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Abstract

We describe a facile method to functionalize semiconducting polymer dots (Pdots) with
polyelectrolytes. The polyelectrolyte coating dramatically improves the colloidal stability of the
Pdots in solutions which are either of high ionic strength or contain bivalent metal ions: This
feature allows Pdots to be used under physiologically relevant environments without losing their
functionality. We conjugated the polyelectrolyte-coated Pdots with streptavidin to demonstrate
their application in specific cell labeling.

Semiconducting polymer dots (Pdots) represent a new class of highly fluorescent
nanoparticles with emissions tunable from the visible to the near IR region.1~10 The
fluorescence intensity of a single green-emitting Pdot can be about 30 times brighter than a
single quantum dot of similar emission wavelength (Qdot565) when excited with a 488-nm
laser.3 In addition, most Pdots exhibit excellent photostability without blinking.3 Previous
studies have also shown that Pdots have good biocompatibility.11:12 These fluorescence
properties and good biocompatibility of Pdots make them excellent probes for cellular
imaging and bioassays. We have focused on developing new methods to control the surface
properties of Pdots for bioconjugation3-> as well as constructing Pdot-based sensors.6-8

Functionalizing the surface of Pdots and controlling their colloidal stability are an important
consideration in translating Pdots for use in biological studies.13 To prepare the surface of
Pdots for bioconjugation, we recently reported a simple technique where we co-condensed a
small amount of an amphiphilic polymer bearing functional groups with the semiconducting
polymer into a single dot.3-5 This method is simple and versatile but the number of charges
present on the surface of the Pdots can be limited. A highly charged particle is important in
many cases for colloidal stability, especially under conditions of high ionic strength, which
is often encountered in biological applications.

To address this issue, we describe here an approach that coats the Pdots with
polyelectrolytes to control their surface and bioconjugation properties. This strategy has
several advantages for Pdot functionalization. First, the Pdot surface is completely covered
by polyelectrolytes, which significantly improves the colloidal stability of Pdots in high
ionic-strength solutions. Second, the polyelectrolyte coating can improve the processibility
of Pdots; coated Pdots can be centrifuged and re-suspended without aggregation. Third,
functional groups on polyelectrolytes are readily accessible for further bioconjugation.
Overall, we find this polyelectrolyte coating strategy to be facile and efficient for stabilizing
the Pdot surface and subsequent bioconjugation.
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In our experiment, we used poly(styrene sulphonate) (PSS) and poly(sodium methacrylate)
(PMANa) for coating the Pdot surface, but a wide range of other polyelectrolytes also can be
used.14-17 Figure 1A and B depict the strategy of functionalizing Pdot with polyelectrolytes.
To ensure complete surface coverage, Pdots were incubated with an excess amount of a
specific polyelectrolyte in agueous solution followed by the removal of the free
polyelectrolytes from the coated Pdots by centrifugation at 80,000 rpm (Figure 1a). We also
extended this strategy to introduce multiple types of polyelectrolytes onto the surface of
Pdots (Figure 1b), such as PSS and PMANa; PSS serves as a stabilizer to improve the
colloidal stability of the Pdots while the carboxyl groups from PMANa provide reactive sites
for further bioconjugation.

For many biological applications, it is beneficial to have Pdots of small sizes because they
usually exhibit better colloidal stability and mass transfer properties, which are important for
efficient cellular labelling and subcellular targeting.® In this study, we used a bare green-
fluorescent Pdot (poly(9,9-dioctylfluorene-co-benzothiadiazole) (PFBT)) with a diameter of
24 nm (Figure 1c, 1f). After polyelectrolyte coating, we found the thickness of the coated
layer to be only 2-4 nm. The diameters of PSS-coated (PSS-Pdot) and PSS/PMANa-coated
Pdots (PSS/PMANa-Pdot) were 28 nm and 32 nm, respectively (Figure 1d-1f). In contrast,
the surface charge, as reflected in the zeta potential of the Pdots, was significantly altered.
The values went from =35 mV for bare Pdots1® to =52 mV for PSS-coated Pdots, and —55
mV for PSS/PMANa-coated Pdots (Figure 1f).

A key advantage of the polyelectrolyte-coated Pdots was their enhanced stability in high
ionic strength solutions or in solutions that contain ions that tend to aggregate Pdots. To
illustrate the improved colloidal stability bestowed by the PSS and PSS/PMANa
polyelectrolyte coatings, we monitored the hydrodynamic size (Figure 2a-2¢) and
fluorescence emission (Figure 2d) from Pdots in three different solutions: Phosphate
buffered saline (PBS) (Figure 2a, 2d), 0.1 mM Fe(ll) solution (Figure 2b, 2d), and 1mM
Cu(ll) solution (Figure 2c, 2d). Both PSS-coated and PSS/PMANa-coated Pdots showed
excellent colloidal stability in PBS, and their hydrodynamic diameters remained unchanged
for over 2 weeks as monitored by dynamic light scattering (DLS) (Figure 2a). In sharp
contrast, bare Pdots aggregated rapidly in PBS. In fact, they completely precipitated out of
solution in 6 hours (Figure 2a). Pdots co-condensed with poly(styrene-co-maleic anhydride)
(PSMA) produced PSMA- Pdots with carboxyl groups on the surface. These were prepared
by nano-precipitation and displayed considerable improvement in colloidal stability in PBS.
However, aggregation was still visually observed over 24 hours: the PSMA-Pdots could be
seen to partially aggregate and adhere to the cuvette surface (Figure S2, ESIT)).

Measuring the intensity of fluorescence emission from Pdots is a sensitive way to monitor
aggregation because even a small amount of aggregation can decrease the measured
fluorescence intensity due to self quenching. Figure 2d shows the fluorescence intensities of
Pdots recorded one hour after they were dispersed in PBS, 1mM of Cu(ll), or 100 uM of
Fe(Il). In PBS, bare Pdots lost more than 80% of their fluorescence; PSMA-Pdots also
showed a nearly 20% reduction in fluorescence intensity. Both types of polyelectrolyte-
coated Pdots showed stable fluorescence without a noticeable decrease in their emission
intensity.

Bivalent metal ions, such as Cu(ll) and Fe(ll), are often present in biological buffers and
solutions in the micro- to millimolar range. Both bare Pdots and PSMA-Pdots aggregated in
the solutions containing Fe(l11) and Cu(ll) (Figure 2b, 2c). For example, DLS measurements
showed that the presence of 1ImM Cu(ll) triggered severe and immediate aggregation of both
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bare and PSMA-Pdots (0 hour result, Figure 2¢). However, the mechanisms of Cu(ll) and
Fe(I)-induced aggregation of bare Pdots and PSMA-Pdots are different. Bare Pdots
precipitated in the presence of ions because of the increase in ionic strength, which
destabilized the bare Pdots. PSMA-Pdots aggregated because of specific interactions
between the carboxyl groups on the PSMA-Pdot surfaces and the Cu(ll) and Fe(ll) ions.6
Neither PSS-coated nor the PSS/PMANa-coated Pdots showed signs of aggregation in
Cu(ll) and Fe(11) solutions (Figure 2b, 2c) because of the improved colloidal stability of the
highly negatively charged sulphonate surface. The measured fluorescence intensity from
these Pdots (Figure 2d) confirmed the DLS measurements

In the case of PSS/PMANa-coated Pdots, PMANa does contain a large number of carboxyl
groups, which can interact with Cu(ll) and Fe(ll) in a similar way as seen with PSMA-Pdots.
However, when the Pdots were coated with both PSS (60% sulphonate group) and PMANa
(40% carboxyl group), the sulphonate groups stabilized the Pdots and prevented aggregation
of Pdots in the presence of Cu(ll) and Fe(Il) while presenting carboxyl groups for
bioconjugation.

To demonstrate that this polyelectrolyte coating strategy is a general method for Pdot
functionalization, we coated three types of Pdots. The first two were a blue (PFO, which is
(Poly(9,9-dioctylIfluorenyl-2,7-diyl)) and a green (PFBT) Pdot that each consisted of one
type of semiconducting polymer. The third type of Pdot was a red Pdot formed from a blend
of two semiconducting polymers (PFBT and PFTBT, which is Poly(9,9-dioctylfluorene)-co-
(4,7-di-2-thienyl-2,1,3-benzothiadiazole)). Figure 3 shows the absorbance and fluorescence
spectra of these three types of Pdots coated with PSS and dispersed in PBS.

To further demonstrate the applicability of polyelectrolyte-functionalized Pdots in biological
applications, we conjugated streptavidin to PSS/PMANa-Pdots through EDC reaction.
(Figure 4a).3 > 20 \We used gel electrophoresis to verify successful streptavidin conjugation
(Figure 4b). PSS/PMANa-Pdots migrated faster than bare Pdots because of the increased
surface charge. After conjugation to streptavidin, the resultant Pdots travelled much slower
because of the slight increase in particle size and decrease in surface charge. We then used
streptavidin-conjugated PSS/PMANa-Pdots for labelling MCF-7 cells, which is a breast
cancer cell line that expresses the cell surface antigen EpCAM. We first labeled EpCAM
with biotinylated primary antibody and then tagged the biotinylated primary antibodies with
streptavidin functionalized Pdots (Figure 4c—4e). This experiment demonstrates the utility of
polyelectrolyte-coated Pdots for cellular targeting.

In conclusion, we have developed a facile and effective strategy for functionalizing Pdots
using polyelectrolytes. Compared with bare Pdots or those functionalized via co-
precipitation with an amphiphilic polymer (e.g. PSMA), Pdots made by this method
exhibited dramatically improved colloidal stability in high ionic strength solutions, such as
PBS. Moreover, multiple types of functional groups could be simultaneously introduced
onto the Pdot surface by co-coating with different types of polyelectrolytes (e.g. PSS and
PMANa). We showed this polyelectrolyte functionalization strategy is general enough to be
applied to different types of Pdots. These Pdots can then be conjugated to biologically
relevant molecules for cellular targeting. We anticipate this approach will be useful in
preparing robust Pdots for demanding applications that involve harsh conditions, and where
enhanced colloidal stability is required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Functionalize Pdot with polyelectrolyte. a) Schematic of coating of Pdot with a single type
of polyelectrolyte (e.g. PSS). b) coating of Pdot with multiple types of polyelectrolytes (e.g.
PSS and PMANa). PSS: poly(styrene sulphonate); PMANa: poly(sodium methacrylate).
Pdot characterization: TEM images of (c) bare Pdots, (d) PSS-coated Pdots, and (e) PSS/
PMANa-coated Pdots. The scale bars represent 100 nm. The diameters and surface charges
of bare Pdots, PSS-Pdots, and PSS/PMANa-Pdots were measured using (f) DLS and (g) zeta
potential.
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Changes in the size and fluorescence of bare Pdots, PSS-coated Pdots, and PSS/PMANa-
coated Pdots in three different solutions: PBS (pH 7.4), ImM Cu(ll) (CuSOyq in DI water),
and 100 uM Fe(ll) (FeSQ4 in DI water). (a)—(c) The diameters of Pdots were monitored by
DLS. Bare Pdots and Pdots formed by co-condensation with PSMA both increased in size,
indicating the formation of aggregates in the three solutions; polyelectrolyte-coated Pdots

showed excellent colloidal stability and no signs of aggregation. (d) The fluorescence

intensities of bare Pdots and PSMA-blended Pdots also showed significant reduction in the

three solutions, again indicating aggregation and self quenching; polyelectrolyte-coated
Pdots showed excellent stability without a decrease in fluorescence emission. Control

samples were dispersed in DI water.
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Figure 3.

Normalized absorption and fluorescence spectra in PBS of a blue (PFO), green (PFBT), and
red (PFBT blended with PFTBT) fluorescing Pdot after coating with PSS. The inserts are
optical (in a) and fluorescence (in b) images of the three types of PSS-coated Pdots. These
spectra illustrate PSS coating can stabilize Pdots of different types.
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Bioconjugation of PSS/PMANa-coated Pdots with streptavidin for labeling MCF-7 cells. (a)
Schematic showing the procedure for bioconjugation of PSS/PMANa-Pdots and their use in
specific cellular targeting. (b) Gel electrophoresis of bare Pdots, PSS/PMANa coated Pdots,
and streptavidin-conjugated PSS/PMANa-Pdots. (c—e) Confocal fluorescence images of
MCEF-7 cells labeled with the streptavidin-conjugated PSS/PMANa-Pdots. (c) Cell nucleus
stained using Hoechst 34580 (blue fluorescence). (d) Fluorescence image of cell membrane
lableled with Pdots (green fluorescence). (e) Merged image of the lableled cells. The scale

bar is 30 ym.
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