in the SI). These data suggest that CP—
HPG-1 can be used as an effective fluorescent stain for cell
imaging with good fluorescence contrast.

In summary, we have successfully demonstrated a simple and
effective approach to fabricate robust CP—HPG nanoparticles
via copper-free click reaction in oil-in-water miniemulsion. The
CP—HPG nanoparticles with tunable size are born with
multiple surface neutral hydroxyl groups, which have shown
good water dispersibility, bright fluorescence, good optical
stability, and low cytotoxicity. As the first example to combine
dendritic polymer and CP by covalent cross-linking, this study
not only exploits a new type of CPN with desired properties,
but also provides new opportunities and fundamental guide-
lines to design advanced CPNs for biological applications.
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Detailed experimental procedures, NMR spectra, and GPC
curves of HPG—AIk, additional LLS and TEM results of CP—
HPG, 3D confocal fluorescence image, and control confocal
image of MCF-7 cells. This material is available free of charge
via the Internet at http://pubs.acs.org.
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