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Abstract

In recent years, semiconducting polymer nanoparticles have attracted considerable attention
because of their outstanding characteristics as fluorescent probes. These nanoparticles, which
primarily consist of rt-conjugated polymers and are called polymer dots (Pdots) when they exhibit
small particle size and high brightness, have demonstrated utility in a wide range of applications
such as fluorescence imaging and biosensing. In this review, we summarize recent findings of the
photophysical properties of Pdots which speak to the merits of these entities as fluorescent labels.
This review also highlights the surface functionalization and biomolecular conjugation of Pdots,
and their applications in cellular labeling, in vivo imaging, single-particle tracking, biosensing,
and drug delivery. We discuss the relationship between the physical properties and performance,
and evaluate the merits and limitations of the Pdot probes for certain imaging tasks and
fluorescence assays. We also tackle the current challenges of Pdots and share our perspective on
the future directions of the field.

On the dot

As a new class of fluorescent nanoparticles, semiconducting polymer dots, exhibit excellent
characteristics such as extraordinary fluorescence brightness, fast emission rates, excellent
photostability, nonblinking, and nontoxicity. This review summarizes recent advances of the
polymer dots as nanoparticle labels for biological and medical applications (see figure).

Fluorescent Semiconductor Polymer Dots
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The development of fluorescence imaging techniques has provided effective research tools
to investigate many fundamental processes in the life sciences.[!:2] Various fluorescence-
based assays have also been applied to monitor a broad range of biological activities, such as
conformation dynamics, interactions, and distribution of biomolecules in organelles, cells, or
tissues.[34] More recently, advanced fluorescence imaging modalities have offered the
ability to probe biomolecular interactions at the single-molecule level,[>~"1 and to image
subcellular structures with nanometer spatial resolution.[8-11] These advances have provided
information at a level of unprecedented detail about cellular processes such as gene
expression, protein transport, signal transduction, and regulatory pathways. In most cases,
fluorescence detection requires exogenous fluorophores to either provide a signal readout or
enhance image contrast. The potential of a fluorescence technique is significantly dependent
upon the performance of the fluorophore as well as its properties, such as fluorescence
brightness and photostability, which largely determine the detection limit, sensitivity, and
reliability of the method.

Organic dyes appear to be the most versatile fluorophores used in biological imaging and
bioassays.[12] A large variety of dye molecules, such as fluorescein, rhodamine, and cyanine,
are available for different experiments, and their optical properties can be fine-tuned by
various design strategies. However, the intrinsic limitations of conventional dyes, such as
low absorptivity and poor photostability, have posed great difficulties for the further
development of high-sensitivity imaging techniques and high-throughout assays. As a result,
there has been considerable interest in brighter and more-stable fluorescent probes. For
example, phycobiliproteins exhibit higher fluorescence brightness than small organic
fluorophores, and genetically encoded fluorescent proteins represent a powerful toolkit for
studying cellular processes.[13-15] There is also a great deal of interest in the development of
brightly fluorescent nanoparticles, including semiconductor quantum dots (Qdots) and dye-
loaded nanoparticles. Qdots in particular represent one of the best known nanotechnologies
which has crossed into biology in the past decade.[16-18] They exhibit broad absorption
bands and multi-color, narrow, and symmetric emissions with improved brightness and
photostability compared to conventional fluorescent dyes. Polymer or silica nanoparticles
loaded with fluorescent dyes also show higher brightness and better photostability than
molecular dyes because of the large number of fluorophores per particle and the protective
matrix.[19-21]

A promising strategy for generating very bright fluorescent probes is based on the
development of nanoparticles consisting of highly fluorescent semiconducting polymers.
There has been steady progress in creating fluorescent semiconducting polymers as the
active material in polymer light-emitting devices.[22-2%] Semiconducting polymers have also
been extensively used as highly sensitive chemical and biological sensors.[26-35]
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Semiconducting polymer nanoparticles were originally developed for preparing thin films
with nanoscale domains in optoelectronic devices.[36-3%1 These fluorescent nanomaterials
have recently attracted considerable attention for both optoelectronic and biological
applications.[40-44] For biological applications in particular, nanoparticles composed of
semiconducting polymers can exist in many different forms having important functional
implications. For example, semiconducting polymer nanoparticles can be prepared from
hydrophobic semiconducting polymers,[45-801 polyelectrolytes, or hydrophilic

polymers, [81-88] a5 self-assembled nanoparticles from amphiphilic polymers,[89-931 as
hydrophobic semiconducting polymer-loaded poly(D, L-lactide-co-glycolide) (PLGA)
particles,[4-971 as phospholipid-encapsulated or PEG-capped hydrophobic polymer
nanoparticles,[98-102] and as semiconducting polymer-coated inorganic
nanoparticles.[103-105] Among these nanoparticles, the fluorescence, colloidal stability, and
functional performance are highly dependent on their particle size, composition, internal
structure, and surface properties.

To make our discussions more precise, we define a polymer nanoparticle according to the
description used in a previous review.[40] A polymer nanoparticle is considered to be a
nanometer-sized entity (typical particle size < 100 nm), which represents a separate
discontinuous phase surrounded by a continuous free-flowing medium (usually a low-
molecular-weight liquid, most often water). On the basis of the classical categorization in
colloid chemistry, this definition excludes true solutions of macromolecules in a low-
molecular-weight solvent,[40] eventhough hyperbranched polymer molecules may adopt a
three-dimensional morphology in a good solvent. Most colloidal polymer nanoparticles
consist of a lyophobic polymer interior, but polyelectrolytes can also be forced to form
nanoparticles. The definition of polymer nanoparticles also differentiates them from those
directly grown on a substrate or dispersed in a polymeric matrix, as well as other highly
disperse composite materials containing semiconducting polymers.[40]

For most biological applications, small fluorescent nanoparticles are particularly attractive as
seen by the enormous efforts made in the past decade reagrding semiconductor Qdots, in
which “dot” was originally used to describe their small particle size.[16-18] Since then,
various fluorescent dots were developed for biological applications, including silicon
dots,[106.107] carbon dots, 1082091 and dye-doped silica dots.[20] To be consistent with these
small dots, Pdots specifically refer to a small subset of semiconducting polymer
nanoparticles which have a particle size comparable to that of a Qdot (< 20-30 nm for
encapsulated Qdots[10]). In many cases, nonfluorescent molecules may be incorporated into
the Pdots for surface functionalization or multimodal imaging. However, fluorescent
semiconducting polymers should be the major component of Pdots. Intuitively, therefore,
Pdots should consist of semiconducting polymers present at a volume fraction or weight
concentration that is at least higher than 50% and preferably higher than 80-90%. Volume
fraction largely determines the fluorescence brightness for a Pdot of a given particle size.
This requirement serves to distinguish Pdots from dye-loaded latex spheres or other
nanoparticles containing only a small fraction of semiconducting polymers, both of which
lead to a lack of the excellent optical properties inherent in Pdots. In addition, Pdots should
possess a hydrophobic polymer interior because hydrophilic species can swell the particles,
reduce colloidal stability, cause nonspecific labeling (through electrostatic interactions
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resulting from ionic groups), and affect the packing density of fluorophores as well as the
fluorescence brightness.[6°]

Recent research has demonstrated that Pdots exhibit excellent characteristics as fluorescent
probes, including their extraordinary fluorescence brightness, fast emission rate, excellent
photostability, and nonblinking and nontoxic features.[4>-87] In particular, we recently
carried out a systematic characterization of the optical properties and performance of Pdots
as cellular labels, especially for fluorescence imaging and flow cytometry.[56:58] We found
that single-particle brightness and cell-labeling brightness of Pdots are more than an order of
magnitude higher than those of inorganic Qdots of comparable particle size.[6:58] We have
also developed several simple yet powerful approaches for introducing functional groups and
controlling the surface chemistry of Pdots. Successful functionalization is a prerequisite in
employing these novel nanoprobes for cellular labeling and in vivo imaging, as well as
versatile biosensors.[6-671 These developments have formed a new frontier in
nanobiotechnology and nanomedicine, and represent a new direction that is orthogonal to
the more established areas of conjugated polymers for optoelectronic devices and conjugated
polyelectrolyte biosensors. The superior properties of Pdots over other fluorescent probes
have established their potential in biology and medicine as very bright in vitro and in vivo
probes.

This review is focused on recent advances and the current status of the preparation,
fluorescence properties, bioconjugation, and biological applications of Pdots, which we
define to be a nanoparticle composed of hydrophobic semiconducting polymers present at
greater than 50% volume or weight fraction and has a diameter smaller than 20-30 nm.
Other semiconducting-polymer-based nanoparticles are also considered where appropriate.
In Section 2, we provide a brief history of semiconducting polymers and fluorescent
polymer nanoparticles, and then discuss the fluorescence properties of Pdots and evaluate
their performance in certain key areas (Section 3). As bioconjugation is one of the critical
steps in converting Pdots for biological applications, Section 4 describes recent efforts to
produce functionalized Pdots and bioconjugates. Section 5 provides a series of recent
developments in using functionalized Pdots in cellular imaging, in vivo imaging, single-
particle tracking, biosensors, and drug delivery. Finally, we speculate on key opportunities
and challenges which have yet to be addressed by the scientific community in the
development of Pdots. These questions should inspire future investigations in developing
versatile Pdot probes and lead to new discoveries.

2. Polymer Dots as Fluorescent Probes

2.1. Semiconducting Polymers

A brief description of semiconducting polymers is necessary to understand the general
properties of the corresponding nanoparticles and Pdots in particular. The majority of
organic polymers are insulators. However, when they have rt-conjugated structures,
electrons can move along the polymer backbone through overlaps in rt-electron clouds by
hopping, tunneling, and related mechanisms. In general, these r-conjugated polymers in
their pristine states are wide-band-gap semiconductors, the so-called semiconducting
polymers. In the 1970s, organic conjugated polymers and oligomers were discovered to be
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metallic upon heavy doping,[111:112] 3 term derived from inorganic semiconductor
chemistry. However, the doping in a conjugated polymer was either an oxidation or a
reduction of the r-electronic system and is called p-doping and n-doping, respectively.
Conjugated polymers became particularly attractive because they promised to achieve a new
generation of polymeric materials which exhibited the tunable electrical and optical
properties of metals or semiconductors while retaining the attractive mechanical properties
and processing advantages of polymers.[113]

In general, semiconducting polymers exhibit a direct band gap, which leads to an efficient
(allowed) absorption or emission at the band edge. Depending on the polymer species, a
semiconducting polymer can exhibit strong fluorescence, which can be described in terms of
semiconductor band theory. Upon photoexcitation, an electron is excited from the highest
occupied energy band (the r band) to the lowest unoccupied energy band (the > band),
thus forming a bound state (exciton) of the excited electron and hole in the p band. The
recombination of the excited electron with the hole results in a fluorescent photon. The
wavelength of the absorbed light is determined by the m—mt* energy gap and can be tuned by
altering the molecular structure of the polymer.

Semiconducting polymers have been developed with emission colors that span the full range
of the visible spectrum.[114] Important examples of fluorescent semiconducting polymers
include polyfluorene (such as PDHF and PFO; Figure 1), poly(phenylene ethynylene) (such
as PPE), poly(phenylene vinylene) (such as MEH-PPV and CN-PPV), fluorene-based
copolymers (such as PFPV, PFBT, and PF-DBT5), and related derivatives. In many cases,
photogenerated electron-hole pairs can dissociate to form free carriers which migrate
through the system. The free carriers can either combine to form triplets or deactivate by
other nonradiative processes (unwanted processes for fluorescence). They can also be
collected to generate electric current (desirable processes for photovoltaics). The tunable
electrical and optical properties, together with the versatile polymer chemistry, make
semiconducting polymers a fascinating class of materials for optoelectronic devices. They
have been widely demonstrated as active materials for a broad range of optoelectronic
devices, including organic light-emitting diodes for flat panel displays,[22-25] photovoltaic
devices for solar energy conversion,[115116] and thin-film transistors.[117-119]

2.2. From Conjugated Polyelectrolyte Biosensors to Hydrophobic Polymer Dots

Besides their applications in light-emitting devices, fluorescent conjugated polymers have
been used in a wide range of biological applications.[26-3%] The applications of conjugated
polymers in fluorescent biosenors have grown enormously in the past decade. In 1999,
Whitten and co-workers reported efficient fluorescence quenching of a conjugated
polyelectrolyte with dimethyl viologen.[26] The high sensitivity offered by quenching was
attributed to a strong association between the anionic polyelectrolyte and the cationic
quencher together with an efficient transport of the excitons to the quencher sites. The
fluorescence quenching was ascribed to a dominant electron-transfer mechanism, while
analyte-induced polymer aggregation may have also contributed to the quenching response.
Since then, conjugated polyelectrolytes have dominated the use of conjugated polymers in
biosensor applications. Signal amplification arising from efficient exciton migration in
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conjugated polymers is being exploited to produce new sensing systems of unparalleled
sensitivity. The advances in the area of conjugated polyelectrolyte biosensors have been
reviewed elsewhere.[31-35]

At the same time, as pointed out in the introduction, there was a clear motivation for the
design of highly fluorescent nanoparticles because fluorescent dyes are not sufficiently
bright and photostable for many advanced imaging tasks and high-throughout assays.
Hydrophobic conjugated polymers, rather than conjugated polyelectrolytes, were selected
for preparing fluorescent nanoparticles because: 1) conjugated polyelectrolytes are heavily
functionalized with ionic side chains, which can cause significant nonspecific labeling by
electrostatic interactions, 2) side-chain modifications with ionic groups in conjugated
polymers usually reduce the fluorescence quantum yield compared to their hydrophobic
counterparts, 3) synthesis of conjugated polyelectrolytes generally requires sophisticated and
laborious modification of the polymer structures, whereas a large number of hydrophobic
conjugated polymers with multiple emission colors are commercially available, and 4)
conjugated polyelectrolytes are water soluble, thus adopting extended rodlike structures in
aqueous solution. It is difficult to form densely packed nanoparticles with conjugated
polyelectrolytes because of repulsive interactions and solvation effects in an aqueous
environment.

The group of McNeill first demonstrated the formation of hydrophobic semiconductor Pdots
which exhibit salient features as promising imaging probes.[4>-551 Our recent work
demonstrated the successful formation of Pdot bioconjugates and established their
extraordinary brightness compared to commercially available dye-tagged antibodies and
Qdots of a similar particle size.[56-67.1041 Although still at the early stages of development,
semiconducting polymers as fluorescent nanoparticles have attracted intense interest.[40-44]
There have been significant efforts to create versatile semiconducting polymer nanoparticles
(a small subset of which are Pdots), tune their properties and functions, and improve their
performance for biomedical studies. The research efforts include exploring new preparation
methods, [45:46.69.70.72] jnyestigating nanoparticle formation mechanisms,[120.121] probing
nanoparticle photophysics,[4749:54.122,123] characterizing the fluorescence
performance,[48:51.56.58] tning the emission color,[47:49.71.89] engineering the particle
surface,[56-58.64-66,98,102] encapsulating inorganic materials,[96:97.99.104,105] developing
nanoparticle sensors,[32:59.60.62.74.77] imaging cellular structures,6:57.63-66] and in vivo
targeting in small animals.[58.72]

There are also recent studies in using conjugated polyelectrolytes for fluorescence imaging
applications.[32-35] |n some cases, conjugated polyelectrolytes can selectively label cellular
targets in vitro or distinctively stain different protein aggregates in vivo because of the
polyvalent electrostatic and hydrophobic interactions with biomolecules.[124-126] By virtue
of their versatile chemistry, conjugated polyelectrolytes can be synthesized with
hyperbranched structures so as to be soluble in water.[127-1291 Amphiphilic conjugated
polymers and oligomers can also self-assemble into spherical particles or micellar structures
which exhibit tunable optical properties,[89-91] and serve as imaging probes and delivery
vectors.[92:93] Moreover, traditional linear conjugated polyelectrolytes or hydrophilic
semiconducting polymers, which are heavily functionalized with hydrophilic groups, can
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also be transformed into nanoparticles in the presence of salts, acids, or oppositely charged
species.[81-88] |t js important to note, however, that nanoparticle structures based on either
polyelectrolytes or heavily functionalized conjugated polymers are distinct from Pdots,
which consist primarily of densely packed hydrophobic polymers. Although there are a few
reviews that partially cover the preparation and properties of semiconducting polymer
nanoparticles,[35:40-44] 3 relatively comprehensive and updated review on Pdots as
fluorescent probes and their biological applications is still lacking. This review places
special emphasis on Pdots, which are small (< 20-30 nm) and have a high volume fraction
(> 50%) of hydrophobic conjugated polymer. The small particle size, high volume fraction
of semiconducting polymer, and densely packed fluorophore structure are key factors in
developing the next-generation bright imaging probes and sensitive nanoparticle-based
Sensors.

2.3. Preparation Methods

Preparation methods of various conjugated polymer nanoparticles were described in detail in
a previous review.[40] Briefly, conjugated polymer nanoparticles can be directly synthesized
into nanoparticles from low-molecular-weight monomers (direct polymerization), or
prepared from high-molecular-weight polymers which are already synthesized (post
polymerization). The direct polymerization approach dates back to the 1980s, when several
nanoparticle systems of conductive polymers were reported.[130.131] More recently, this
approach has been extended to fluorescent semiconducting polymers for their nanoparticle
preparations.[89-71.132] Different from conductive polymers, which can be synthesized by
aqueous oxidative polymerization, fluorescent semiconducting polymers are frequently
synthesized by coupling reactions catalyzed by transition metals. The reactions must be
compatible with the dispersion solvents used in the direct-polymerization method. In
contrast, the post-polymerization approach can use the vast library of commercially available
semiconducting polymers and does not require equipment and expertise in organic and
polymer synthesis. To date, fluorescent semiconducting polymer nanoparticles have been
mostly prepared by this latter approach.

Typical methods of the post-polymerization approach include miniemulsion and
reprecipitation techniques, in which semiconducting polymers in an organic solvent are
usually used as the starting solution. Water is preferable as the final dispersion media for
nanoparticles aimed at biological applications. In the miniemulsion method, semiconducting
polymer nanoparticles can be formed from the emulsified droplet solution, and usually
requires a water-immiscible solvent. For the reprecipitation method, the polymer is
precipitated by rapidly mixing the polymer solution with water, and requires a water-
miscible solvent.

By using the miniemulsion method, Landfester and coworkers first demonstrated the
preparation of fluorescent semiconducting polymer nanospheres which could be used to
fabricate nanoscale multiphase films in photovoltaic and light-emitting devices.[36-38 |n a
typical miniemulsion preparation, a solution of a semiconducting polymer in an organic
solvent, such as chloroform, was emulsified in water to form stable droplets. A surfactant,
such as sodium dodecyl sulphate, was also present in the water. The organic solvent was
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evaporated to obtain a stable dispersion of polymer nanoparticles in water. The
reprecipitation method was first used by Masuhara and co-workers to prepare polythiophene
particles with a diameter range of 40-400 nm,[3%] and later modified by McNeill and co-
workers to form Pdots.[45-54] |n the reprecipitation procedure, a dilute solution of the
polymer dissolved in a water-miscible organic solvent is rapidly injected into water and
mixed. The sudden decrease in solubility, combined with the hydrophobic interactions
between polymer chains or segments of single chains, results in a suspension of highly
fluorescent Pdots.

3. Properties and Performance

3.1. Particle Size and Morphology

The miniemulsion method typically produces conjugated polymer particles, which are 40
nm to 500 nm in diameter, by varying the polymer and surfactant concentrations in the
solution mixture.[38] Figure 2A shows a typical transmission electron microscopy (TEM)
image of nanoparticles prepared from a ladder-type poly(p-phenylene) polymer by the
miniemulsion method.[3¢] In a special case, nanoparticles (ca. 13 nm) of a PPV derivative
were prepared by the miniemulsion technique using very dilute solutions of polymers in
dichloromethane combined with a large excess of poly(ethylene glycol) (PEG) as a nonionic
droplet stabilizer (semiconducting polymer/PEG ca. 0.57 wt%).[100] More recently, several
types of small nanoparticles with average diameters of 2 to 5 nm were obtained using a
similar preparation method and precursor solutions.[192] However, the procedure and
parameters need to be further optimized because the yield of this preparation appears to be
very low, and can be a significant disadvantage for a reliable preparation method.

The miniemulsion method has also been used to prepare particles made from a
semiconducting polymer. In some studies, PLGA particles loaded with semiconducting
polymer were prepared by the miniemulsion technique (semiconducting polymer/PLGA ca.
1 wt%),[94.95] byt the particles were large (ca. 250 nm) and had relatively low fluorophore
concentration (ca. 1wt%). In a similar preparation involving a miniemulsion,
semiconducting polymers were encapsulated in a phospholipid matrix, thus forming
functionalized particles (ca. 100 nm diameter) with a fluorophore loading concentration of
approximately 8.5wt%.[%8] Furthermore, the minemulsion method can be used to generate
semiconducting polymer-based composite particles (> 100 nm) consisting of inorganic
materials, such as iron oxide and metal nanoparticles.[96.97.99]

The reprecipitation method has reliably generated Pdots with diameters of about 5 to 30 nm,
whereas the miniemulsion approachl[45-54.56-58,63-66] ,gyally produces particles of 40 to 500
nm. Because the reprecipitation process involves a competition between interchain
aggregation and intrachain collapse to form nanoparticles, the particle size can be varied by
adjusting the polymer concentration in the precursor solution.[4651] Figure 2B shows a
typical TEM image of Pdots made from a PFBT polymer prepared by the reprecipitation
method.[57] The observation of a spherical shape is somewhat surprising given the rigid
backbone of rt-conjugated polymers.[133] However, the large interfacial surface tension
between the polymer and water may dominate in this size range, thus yielding a
thermodynamically favored spherical shape.[134.135] Because of the strong hydrophobic
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interactions and large surface tension, the Pdots made of hydrophobic semiconducting
polymers typically possess internal structures of densely packed chromophores, as seen by
the highly efficient energy transfer inside the nanoparticles.[43:47.49.52,58-6165,66] The phase
structure of the Pdots is typically amorphous (glassy phase), and the crystalline phase can be
formed partially in the glassy matrix for certain polymer species, such as PFO.[30]

Conjugated polyelectrolytes and hydrophilic semiconducting polymers can be precipitated
into particles with the aid of salts, acids, or oppositely charged species.[81-85.87] The
precipitation of a PPE polymer with hydrophilic amine and PEG groups from a DMSO
solution into water containing salts resulted in the formation of particles with about a 500
nm diameter.[81] With similar hydrophilic polymers, smaller particles of diameters from 10
nm to 100 nm were prepared by a solvent exchange method which involved sequential
ultrafiltration of acetic-acid-treated polymers.[82-85] |n contrast to the hydrophobic Pdots
with densely packed chromophoric structures, the polyelectrolyte-based nanoparticles
consist of loosely aggregated polymer chains because of their hydrophilic nature.[32:85]
Conjugated polyelectrolytes, however, can be synthesized with hyperbranched structures,
thus forming a three-dimensional morphology in water.[127-129] |n these structures, the
particle sizes are mainly determined by segmental flexibility and generation number so
uniform particle size can be obtained by polymer synthesis. In addition, amphiphilic
polymers and oligmers can form spherical assemblies with particle sizes ranging from ten to
hundreds of nanometers.[89.90.92.93] The assemblies can exhibit micellar structures[® or
vesicles,[13¢] put the internal structures of the particles remained somewhat unclear from the
data reported.[89.92,93]

The physical size of a nanoparticle probe is closely related to its performance in biological
applications. While there are biological applications that can tolerate large particle sizes,
most imaging and bioassays require small nanoparticle labels. For example, the large size of
fluorescent nanoparticles causes steric hindrance, which interferes with functions such as
targeting specificity and binding affinity of the attached biomolecules. In applications
involving dynamic processes, large nanoparticles can significantly impair trafficking of the
attached biomolecules and restrict access to crowded cellular locations. To counter these
effects, there has been extensive research efforts in developing small and compact
nanoparticle probes.[137:138] |n terms of per-particle fluorescence brightness, the number of
fluorophores in a particle scales with the particle volume at a given chromophore packing
density. The particle size combined with the fluorophore packing density determines the
absorption cross section of the fluorescent polymer particles. In this regard, the hydrophobic
Pdots have a significant advantage because they have densely packed chromophoric
structures.

3.2. Absorption and Fluorescence

The optical properties of Pdots have been systematically characterized and evaluated for
their utility as fluorescent labels.[45.46.48,51,56,58,59,65,66] p(ots prepared by reprecipitation
methods usually show broadened and blue-shifted absorption spectra compared to that of the
polymer in a THF solution.[46] This is consistent with an overall decrease in the conjugation
length caused by bending, torsion, and kinking of the polymer backbone. Depending on the
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polymer, Pdots exhibit broad absorption bands ranging from A = 350 nm to A. = 600 nm
(Figure 3B), a convenient wavelength range for fluorescence microscopy and laser
excitation. The light-harvesting capability of a fluorescent particle at a given wavelength is
described by the absorption cross section, which can be determined from absorption spectra.
An analysis of the UV/Vis absorption spectra at known Pdot concentrations indicated that
the peak absorption cross section of single particles (ca. 15 nm diameter) were on the order
of about 10713 cm?, roughly ten to hundred times larger than that of CdSe Qdots in the
visible and near-UV range. Their brightness was roughly three orders of magnitude greater
than that of typical organic fluorescent dyes.[51:56.58]

Pdots made from different hydrophobic polymers showed multicolor emissions in the visible
region (Figure 3). In most cases, the Pdots exhibited a slightly red-shifted fluorescence
compared to that of the polymer in an organic solvent. This was attributed to increased
interchain interactions caused by chain collapse, which produced a fraction of red-shifted
aggregate species.[46] The resulting energetic disorder, combined with multiple energy
transfers, generated a net red-shift in the fluorescence spectrum compared to that of the
polymer in a THF solution, as has often been observed in thin films.[*3] Fluorescence
quantum yield is defined as the ratio of the number of photons emitted to the number of
photons absorbed, thus describing the efficiency of a fluorescent probe. Depending on the
polymer, the Pdot species showed moderate quantum yields from 1% to 20% in early
reports.[46] Our group recently reported several new types of Pdots exhibiting high
fluorescence quantum yields in the range of 50-60%,58:63] which is comparable to those of
inorganic Qdots.

To explore Pdots in two-photon fluorescence applications, McNeill and co-workers first
reported that Pdots exhibited two-photon action cross sections as high as 2.0 x 10° GM, the
largest reported thus far for a nanoparticle having a diameter of about 20 nm (Figure 4D).[48]
The two-photon action cross-section values are three to four orders of magnitude higher than
the values for conventional fluorescent dyes, and an order of magnitude higher than that for
inorganic quantum dots. In a later study, Moon et al. prepared nanoparticles, having about an
8 nm diameter, by the ultrafiltration of the tartaric-acid-treated hydrophilic PPE derivative.
The investigators determined the two-photon action cross sections to be 103-10* GM, and
demonstrated two-photon imaging of endothelial cells in a tissue model.[84] More recently,
Mecking and co-workers reported the synthesis of fluorescent nanoparticles made of
polymers based on poly(arylene ethynylene) by a direct polymerization method involving
Sonogashira coupling in an aqueous miniemulsion.[”X] The nanoparticles exhibited sizes in
the range of 60-120 nm, and the determined two-photon action cross sections ranged from
10% to 107 GM, which is in good agreement with the values of Pdots after taking particle
volume into account. These studies consistently support the potential of Pdots for
multiphoton fluorescence imaging applications.

A useful estimate of fluorescence brightness is given by the product of the peak absorption
cross section and the fluorescence quantum yield. Table 1 summarizes the photophysical
properties of the widely studied PFBT Pdots together with the properties of two commonly
used probes purchased from Invitrogen: Qdot 565 and fluorescent 1gG-Alexa 488 (ca. six
dye molecules per IgG; IgG = immunoglobulin G).[5¢] Photophysical data indicate that
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under a typical laser excitation of A =488 nm, PFBT Pdots having an approxiamte diameter
of 10 nm are about 30 times brighter than 1gG-Alexa 488 and Qdot 565 probes. The
absorption cross section of PFBT Pdots at A = 488 nm is about half of its peak absorption
cross section at A = 450 nm. We performed a side-by-side brightness comparison by single-
particle imaging to experimentally evaluate and compare the brightness of the three
probes.[56] With a relatively low excitation power from a A = 488 nm laser, very bright,
near-diffraction-limited spots were clearly observed for individual PFBT Pdots. The 1gG-
Alexa 488 and Qdots exhibited much lower intensity levels and were barely detected by the
camera when using the same excitation and detection conditions. The fluorescence intensity
distribution of several thousands of particles indicated that PFBT Pdots were about 30 times
brighter than 1gG-Alexa 488 and Qdot 565 (Figure 5A), and this result is consistent with the
brightness comparison based on the photophysical parameters. In a similar single-particle
brightness comparison, 8] we determined that polymer-blend Pdots (PBdot) based on PFBT
and a red-emissive polymer PF-DBT5 were approximately 15 times brighter than a Qdot
which emitted at A = 655 nm (Figure 5B). In a separate comparison, PFBT Pdots (ca. 15
nm) are an order of magnitude brighter than that of dye-loaded polystyrene beads (ca. 20
nm).[331 Based on these comparisons, Pdots are arguably the brightest among fluorescent
nanoparticles of similar sizes.

3.3. Fluorescence Lifetime, Emission Rate, and Photostability

Depending on the polymer, the fluorescence lifetime of Pdots generally varies from 100 ps
to 1 ns, as determined by the time-correlated single-photon counting technique (TCSPC;
Figure 6A). The fluorescence radiative rate constant, K, and nonradiative rate constant, Ap,
can be estimated by combining the quantum yield [¢ = kg/(kztkng)] and the fluorescence
lifetime results [z = (ks + knp)~1]. Pdots exhibit a fluorescence radiative rate constant in the
range of 108 to 109 s~1, which is similar to or higher than that of typical fluorescent dyes
(ca. 108 s71). Single quantum dots exhibit rates of about two orders of magnitude lower.[140]
In experiments, the actual emission rate is often limited by saturation. This is particularly
true for experiments involving high excitation intensities, such as single-molecule imaging
and particle tracking. The photon emission rate, R, is dependent on the laser excitation
intensity, /, which is well described by two parameters: the maximum emission rate, R,, and
the saturation intensity, /;, using the saturation equation R= R4/ 1)(1+41)~1.1141] Typical
fluorescent dyes exhibit a saturated emission rate on the order of 106 s as a result of triplet
saturation.[142] This picture is complicated for Pdots with multiple densely packed
chromophores. As shown in Figure 6B, the fluorescence signal of a PFBT Pdot showed
power saturation behavior, from which the saturation emission rate was obtained by fitting
the data with the saturation equation. Statistical analysis of several Pdots produced
saturation emission rates ranging from 107 to 10° s~1.[511 The mean saturation emission rate
was roughly 100 times higher than that of typical molecular dyes, and at least three orders of
magnitude higher than that of colloidal semiconductor quantum dots. The fast emission rate
of the Pdots is an advantage for high speed applications, such as flow cytometry and
advanced dynamic imaging.

The photostability of a fluorescent dye or nanoparticle can be characterized by the
photobleaching quantum yield (¢z), which is the number of molecules that have been
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photobleached divided by the total number of photons absorbed over a given time interval.
Typical fluorescent dyes exhibit photobleaching quantum yields in the range of 1074 to
107611431 photobleaching kinetics of aqueous Pdot suspensions were observed to vary
substantially from one polymer to another.[5] Depending on the polymer, the
photobleaching quantum yield was estimated to be in the range of 1077 to 10719 by using the
rate constants obtained from the photobleaching kinetics measurements. The fluorescence
quantum yield divided by photobleaching quantum yield results in the total number of
photons that a nanoparticle emits prior to photobleaching (photon number). The photon
number of the 15 nm diameter PFBT dots was estimated to be 10%, which is three to four
orders of magnitude larger than those of typical fluorescent dyes.[51:5¢]

Single-particle photobleaching studies provide more information about the photostability of
Pdots (Figure 6C). Statistical analyses of multiple photobleaching trajectories indicated an
average of about 6 x 108 photons emitted per 10 nm diameter particle, with some particles
emitting more than 10° photons (Figure 6D). These numbers are more than an order of
magnitude higher than those for single Qdot particles, for which the total photon number
was determined to be 107 photons emitted per particle.[144] The photobleaching trajectories
could be roughly categorized into two types, as exemplified by the curves shown in Figure
6C. As indicated by the green curve, most of the Pdots exhibited continuous photobleaching
behavior without observable fluorescence blinking, but dimmer particles often showed some
blinking (blue curve). These observations are consistent with the size-dependent blinking
observed in other semiconducting polymers.[48:145] The fluorescence of the smaller
(dimmer) particles fluctuates because of the small number of emitting chromophores and the
reversible on/off dynamics which cause sizable fluctuations in the fraction of chromophores
in the “on” state. Larger particles (> 10 nm diameter) have relatively steady fluorescence
because there are contributions from a larger number of chromophores. As fluorescent
probes for imaging or single-molecule experiments, the steady fluorescence of Pdots
compares favorably to that of conventional dyes and quantum dots, which often exhibit
pronounced blinking on time scales of microseconds to hundreds of seconds.[146]

3.4. Colloidal Stability and Chemical Stability

Three aspects describe the stability of nanoparticles for biological applications. They are
whether the nanoparticles are resistant to aggregation, stable against dissociation and
decomposition, and are chemically stable in the presence of biologically relevant ions and
reactive species.

In regard to the first aspect, bare Pdots show excellent colloidal stability in deionized water
for months without signs of aggregation or precipitation. However, the mechanism by which
these intrinsically hydrophobic nanoparticles circumvent aggregation in water and exhibit
good colloidal stability was not fully understood. Kee and co-workers proposed that the
oxidation of semiconducting polymers during Pdot formation resulted in partially ionized
defects, which in turn stabilized the nanoparticle suspension.[121] Zeta potential
measurements showed that Pdots had a negatively charged surface at neutral pH, and a zeta
potential of approximately —40 mV and surface charge density of (1.39-1.70) x 1072 Cm™2.
Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy, and elemental
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analysis supported the presence of chemical defects that made the Pdots hydrophilic and
thus well dispersed in water.

However, bare Pdots tend to aggregate in solutions which are either of moderate ionic
strength or contain divalent metal ions.[64] We have shown that surface modifications can
significantly improve the colloidal stability of Pdots.[56:57.64-66] For example, Pdots can be
passivated with additives, such as bovine serum albumin (BSA), which maintain long-term
colloidal stability and reduce nonspecific binding in labeling experiments.[56] BSA-
passivated Pdots are stable for six months or longer at physiological pH values ranging from
4109, and in various buffers such as HEPES, PBS, Tris, and borate buffers,[56.57.64-66]
More recently, our group reported a facile method to coat hydrophobic Pdots with a surface
layer of polyelectrolytes.[64] The polyelectrolyte coating results in robust and stable Pdots in
solutions having a high ionic strength or containing high levels of multivalent metal ions.

Nanoparticle stability is also strongly dependent on whether the nanoparticles are easily
dissociated or decomposed over time. Because Pdot formation is primarily driven by
hydrophobic interactions, hydrophilic side chains can cause significant interference with the
association strength among different portions of a polymer chain or between polymer chains,
thus affecting nanoparticle stability. For example, loose aggregates, rather than stable and
compact nanoparticles, were formed when nanoparticles were prepared using polymers with
heavily functionalized hydrophilic side chains. Their aggregation nature was affected by
many factors, such as polymer concentrations, ionic strength, and temperature.[85] More
recently, we have systematically investigated the stability and internal structure of Pdots
prepared from PFBT polymers having different densities of hydrophilic side-chain
groups.[83] Our results indicate Pdot dissociation significantly increased as the density of
hydrophilic side chains was increased. Polymers with low-density hydrophilic side chains
formed stable and compact Pdots while those with high-density hydrophilic side chains
tended to yield unstable and loose nanoparticles.[6°]

The integrity of nanoparticles in biological applications also depends on their chemical
reactivity towards ionic species and reactive oxygen species (ROS) in a physiological
environment. For example, copper ions and ROS at physiological concentrations severely
degrade Qdots, which causes a loss of luminescence and the release of toxic Cd ions.[147.148]
We examined the stability of Pdots in the presence of biologically relevant ions and ROS
(Figure 7). The fluorescence of Pdots was not affected by any biologically relevant ions we
tested, including iron, zinc, and copper, which are among the most abundant ions
encountered in biological systems. Two common and stable ROS species in the
physiological environment, hypochlorous acid (HOCI) and hydrogen peroxide (H»05), did
not affect the fluorescence of Pdots. In contrast, under the same concentrations, inorganic
Qdots were significantly quenched by H,O, and iron ions, and were completely quenched
by HOCI and copper ions. The stable fluorescence of Pdots can be attributed to their
hydrophobic polymeric nature which tends not to have chemical interactions with metal ions
and ROS. This property provides a significant advantage for using Pdots as in vivo probes.
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3.5. Toxicity

Biocompatibility is an important consideration for fluorescent nanoparticles aimed at
biological applications. Toxicity studies of Pdots have been conducted by several groups,
and all tests showed Pdots to have very low cytotoxicity. Christensen and co-workers
evaluated the possible cytotoxic effects of hydrophobic Pdots having about an 18 nm
diameter.[%8] They assessed the viability of cells incubated with increasing amounts of PFBT
Pdots using Cell Titer Blue, a dye that tracks cell viability and proliferation. The percentage
of live J774A1 cells after an 18 hour incubation with Pdots was indistinguishable from the
control at all concentrations tested, thus indicating that the Pdots did not have any
discernible impact on cell viability and growth. In addition, images of nanoparticle-loaded
cells showed a normal morphology without any disruption to the actin microfilaments. These
results indicated that Pdots did not have significant cytotoxic effects on this cell line at
maximal working concentrations. To explore the possibility of Pdotinduced inflammatory
response, the authors monitored the expression of the proinflammatory cytokines, tumor
necrosis factor a (TNF-a), and interleukin-1p (IL-1pB), in Pdotloaded J774A1 cells at the
mRNA level. As shown in Figure 8A, the levels of mMRNA for TNF-a and IL-1p in cells that
were incubated with Pdots were identical to those that were not treated with Pdots. This
result suggested that Pdots did not have an inflammatory effect on this cell type.

Moon and co-workers investigated the cytotoxic effects of nanoparticles (ca. 97 nm) made
from a hydrophilic PPE polymer derivative.[82] BHK cells were incubated with the
nanoparticles at varying amounts. Live cells were quantified at varying times using the
CellTiter-Glo assay kit, which measured ATP as an indicator of metabolically active cells.
Their results showed minimal inhibition of viability even at 264 pM of nanoparticles over
the course of a one-week cell culture. Liu and co-workers investigated the cytotoxicity of
large semiconducting polymer particles (ca. 220 nm diameter) and PLGA particles loaded
with the semiconducting polymer.[4] The metabolic viability of NIH/3T3 cells did not
change after incubation with these large semiconducting polymer particle suspensions, even
at 700 nM for two days (Figure 8B). The nontoxic feature of semiconducting-polymer-based
nanoparticles is consistent with previous studies where conjugated polymers (such as
polyaniline, polypyrrole, and polythiophene derivatives) were used as electroactive
biomaterials in tissue engineering applications.[14%]

4. Functionalization and Bioconjugation

4.1. Encapsulation Methods

As discussed in Section 3, Pdots exhibit excellent characteristics as fluorescent probes.
However, for widespread biological applications, controlling the surface chemistry and
bioconjugating the Pdots are the first steps that need to be addressed. Analogous to the
functionalization of Qdots, approaches based on encapsulation or embedding were initially
used to produce nanoparticles having functional groups on the surface. To form
nanoparticles, semiconducting polymers have been encapsulated by or embedded in
materials such as silica,[6] phospholipid,[98:99] and PLGA polymers.[94.95]
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Silica encapsulation is a widely used strategy to facilitate surface functionalization of
nanoparticles.[16:20.150] This approach has been used to form Pdots embedded in silica with
a particle size of about 10-20 nm and where a 2—3 nm thick silica shell was formed to
enclose the Pdot. Besides encapsulation in silica, semiconducting polymers have also been
embedded inside large PLGA particles.[9495] The hydrodynamic diameters of the PLGA
particles loaded with semiconducting polymers in water were in the range of 240 to 270 nm,
as measured by dynamic light scattering (DLS). However, the fluorophore concentrations in
these PLGA particles tended to be very low. As an alternative strategy, Green and co-
workers encapsulated hydrophobic semiconducting polymers in phospholipid micelles.[9€]
The encapsulated nanoparticles showed an average diameter of 80-100 nm in water.
Introducing lipid-PEG-COOH during the encapsulation process resulted in carboxylic acid
functionalized particles which could be conjugated with BSA. On the basis of this strategy,
the same group also encapsulated both semiconducting polymers and iron oxide
nanoparticles inside phospholipid micelles.[9%] Magnetic resonance imaging (MRI) was
performed with the particle suspensions to demonstrate their MRI activity and prove their
effectiveness as potential bimodal imaging probes.

While the above encapsulation or embedding methods showed moderate success for
functionalizing the surface of the semiconducting polymer nanoparticle, they have
limitations in terms of particle size and per-particle brightness. The silica embedding method
can yield relatively small particle sizes, but the silica shell (2-3 nm) may suffer from
hydrolysis in biological environments, and the amine functionalized silica surface also
caused significant nonspecific absorption among the nanoparticles and to cellular surfaces.
For the PLGA-encapsulated particles (230-270 nm) and phospholipid-encapsulated particles
(80-100 nm), the particle sizes were too large for many cellular and subcellular targeting
applications. In addition, the concentrations of fluorescent polymers relative to the
encapsulation materials were very low in the precursor mixture at about 1% for the PLGA
encapsulation,[94.95] and about 8.5% for the phospholipid encapsulation.[®8] These
percentages indicated relatively low fluorophore loading concentration in the final
nanoparticles, and were similar to or lower than those of fluorescent-dye-loaded latex
spheres. Therefore, these encapsulation strategies do not fully take advantage of the optical
properties of semiconducting polymers to form nanoparticles with densely packed polymer
fluorophores. As a result, the per-particle fluorescence brightness is limited because of low
fluorophore loading concentrations, although in some cases, the large particle size may
compensate for the brightness.

4.2. Amphiphilic Polymer Coprecipitation Methods

A reliable functionalization and conjugation method is highly desirable for preparing small,
bright Pdot probes which specifically recognize and label cellular targets. Our group
developed several methods that successfully addressed the challenge of Pdot bioconjugation
and specific cellular targeting.[56-58.63-66] The first strategy is based on trapping
heterogeneous polymer chains inside a single Pdot during nanoparticle formation. A small
amount of amphiphilic polymers bearing functional groups are coprecipitated with the
semiconducting polymers during Pdot preparation to modify and functionalize the
nanoparticle surface. Subsequent conjugation covalently links Pdots to biomolecules which
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label cellular targets by specific antigen—antibody or biotin—streptavidin interactions. This
functionalization and bioconjugation strategy can be easily applied to any fluorescent
semiconducting polymer.

As an example, an amphiphilic comblike polystyrene polymer, PS-PEG-COOH, was used to
functionalize the highly fluorescent PFBT Pdots (Figure 9A).[58] Functionalized Pdots were
prepared using a precursor solution mixture with a constant PFBT concentration and PS-
PEG-COOH/PFBT fractions ranging from 0 to 20 weight percent. The size and morphology
of the functionalized PFBT Pdots were characterized by TEM (Figure 9B) and DLS (Figure
9C). Both measurements showed comparable particle sizes with an average diameter of
about 15 nm. In terms of fluorophore density, this functionalization strategy produced good
quality nanoparticle probes where more than 80 percent of the Pdots were effective
fluorophores. In contrast, for Qdots and dye-loaded spheres, the effective fluorophore
concentrations are limited to a few percent of the particle volume or weight because of the
presence of a thick encapsulation shell (for Qdots) or self-quenching of dyes (for dye-doped
spheres).

In another study, the fluorescent PFBT polymer was coprecipitated with a small amount of
poly(styrene-co-maleic anhydride) (PSMA) polymer and the resulting Pdots were also
successfully functionalized on the surface.[>”] The carboxy-functionalized Pdots were
further reacted with small amine-containing molecules such as amino azides and amino
alkynes to form clickable Pdots for bioorthogonal labeling using click chemistry (Figure
10A). DLS and TEM measurements showed that both the carboxy Pdots and Pdots
conjugated with small molecules had comparable particle sizes, with an average diameter of
about 15 nm. However, they exhibited shifted migration bands, as indicated by gel
electrophoresis (Figure 10B), because of the reduced charges of the Pdot conjugates
compared to the carboxy-functionalized Pdots. A fluorescence assay using an alkyne-
functionalized Alexa 594 dye was further performed to verify the presence of surface azide
groups, thus indicating the excellent reactivity of azide-functionalized Pdots towards a
terminal alkyne group by a copper (I)-catalyzed click reaction (Figure 10C). All these results
clearly indicated successful carboxy functionalization of the Pdots as well as all subsequent
surface modifications.

4.3. Direct Functionalization Methods

In the encapsulation methods and the amphiphilic polymer coprecipitation scheme,
bioconjugation was achieved by reacting the surface functional groups of the Pdots with
biomolecules. The resulting Pdot bioconjugates were successfully used for cellular
tagging,®8] bioorthogonal labeling,[7] and in vivo tumor targeting.[58] However, the
functional molecules in the above schemes were attached to the Pdots primarily through
noncovalent hydrophobic association. This reliance on hydrophobic association and lack of
covalent attachment can be a significant drawback because the functional molecules may fall
off or dissociate from the nanoparticles as a result of swelling or internal reorganization of
the polymer backbone, and this in turn reduces the labeling efficiency and sensitivity in
cellular assays. In addition, it is quite difficult to precisely control the density of functional
groups on the surface of the Pdots by these surface modification methods.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu and Chiu

Page 17

To overcome these drawbacks, our group demonstrated a synthetic approach for covalently
attaching functional groups in the initial polymer synthesis.[%] Pdots formed from these
polymers can have functional groups directly available for bioconjugation, thus avoiding the
need for additional surface modification procedures. We note that chemical modifications of
semiconducting polymers with hydrophilic groups have been widely used to impart water
solubility and functionalization to conjugated polyelectrolytes and amphiphilic conjugated
polymers. Conjugated polyelectrolytes and hydrophilic conjugated polymers have been
prepared in nanoparticle form with functional groups.[33:82:85] |n addition, amphiphilic
conjugated oligomers prefunctionalized with azide groups and biological ligands, such as
mannose, can also self-assemble into nanoparticles which selectively bind proteins, bacteria,
and functionalized beads.[9]

However, direct functionalization for forming hydrophobic semiconducting polymers into
Pdots is distinct from these efforts. It involves very different considerations and sometimes
even has opposite requirements. For example, we found that the degree of hydrophilic
functionalization played a critical role in determining the stability and fluorescence
performance of the final Pdots.[8%] The density of hydrophilic groups must be carefully
controlled at low density levels to maintain the stability and performance of Pdots for
biological applications.

To investigate the effect of hydrophilic side chains on Pdot stability and performance, a
series of PFBT polymers were synthesized with side-chain carboxylic acid groups at molar
fractions of approximately 2%, 14%, and 50%, and were abbreviated PFBT-C2, PFBT-C14,
and PFBT-C50, respectively (Figure 11). Fluorescence spectroscopy showed that the
fluorescence quantum yields decreased from 30% to 17% as the density of hydrophilic
functional groups increased from 2% to 50%. Single-particle fluorescence brightness
comparisons revealed that the actual fluorophore packing density in PFBT-C50 Pdots was
much lower than that in PFBT-C2 and PFBT-C14 Pdots, thus suggesting that the hydrophilic
side chains affected the internal structures and compactness of the different Pdots. To further
confirm this point, a dye-doping and leaching method was developed to examine the
compactness of the fluorophore packing as well as the association strength of polymer
molecules in the PFBT Pdots with different densities of hydrophilic side chains. Quantitative
absorption and fluorescence analyses showed that the dye leaching and PFBT dissociation in
the Pdots were strongly dependent on the density of hydrophilic side chains. For example,
about 10% of PFBT and 50% of dye molecules leached out from PFBT-C50 Pdots, but no
PFBTand only 6% of dye leached out from PFBT-C2 Pdots. The results, together with
fluorescence resonance energy transfer (FRET) analysis, showed that PFBT-C2 Pdots had
strong chain—chain associations and a densely packed internal structure through hydrophobic
interactions, which is in contrast to PFBT-C50 Pdots having a high density of hydrophilic
side chains. In addition, flow cytometry was performed to evaluate the role of nonspecific
interactions in cellular labeling by the PFBT-C2, PFBT-C14, and PFBT-C50 Pdots. The
results showed that PFBT-C50 Pdots exhibited strong nonspecific cellular labeling compared
to PFBT-C2 Pdots. Based on these results, the low density of functional groups is a key
factor for directly functionalizing the Pdots for biological applications. We carried out
bioconjugation on the PFBT-C2 dots, and the resulting Pdot bioconjugates were specific for
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cellular targeting, thereby indicating that low-density functionalization was sufficient for
bioconjugation and biological applications.

In a related study, our group developed a cross-linking strategy to covalently link functional
polymer molecules to Pdots.[8] In this method, a PFBT polymer with side-chain amine
groups was first synthesized, and a functional polymer such as poly(isobutylene-a/tmaleic
anhydride) (PIMA) or PSMA was used as a cross-linker. Each cross-linker molecule
comprised multiple reactive units which spontaneously reacted with side-chain amine groups
of the polymer to form covalent cross-links with the semiconducting polymer and
simultaneously provide carboxy groups for bioconjugation. In addition to producing stable
functionalized Pdots, this approach can reliably form Pdots that are 10 nm or less in particle
size, which is difficult to achieve with most other methods. We successfully performed
bioconjugation on these small, cross-linked Pdots, and the resulting conjugates were used to
label the surface marker of breast cancer cells and the microtubules of cervical cancer cells.
This application demonstrated their utility in biological imaging as well as flow cytometry
experiments.

5. Biological Applications

5.1. Cellular Labeling through Endocytosis

The merits of Pdots, such as their high brightness, fast and stable emission rate, excellent
photostability, and nontoxic features, are promising for experimentally demanding biological
applications. In vitro cellular imaging applications of Pdots were initially conducted by a
nonspecific labeling method, such as endocytosis.[>1] Bare hydrophobic Pdots without any
encapsulation layer appeared stable in cell culture media, and fluorescence imaging clearly
indicated uptake of the bare Pdots by the cells. The high fluorescence of Pdots allowed their
use at a low concentration in a cell culture. For example, Pdot fluorescence in cells could be
detected with loading concentrations as low as 155 pm (270 ppb).[%8] Intracellular
fluorescence colocalization of bare Pdots and Texas Red dextran (TR-dex) indicated cellular
uptake occurred through a common endocytic mechanism. Colocalization of bare PFBT
Pdots with immunofluorescence from an anti-LAMP-1 antibody confirmed that lysosomes
were the final cellular destination of bare Pdots. Inhibition of uptake by phosphoinositide 3-
kinase inhibitors suggested that cellular uptake of bare Pdots occurred by constitutive
macropinocytosis rather than clathrin-dependent or caveolin-dependent mechanisms.[68]
Macropinocytosis is a nonspecific mechanism for sampling extracellular fluid where the
contents of the vesicles are finally delivered to lysosomes. Entry of bare Pdots by this
mechanism implied that the macrophage cells did not recognize the nanoparticle surface,
and the bare Pdots were simply included into macropinosomes as part of the extracellular
soup.

Cellular labeling by endocytosis has also been performed using nanoparticles made by
encapsulating or embedding semiconducting polymers into the particle matrix. For example,
PLGA particles loaded with semiconducting polymers were incubated with MCF-7 breast
cancer cells, and bright fluorescence was detected in the cell cytoplasm, thus indicating
efficient cellular uptake.[%] Amine-terminated folic acid was conjugated to the particles to
specifically target the folate receptors which are overexpressed in cultured cancer cells.
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Fluorescence imaging studies showed that the internalization of folic-acid-functionalized
particles in MCF-7 cancer cells was more efficient than that of the nonfunctionalized ones
because of endocytosis mediated by the folate receptor.[9! In another set of experiments, the
cellular uptake and cytotoxicity of several types of phospholipid-encapsulated
semiconducting polymer nanoparticles, including those loaded with magnetic
nanoparticles,[98:99 were studied. The data indicated the potential of Pdots as nontoxic
fluorescent labels as well as multifunctional imaging probes.

In addition to nanoparticles based on hydrophobic semiconducting polymers, various
conjugated polyelectrolyte nanoparticles and amphiphilic conjugated polymer nanoparticles
have also been demonstrated as cellular imaging probes.[33:35.82,84,87,92,93127,151] Ce|lylar
uptake of polyelectrolyte-based nanoparticles occured primarily through macropinocytosis
or receptor-dependent endocytosis, thus the uptake was dependent upon the functional
surface groups and the cell lines. It is worth noting that the molecular type (i.e. exist as
solvated molecules rather than nanoparticles) of conjugated polyelectrolytes constitute a
large research area within fluorescence biosensing and bioassays, where target-induced
polymer aggregation through electrostatic interactions are widely used as the transduction
mechanism for target detection.[32:34:35]

5.2. Immunofluorescent Labeling

Although endocytosis-based labeling showed the potential of Pdots for cellular imaging, it is
intrinsically a nonspecific process and lacks the specificity of established labeling methods
with organic fluorophores and Qdots, which generally involve antigen—antibody interactions.
Streptavidin and 1gG are widely used in bioconjugation for immunofluorescence labeling of
cellular targets. Our group developed a bioconjugation method for forming Pdot-1gG and
Pdot-streptavidin probes (hydrodynamic diameter ca. 10-20 nm), and tested their ability to
label a specific cellular target, EpCAM, an epithelial cell-surface marker currently used to
detect circulating tumor cells. Figure 12A shows that the Pdot-1gG probes successfully
labeled EpCAM receptors on the surface of live MCF-7 human breast cancer cells after the
cells were incubated with a monoclonal primary anti-EpCAM antibody. When the cells were
incubated with just the Pdot-1gG and without the primary antibody, cell labeling was not
detected (Figure 12B), thus indicating that the Pdot-1gG conjugates were highly specific for
the target. Similarly, the Pdot-streptavidin probes, together with the primary anti-EpCAM
antibody and biotinylated goat anti-mouse-1gG secondary antibody, also effectively labeled
EpCAM on the surface of live MCF-7 cells, without detectable nonspecific binding. We
further compared the labeling brightness of Pdot bioconjugates with those of commercially
available Qdot-streptavidin and Alexa-1gG probes using a microfluidic flow cytometer
(Figure 12C and D). Quantitative analyses of the flow cytometry data showed that the
average intensity of Pdot-labeled cells was approximately 25 times brighter than that of the
Qdot-labeled ones, and about 18 times brighter than that of the Alexa-1gG-labeled cells. The
labeling brightness was also quantified by analyzing fluorescence images of MCF-7 cells
labeled with either Pdot-streptavidin or Qdot-streptavidin: The Pdot-labeled cells were
approximately 20 times brighter than the Qdot-labeled ones, and is consistent with the flow
cytometry data. These results clearly established the extraordinary fluorescence brightness
of Pdots and their potential for cellular imaging and biological assays.
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More recently, our group reported CN-PPV Pdots which had small hydrodynamic diameters
of about 10 nm and bright orange fluorescence with a quantum yield of approximately
60%.163] Successful functionalization and bioconjugation produced CN-PPV Pdot-
streptavidin probes which specifically labeled cell-surface markers and microtubule
structures inside mammalian cells (Figure 13). When flow cytometry was performed to
examine the specific labeling of a cell surface marker by the Pdot-streptavidin probes, the
labeled cells exhibited much stronger fluorescence compared to the control samples, thus
indicating the brightness and specificity of the Pdot probes. For microtubule labeling, HeLa
cells were fixed, permeabilized, and then incubated with biotinylated monoclonal anti-a.-
tubulin antibody. The HeLa cells incubated with Pdot-streptavidin probes in the presence or
absence of biotinylated antibody were imaged by confocal microcopy. The positively labeled
cells showed bright fluorescence from well-resolved tubular structures, without detectable
nonspecific binding in the control experiment. Under the same labeling conditions, similar
high quality images of subcellular structures were not observed with the larger PFBT-
streptavidin probes. The reason was attributed to the compact and small size (ca. 10 nm) of
CN-PPV Pdots which exhibited very low nonspecific binding in the crowded subcellular
environment when compared to the larger PFBT dots (ca. 20 nm). These results indicate
compact and highly fluorescent Pdots are promising probes for subcellular imaging and
bioanalytical assays.

Large particles with embedded semiconducting polymers have also been successfully used
for immunofluorescence labeling of cells. For example, Liu and co-workers described
PLGA-encapsulated semiconducting polymer particles (230-260 nm) which were
functionalized with amine groups by varying the molar ratios of PLGA-PEG-NH, and
PLGA-OCHj5.[9] Additional conjugation of the amine-functionalized particles with the
antibody trastuzumab produced bioconjugated nanoparticles which could discriminate SK-
BR-3 breast cancer cells from MCF-7 breast cancer cells and NIH/3T3 fibroblast cells by
taking advantage of the specific binding affinity between trastuzumab and the HER2
receptor overexpressed on the SK-BR-3 breast cancer cell membrane.

5.3. Bioorthogonal Labeling by Click Chemistry

The most recognizable click reaction is the copper(l)-catalyzed azide—alkyne cycloaddition,
which has been applied to research fields as diverse as materials science and chemical
biology.[152-156] For biological applications, both azide and alkyne groups are considered to
be bioorthogonal chemical reporters because they do not interact with any native biological
functional groups. These bioorthogonal reporters can be incorporated into a target
biomolecule using the biosynthetic machinery of the cell. These reporters provide chemical
handles which can be subsequently tagged with exogenous probes. To demonstrate cellular
labeling with Pdots and click chemistry, we visualized newly synthesized proteins which
were modified by bioorthogonal noncanonical amino-acid tagging.[>”] In this process, newly
synthesized proteins in cells were metabolically labeled with an azide- (or alkyne-) bearing
artificial amino acid, such as azidohomoalanine (AHA) or homopropargylglycine (HPG).
The proteins were then amenable to tagging with fluorescent Pdots by highly selective click
chemistry. Confocal imaging showed bright fluorescence for the AHA-labeled cells tagged
with Pdot-alkyne by a click reaction (Figure 14). In the negative control experiment, cellular
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labeling was not observed, thus indicating that Pdot-alkyne tagging was highly specific for
the cellular targets.

The clickable Pdots were also used to selectively target glycoproteins.[57] The method
involved metabolic labeling of glycans with a monosaccharide precursor which was
functionalized with an azide group.[*37] The azide-containing sugars were covalently tagged
with imaging probes. MCF-7 cells were incubated with N-azidoacetylgalactosamine
(GalNAZz) for three days to enrich O-linked glycoproteins with the azido groups. The
GalNAz-treated cells were tagged with Pdot-alkyne by a click reaction and subsequently
viewed under a confocal microscope. Bright cellular labeling was observed for the cells
positively tagged with Pdot-alkyne. Fluorescence was not observed in the negative control
where cells lacked the azide groups, thus indicating that the clickable Pdots were highly
specific for the glycoproteins. Notably, the very low Pdot concentrations of about 50 nM that
were applied for the labeling studies were orders of magnitude less than the general
concentrations used for small dye molecules (typically in the um range). Pdot tagging using
click chemistry was also highly specific for the targets, with virtually no background
labeling.

5.4. In Vivo Imaging

Fluorescence imaging in vivo is mainly used for small animal studies and not generally
translated into the clinic because of photon-limiting interference such as scattering,
absorption, and autofluorescence, which occurs in biological media. These limitations are
expected to be overcome to a great extent if a breakthrough in signal intensity is achieved by
using exogenous near-infrared (NIR) fluorescent probes which are orders of magnitude
brighter than the current organic dyes. In this context, semiconducting polymer
nanoparticles hold great potential because of their high brightness and nontoxicity. Kim and
co-workers demonstrated the successful in vivo application of semiconducting polymer
nanoparticles to sentinel lymph node mapping.[72] Cyano-substituted derivatives of poly(p-
phenylenevinylene) were designed to produce multicolor fluorescent nanoparticles (Figure
15), which were directly synthesized by in situ colloidal polymerization in the aqueous
phase. One type of nanoparticle (NIR-cvPDs) showed polydispersed size distributions (60
+ 14 nm), a broad absorption band, and a red-to-NIR fluorescence emission peaking at A =
693 nm with a quantum yield of 21%. The potential of NIR-cvPDs for in vivo imaging was
explored for sentinel lymph node mapping in a mouse model. After the NIR-cvPDs were
injected intradermally into the forepaw pad of a mouse, the nanoparticles drained rapidly
from the interstitial site of injection into the lymphatic system, and finally accumulated at
the regional lymph node without any sign of outflow toward the next tier nodes. The result
was clear-cut imaging of sentinel lymph nodes. Biodistribution studies indicated that the
lymphatically drained nanoparticles were efficiently trapped in the sentinel lymph nodes
without entering the subsequent lymphatic and blood circulations.

Delivering imaging probes to brain tumors represents one of the most challenging in vivo
tasks because of the blood-brain barrier and the complex dependence on the probe size and
surface properties.[158] We developed Pdot bioconjugates which consisted of optimally
tailored semiconducting polymer blends for in vivo tumor targeting.[®8] The Pdots of having
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a diameter of about 15 nm showed large absorptivity (3.0 x 107 cm™*M1) and efficient
deep-red emission (quantum yield = 0.56), thus making them aproxiamtely 15 times brighter
than the Qdots emitting at A = 655 nm. Successful Pdot functionalization produced a
biocompatible surface which could be covalently conjugated to a tumor-specific peptide
ligand, chlorotoxin (CTX). We evaluated the capability of the Pdot-CTX conjugate to
traverse the blood-brain barrier and specifically target a tumor in a transgenic mouse model
ND2:SmoALl. Pdot probes were injected into either symptomatic ND2:SmoA1 or wild-type
control mice through the tail vein. The Pdot probes were either Pdot-CTX or Pdot-PEG as a
control. Strong fluorescence signals were observed only in the brain tumor regions of the
ND2:SmoA1 mice that received the targeting probes (Figure 16). Pdot fluorescence was not
obvious in the brains of the healthy animals, thus indicating a preferential accumulation of
the Pdot-CTX in ND2:SmoA1 tumors. Quantitative evaluation of Pdot accumulation and
histological analysis correlated well with the biophotonic images, thus confirming the
selective accumulation of the Pdot-CTX probes in the malignant brain tumors. Nanoparticle
clearance and biodistribution are closely dependent on particle size.[159.160]1 The distribution
profiles of the Pdots in the main clearance organs—Iliver, spleen, and kidney—were
analyzed. As expected based on particle size,[169] the Pdot-CTX exhibited dominant uptake
in liver, significantly lower signal in the spleen, and nearly no distribution in the kidney for
both wild-type and ND2:SmoA1 mice. This distribution profile is comparable to those
reported for inorganic iron oxide nanoparticles and Qdots of similar particle size.[158.160]
This study represents the first demonstration of targeted delivery to diseased tissues in small
animals. It suggests a great potential of Pdot-based probes for in vivo applications, such as
clinical cancer diagnostics and therapeutics.

5.5. Single-Particle Tracking

Nanoscale two-dimensional (2D) and three-dimensional (3D) single-particle tracking
methods have proven to be extraordinarily useful for investigating a wide variety of cellular
processes, such as molecular transport, membrane dynamics, and the motion of motor
proteins.[>71 McNeill and co-workers evaluated the use of Pdots for nanoscale 2D and 3D
tracking applications.[®3] To experimentally determine the per-particle brightness for particle
tracking, single Pdot particles were imaged with a CCD-equipped, inverted fluorescence
microscope at an acquisition rate of 50 Hz. The detected photons per particle per image
typically ranged between 1 x 108 and 1 x 10° for several hundred consecutive images.
Analysis of 20 typical single-particle fluorescence intensity trajectories yielded an average
of about 10° total photons emitted per particle, with some particles emitting more than 1010
photons. Based on the signal levels of isolated nanoparticles, a theoretical tracking
uncertainty of better than 1 nm was estimated. Intracellular particle tracking was also
demonstrated, and particle trajectories were found to be consistent with expected
phenomena, such as partially confined diffusion and reversible and irreversible binding to
cellular components (Figure 17). The tracking results indicate that Pdots are promising for
measuring local diffusivity and nanoscale motion of individual biomolecules and subcellular
structures in cells.

In a related but different study, McNeill and co-workers demonstrated the tracking of
individual charge carriers in Pdots by video rate fluorescence microscopy.[4 Fluctuations in
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the fluorescence intensity and nanometer-scale displacements in the centroid of single Pdots
were observed when stationary nanoparticles were continuously imaged. The fluctuations
and displacements were attributed to the hopping motion of hole polarons, which effectively
quenched the fluorescence in the vicinity of the polaron. Analysis of the fluctuations in the
fluorescence centroid gave a value of roughly 1072 cm?2V~1s for the zero-field hole polaron
mobility. This value is one or two orders of magnitude lower than the reported values
obtained by / Vanalysis. However, it is consistent with the highly trapped charge carriers,
because the nanoparticles would have additional conformational disorder, chemical defects,
and energetic disorder compared to optimally prepared thin films. This study demonstrated
that high-speed fluorescence tracking can be used to measure nanometer-scale motion and
mobility of a single-charge carrier within an organic semiconductor nanostructure.

5.6. Energy-Transfer-Based Pdot Sensors

There is a growing interest in using FRET for sensing applications. FRET-based techniques
have been widely demonstrated for studying biomolecular conformations and short-range
interactions between molecules.[161-164] Conjugated polyelectrolytes have been extensively
demonstrated as very sensitive biosensors based on an extraordinarily efficient energy
transfer which is characterized as super-quenching.[27:29:32] Qur discussion here focuses on a
novel platform that exhibits efficient energy transfer inside the hydrophobic Pdot
nanoparticles because of the densely packed structure and high-volume fraction of
fluorophore polymers. The extraordinary light-gathering capability of semiconducting
polymers and efficient intraparticle energy transfer has been demonstrated to enhance the
per-particle fluorescence brightness, tune the emission color, and improve photostability of
the Pdots. In particular, new sensing functions can be created when certain molecules with
sensing functions are doped into the Pdots. The intraparticle energy transfer from the
polymer donor to the dye acceptor results in emissions which are sensitive to certain
analytes or responsive to environmental changes.[52:59.60.77]

Hydrophobic molecular species were initially selected for dye doping because they can be
easily incorporated into the hydrophobic Pdots by hydrophobic interactions. The first
example of Pdot sensor was the development of Pdots doped with the phosphorescent dye
platinum octaethylporphyrin (PtOEP) for oxygen sensing.[52] The PtOEP-doped Pdots
exhibited efficient intraparticle energy transfer from the polymer host to the phosphorescent
dye, thus resulting in bright phosphorescence which was highly sensitive to the
concentration of molecular oxygen (Figure 18A).

By using the successful Pdot functionalization strategies we developed, it was possible to
employ a variety of fluorescent dyes for developing Pdot-based sensors.[59:6%1 Our group
developed a pH-sensitive Pdot probe with the semiconducting polymer PPE and the pH-
sensitive dye fluorescein.[9] The hydrophilic fluorescein dye was covalently coupled to the
Pdot surface, and energy transfer from the polymer donor to the dye acceptor acted as a
ratiometric platform for pH sensing. Intracellular pH sensing was demonstrated inside Hela
cells after the cells took up the Pdots through endocytosis. The linear pH range for the Pdot
senor is between pH 5.0 and 8.0 (Figure 18B), which is suitable for most cellular studies.
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In a later study, temperature-sensitive Pdots were constructed based on the semiconducting
polymers PFBT and PFPV and the temperature-sensitive dye Rhodamine B (RhB).591 To
uniformly distribute the hydrophilic RhB dye into the Pdots, the small dye molecules were
covalently linked to a hydrophobic polystyrene species, and then blended with the
hydrophobic semiconducting polymers. Like the pH sensors, the Pdots exhibited efficient
energy transfer from the polymer matrix to the dye acceptors, thus resulting in ratiometric
temperature sensing. These Pdot sensors showed a linear fluorescence response in the range
from 10 °C to 70 °C (Figure 18C). Efficient cellular uptake of the Pdots was observed in
Hel a cells, and subsequent cellular imaging and temperature determinations were consistent
with the results measured by a thermocouple, thus indicating their potential as a sensitive
intracellular temperature sensor.

Nanoparticle-based ion sensors have attracted great interest because of their simplicity,
selectivity, high sensitivity, and reliability.[165.166] pdot-based ion sensors have been
developed to detect biologically or environmentally relevant ions, such as Cu?*, Fe?*, and
Hg?*. In a simple platform, carboxy-functionalized Pdots coordinated directly with Cu2* or
Fe?*, and thus caused fluorescence quenching because the Pdots aggregated.[62] The Cu2*-
induced aggregation could be reversed by adding ethylenediaminetetraacetic acid (EDTA) to
the solution, and the Fe2*-induced aggregation was not reversible. The selective
fluorescence recovery allowed the sensors to differentiate between copper and iron ions and
to determine their individual concentrations. In a recent study, a fluorescent HgZ* sensor was
developed on the basis of the dye-doping strategy.[’”] The Pdot-based Hg?* sensor was
constructed from PFBT Pdots which were doped with a molecular dye rhodamine
spirolactam (RhB-SL). The dye molecules were nonfluorescent until they were exposed to
mercury ions, thus promating an irreversible reaction and converting the nonfluorescent dye
into fluorescent rhodamine. The fluorescence intensity ratio of the dye acceptor to the PFBT
donor allowed ratiometric sensing of mercury ions. The light harvesting capability of the
Pdots enhanced the fluorescence intensity of the rhodamine dyes by a factor of 10, thereby
enabling sensitive detection of mercury ions in water (Figure 18D). Collectively, the
versatile Pdot-based sensing platforms demonstrate the continued promise of Pdots for
chemical sensing applications.

Very recently, Swager and co-workers demonstrated a new type of nanoparticle sensor based
on energy transfer for sensing biomolecules, such as protease.[74] The nanoparticles were
based on a highly fluorescent PPE polymer consisting of a red emitting perylene unit
inserted randomly into the PPE backbone and a terminal unit bearing reactive succinimide
groups. Taking advantage of the energy-transfer-based fluorescence amplification, the
nanoparticles made from this polymer showed bright dual-peak fluorescence from both the
PPE polymer and the perylene unit. Both emission peaks could be further quenched upon
cross-linking the shell of nanoparticles (off state) by reaction of the succinimide groups with
a short peptide. The cross-linking effectively strained the nanoparticles into a more tightly
aggregated and quenched state. In response to the protease, the peptide cross-linkers were
cleaved and the strain was released, thus resulting in a “turn-on” fluorescence response.
Sensing assays under physiological conditions provided a 15-fold increase of the
fluorescence intensity after incubation with the protease (Figure 19).[74]
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In addition to sensing, the dye-doping strategy and energy transfer were exploited by
Harbron and co-workers who developed photoswitchable Pdots doped with photochromic
spirooxazine or diarylethene dyes.[”> 7] In a recent study, fluorescence photoswitching of
the diarylethene-doped PFBT nanoparticles was demonstrated in a cellular environment.[78]
Photoswitchable probes are particularly attractive because they can potentially be used in
super-resolution imaging techniques to resolve cellular structures which are much smaller
than diffraction-limited spot sizes.[%11] However, current photoswitchable Pdots generally
do not exhibit the binary on/off switching needed for most schemes employed in super-
resolution imaging.

5.7. Drug and Gene Delivery

Intense efforts in nanomedicine aim to use nanoparticles to specifically deliver drugs, heat,
or other substances to diseased tissues.[167:168]1 With their flexible polymer matrix,
conjugated polymer nanoparticles provide a suitable system for encapsulating drugs or other
therapeutic agents. Hydrophobic Pdots as a delivery system can also overcome drug
solubility issues. This advantage has significant implications because more than 40% of
active substances identified through combinatorial screening programs are poorly soluble in
water.[16% These drugs potentially can be doped or encapsulated inside Pdots to be delivered
and released at diseased tissues. To date, there is little work in using Pdots for drug delivery.
However, nanoparticles made from amphiphilic semiconducting polymers and
polyelectrolytes have been explored as versatile systems for drug and gene delivery. For
example, Wang and co-workers prepared conjugated polymer nanoparticles (ca. 50 nm
diameter) by electrostatic assembly of the cationic conjugated fluorescent polymer PFO with
anionic poly(L-glutamic acid) conjugated with the anticancer drug doxorubicin (PG-
Dox).[88] This nanoparticle system delivered doxorubicin to targeted cancer cells, and
because doxorubicin quenches PFO fluorescence the drug release was monitored by the
fluorescence “turn-on” signal from PFO. The same group also employed a cationic poly(o-
phenylene vinylene) polyelectrolyte in a cell culture study and it selectively bound and
damaged bacterial cells.[170] The highly negative charge density of the bacterial cell surface
made it possible for the cationic polymer to selectively bind bacteria but not mammalian
cells. Upon light irradiation, the polyelectrolyte was excited, presumably generating ROS,
and killed bacterial cells. Liu and co-workers also reported a drug delivery system based on
conjugated polyelectrolyte nanoparticles loaded with the anticancer agent cisplatin.[88]
These drug-loaded nanoparticles were demonstrated as in vivo fluorescent imaging probes
which simultaneously tracked the slow and steady drug release in nude mice upon
intravenous administration.

Amphiphilic and hydrophilic semiconducting polymer nanoparticles have also been explored
for gene delivery.[92] In one study, a lipid-modified cationic poly(fluorenylene phenylene)
polymer (PFPL) with ammonium pendant groups was synthesized and bound DNA through
electrostatic interactions. The pCX-EGFP plasmid encoding the green fluorescent protein
(GFP) was associated with the PFPL nanoparticles to form a nanoparticle/plasmid complex
which was taken up by A549 cells through endocytosis. Green fluorescence from the GFP
was observed (Figure 20A), thus indicating the nanoparticles successfully delivered
plasmids into cells for further transcription and translation.[2] In another study, amine-

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu and Chiu

Page 26

containing hydrophilic PPEs were prepared into loosely aggregated particles.[85] These
particles formed stable complexes with small interfering RNA (siRNA). The complexes
were delivered to Hel a cells and a significant downregulation of a target gene was observed
(Figure 20B). Although still at an early stage, these studies point to the potential of using
semiconducting polymer nanoparticles as both imaging probes and delivery vehicles.

Recently, there has been considerable interest in developing nanoparticle-based
photosensitizing agents.[172-176] Current nanoparticle photosensitizers typically consist of
photosensitizing dyes either encapsulated inside polymer/silica nanoparticles171-174] or
conjugated to a Qdot surface, and results in singlet oxygen generation by energy
transfer.[175.176] These strategies were limited by low absorptivity and less efficient energy
transfer. By entrapping photosensitizer drugs into Pdots, large absorptivity and highly
efficient intraparticle energy transfer would yield effective nanoparticle photosensitizers.
McNeill and co-workers developed a Pdot consisting of a semiconducting polymer doped
with the singlet oxygen photosensitizer tetraphenylporphyrin (TPP).[491 TPP-doped Pdots
have been recently shown to be promising for photodynamic therapy for both one-photon or
two-photon excitations.[5%:79.80] Spectroscopic studies indicated that the polymer efficiently
absorbed and transferred energy to the porphyrin sensitizer, thereby resulting in highly
efficient singlet oxygen generation. The quantum efficiency of singlet oxygen production
was determined to be approximately 0.6-0.8, which is comparable to or higher than that of
currently available photosensitizer drugs.[5%! Gel electrophoresis of DNA after UV
irradiation in the presence of Pdots indicated substantial DNA damage by ROS. Similar to
the dye-doped Pdot sensors, the Pdot photosensitizer takes advantage of the flexible polymer
matrix for encapsulation (a general feature of polymers) and the unique optical properties of
Pdots (large absorptivity and efficient intra-particle energy transfer) to enhance the
performance of dopant functions.

6. Current Challenges and Trends

Pdots are a new class of fluorescent nanoparticles. As is the case with all new nanoparticles,
the design criteria for demanding biological applications, both in vitro and in vivo, are still
being formulated. Because of the huge number of existing semiconducting polymers ranging
from hydrophobic polymers to polyelectrolytes, we can envision some general design
considerations for high-performance fluorescent probes and the emerging challenges. In our
opinion, small and bright Pdots are extremely important for most biological imaging
applications and fluorescence assays. In terms of probe performance, such as fluorescence
brightness, different colored Pdots have reliably shown fluorescence quantum yields in the
range of 30-60%,[56:58.63] and are comparable to those of inorganic Qdots and many organic
small-molecule fluorophores. Accordingly, the absorption cross section of Pdots is the
dominant factor for their fluorescence brightness. Absorption cross-section scales with the
volume fraction as well as the packing density of fluorophores for a given particle size.
Therefore, high fluorophore fractions and densely packed structures are highly desirable in
developing bright Pdot probes. However, the preparation methods of Pdots need to be
improved so that different sizes, with narrow size distributions, can be reliably produced.
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For Pdot functionalization, direct functionalization seems to be a robust approach for
modifying the surface of hydrophobic Pdots.[5] Hydrophilic functional groups are generally
needed and can be covalently linked to the side chain or terminal units of the hydrophobic
semiconducting polymers. But direct functionalization can significantly affect the per-
particle brightness, internal structure, nanoparticle stability, and nonspecific labeling in
biological applications. Therefore, the density of the functional groups must be carefully
controlled for maximizing probe performance.[%! In addition, it is extremely difficult to
control the number and geometrical distribution of chemical functional groups because of
the presence of multiple reactive sites on a nanoparticle surface. In cell-based analyses,
nanoparticle multivalence can cause cross-linking of cell-surface proteins involved in signal
pathway activation, and thus dramatically reduce receptor binding capability. Therefore,
Pdots with monofunctional groups are highly desirable for many biological applications.
This challenge provides clear motivation to explore new approaches for functionalizing
Pdots with a predetermined and well-controlled number of functional groups.

In terms of the spectroscopic properties of Pdots, a severe drawback is the very broad
emission spectra of currently available Pdot species. For example, a widely studied Pdot
species, PFBT, exhibits full width at half maximum (FWHM) at about 75 nm, which is about
two times broader than those of inorganic Qdots emitting in the visible region. Most
biological applications demand that multiple targets be detected simultaneously, so spectral
multiplexing requires probes to possess narrow band emissions. The broad emission spectra
from conventional Pdot species significantly limit their usefulness in multiplexed
applications. There is an urgent need to develop new types of Pdots which can emit at
different wavelengths with a narrow-band spectral width. \We recently described the design
and synthesis of semiconducting polymers containing boron dipyrromethene (BODIPY)
units which generated multicolor, bright, and narrow-band emissive Pdots with FWHM of
40-50 nm.[87] These Pdots are promising for multiplexed applications. Most reported Pdot
species exhibit emissions in the visible range, although the dye-doping method can shift the
fluorescence to the nearinfrared region, such as A = 777 nm.[62] Highly fluorescent Pdot
species with both absorption and emission in the NIR region are preferable for in vivo
applications because biological tissues absorb minimally at these wavelengths. These
requirements provide numerous research opportunities for polymer synthetic chemists to
explore new polymer species with narrow-band and/or NIR emissions.

Detailed investigations are still needed in the use of Pdots for clinical studies. In a recent
paper,[160] three criteria were proposed for evaluating a nanoparticle having the potential for
clinical utility: 1) a final hydrodynamic diameter (HD) of less than 5.5 nm to permit fast
renal clearance and/or 2) a formulation with completely nontoxic components and/or 3)
biodegradability to clearable components. More research is needed based on these three
design criteria. A better method is needed to reliably obtain small Pdot size and
monodispersity. Renal clearance (HD < 5.5 nm) may not be a necessity for nontoxic
materials. However, the particle size does affect the biodistribution and targeting efficiency.
The long-term in vivo toxicity of Pdots has to be evaluated, although Pdots appear to be
biologically benign in cell culture studies. In our opinion, research in these aspects will be
the key directions in developing Pdots for a variety of biological and clinical applications.
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7. Summary and Outlook

Although semiconducting polymers have been investigated for over three decades, their
application as fluorescent nanoparticles only prominently emerged a few years ago.
Semiconductor Pdots exhibit fascinating properties as fluorescent probes, such as
extraordinary brightness, fast and stable emission rates, excellent photostability, and
nontoxic features. Recent investigations have revealed an underlying concept, that is, the
particle size, morphology, internal structure, and functionalization methods are all critical
for Pdot performance in practical biological applications. Furthermore, Pdots provide a
unique platform for developing multifunctional probes which combine extraordinary
fluorescence brightness and efficient intraparticle energy transfer with the flexible nontoxic
polymer matrix, and allows doping with versatile sensing molecules, drugs, and other image
contrast agents.

Although the advantages of Pdots over small dye molecules and inorganic Qdots are evident,
it is hard to compare the three types of probes without a definite application. Small dye
molecules, despite their nonoptimum brightness and photostability, are extensively used as
fluorescent labels in fluorescence imaging and assays because of their well-established
labeling protocols and their molecular dimensions. Pdots and Qdots behave as nanoparticles
with surface properties, not as molecules, and this property complicates their interactions
with biomolecules and their application in biological environments. However, the excellent
properties of nanoparticle labels can address intractable problems in applications where high
brightness and long-term photostability are crucial. As for Pdots and Qdots, the different
subsets of fluorescent nanoparticles exhibit distinctive properties of their own. Pdots offer
high brightness and non-toxicity and Qdots have narrow and symmetrical emissions. We
encourage investigators to evaluate and select fluorescent probes on a case-by-case basis and
avoid generalizations wherever possible.

In our opinion, the development and application of Pdot bioconjugates continues to be an
active and important area in fluorescence imaging and biomedical studies. Research in the
Pdot field continues to inspire the chemistry community with new discoveries and
challenges. It involves cross-disciplinary collaboration between chemists, biologists, and
clinicians. We envision the exploration of new Pdot species with improved performance,
well-controlled surface properties, and multi-modal imaging/sensing functionalities to be the
main focus of the field in the future. When fully optimized, Pdot technology is expected to
have a broad and lasting impact on biomedical imaging, diagnostics, and therapeutics.
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Figure 1.
Chemical structures of highly fluorescent semiconducting polymers.
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Figure 2.
Particle sizes of semiconducting polymer nanoparticles prepared by different methods. A)

TEM image of nanoparticles of a ladder-type poly(p-phenylene) polymer prepared by the
miniemulsion method. Reproduced from Ref. [36] with permission. B) TEM image of Pdots
from a PFBT polymer prepared by the reprecipitation method. Scale bars in (A) and (B):
100 nm. Reproduced from Ref. [57] with permission.
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Fluorescence spectra of Pdots. A) A photograph of aqueous Pdot suspensions under UV
light illumination. Absorption (B) and emission (C) spectra. The spectra of PFO, PFPV, and
PFBT Pdots were reproduced from Ref. [51] with permission. The spectra of CN-PPV Pdots
were reproduced from Ref. [63] with permission. The spectra of polymer blend Pdots (PFBT
+PF-DBT5) were reproduced from Ref. [58] with permission.
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Two-photon excited fluorescence from Pdots. A) Photograph of aqueous Pdot dispersions
excited with an A= 800 nm mode-locked Ti:sapphire laser. B) Single-particle imaging of

PFPV dots with two-photon excitation. C) Log-log plot of two-photon fluorescence

intensities versus the excitation power. D) Semi-log plot of two-photon action cross sections

(o2pg) versus the excitation wavelength. Reproduced from Ref. [48] with permission.
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Comparison of single-particle fluorescence brightness. A) Single-particle fluorescence
images of PFBT Pdots and particles of Qdot 565 obtained under identical A = 488 nm
excitation and detection conditions. Scale bar: 5 um. The right panel shows the intensity
distributions obtained from single-particle fluorescence data. Reproducedfrom Ref. [56]
with permission. B) Single-particle fluorescence images of PBdot and Qdot 655. Under
identical A= 488 nm excitation, a neutral density filter with an optical density of 1 was used
to obtain fluorescence images of PBdots but no attenuation was used for Qdot 655. Scale
bar: 4 um. The right panel shows the intensity distributions from single-particle fluorescence
data. Reproduced from Ref. [58] with permission.
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Figure®6.
A) Fluorescence lifetimes of Pdots measured by the TCSPC technique. B) Fluorescence

saturation of single PFBT Pdots with increasing excitation intensity. C) Photobleaching
trajectories of single PFBT Pdots. D) Histogram of the photon numbers of individual PFBT
Pdots of about a 10 nm diameter. Reproduced from Ref. [51] with permission.
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Em Pdot == Qdot 655

Na© K Ca* Mg Zn* Fe* Cu* H,0, HOCI

Chemical stability of Pdots in the presence of biologically relevant ions, and ROS in
aqueous solutions. Qdot 655 nanocrystals were a reference. The concentration for each
metal ion was 500 pM. For the ROS stability test, the H,O, and chlorine concentration was
0.1 wt% and 0.004 wt%, respectively.
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Figure 8.
Cellular toxicity studies of Pdots. A) Monitoring of the inflammatory markers in cells

treated with Pdots. J774A.1 cells were incubated with 2 nM (4 ppm) PFBT Pdots for 4 h.
RNA was extracted from each sample, the total RNA was analyzed for the expression of
TNF-a, IL-1B, and actin by RT-PCR, and the amplified product was separated by agarose
electrophoresis. Three independent observations are represented: C: vehicle control; NP: 2
nM (4 ppm) PFBT Pdots; and In: interferon-y (60 ng mL™1) + LPS (100 ng mL™1) as a
positive control. Reproduced from Ref. [68] with permission. B) Metabolic viability of
NIH/3T3 fibroblast cells after incubation with large semiconducting polymer particles at
different concentrations for 12, 24, and 48 h. Reproduced from Ref. [94] with permission.
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Functionalized Pdots for biomolecular conjugation. A) Surface functionalization of PFBT

Pdots with the amphiphilic polymer PS-PEG-COOH. B) TEM image of functionalized

PFBT Pdots. C) Hydrodynamic diameter of functionalized PFBT Pdots measured by DLS.
Reproduced from Ref. [56] with permission.
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Figure 10.
Clickable Pdots for bioorthogonal labeling. A) Pdot functionalization and subsequent

bioorthogonal labeling through click chemistry. B) Gel electrophoresis of Pdots with
different surface functional groups. C) A fluorescent assay using an alkyne-Alexa 594 dye to
verify the presence of azide groups on the Pdot surface. Reproduced from Ref. [57] with
permission.
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Figure 11.
Direct functionalization of Pdots with different side-chain carboxy groups. Bioconjugation

was performed on the PFBT-C2 Pdots and the resulting Pdot-bioconjugates were specific for
cellular labeling. Reproduced from Ref. [65] with permission.
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Figure 12.
Specific cellular targeting with Pdot-bioconjugates. A) Fluorescence imaging of the cell-

surface marker EpCAM on MCF-7 cells incubated sequentially with the anti-EpCAM
primary antibody and Pdot-1gG conjugates. Scale bar: 10 um. B) Fluorescence imaging of
the control sample in which the cells were incubated with Pdot-1gG alone (no primary
antibody). C) Fluorescence intensity distributions for Pdot-streptavidin-labeled MCF-7 cells.
D) Fluorescence intensity distributions for Qdot 565-streptavidin-labeled MCF-7 cells
obtained under identical experimental conditions as those used in C). Reproduced from Ref.
[56] with permission.
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Figure 13.
Specific subcellular imaging of Pdot-bioconjugates. A) Fluorescence imaging of

microtubule structures in HeLa cells incubated sequentially with biotinylated anti-a-tubulin
antibody and CN-PPV-streptavidin probes. Scale bar: 10 um. B) Fluorescence imaging of
the control sample in which the cells were incubated with Pdot-streptavidin alone (no
primary antibody). Reproduced from Ref. [63] with permission.
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Figure 14.
Fluorescence imaging of newly synthesized proteins in the AHA-treated MCF-7 cells tagged

with Pdot-alkyne probes. A) Positive Pdot labeling in the presence of copper(l). B) Negative
control for Pdot labeling carried out under identical conditions as in A) but in the absence of
the reducing agent, sodium ascorbate, which generates copper(l) from copper(I1). The left
four panels show fluorescence images; green fluorescence was from Pdots and blue
fluorescence was from the nuclear stain Hoechst 34580. The right four panels show
Nomarski (DIC) and combined DIC and fluorescence images. Scale bar: 20 um. Reproduced
from Ref. [57] with permission.
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Figure 15.
Semiconducting polymer nanoparticles for in vivo fluorescence imaging. A) Schematic

diagram depicting colloidal synthesis of nanoparticles with a cyanovinylene backbone by a
tetrabutylammonium hydroxide (TBAH) catalyzed Knoevenagel condensation in the
hydrophobic core of solvent-free aqueous micelles. “Cg” stands for 7+octyl chains. B) True-
color photographs of water-dispersed polymer nanoparticles (left) and a nanoparticle-
injected live mouse (right) under room light (top) and UV excitation at A = 365 nm for
fluorescence (bottom). Reproduced from Ref. [72] with permission.
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Pdot-chlorotoxin bioconjugates for in vivo tumor targeting. A) Fluorescence imaging of
healthy brains in wild-type mice (left) and medulloblastoma tumors in ND2:SmoA1 mice
(right). Each mouse was injected through the tail vein with 50 puL of a1 pM solution of either
the nontargeting PBdot-PEG (top), or targeting PBdot-CTX (middle). As a control, some
mice did not receive an injection (bottom). B) Tumor-targeting efficiency by quantifying
fluorescence signals in ND2:SmoA1 versus wild-type mice and cerebellum versus frontal
lobe. C) Histological examination of the mouse brains in A). The dark purple regions in the
H&E-stained cerebellum of ND2:SmoA1 mice confirmed the presence of tumor.

Reproduced from Ref. [58] with permission.
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Single-particle fluorescence tracking with highly fluorescent Pdots. A) Bright-field
transmission image of a fixed cell. The color marks indicate the locations of the particles.
Blue corresponds to a particle bound to the membrane, green corresponds to a particle
outside the cell, and red corresponds to the cell interior. B) The trajectories for the three
particles obtained from fluorescence tracking. C) Mean-square displacement (MSD) of the
tracked PFBT Pdots inside a cell (red circles) and outside a cell (green circles),
corresponding to diffusion constants of 3.3 x 1073 um?s~ and 3.6 x 1073 pm?s1,
respectively. D) Mean-square displacement of the Pdot adhered to the membrane.
Reproduced from Ref. [53] with permission.
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Figure 18.
Energy-transfer-based Pdot sensors. A) Oxygen-dependent emission spectra of the PtOEP-

doped PDHF Pdots. The inset shows UV illuminated photograph of the aqueous Pdot
solutions saturated with nitrogen, air, and oxygen, respectively. Reproduced from Ref. [52]
with permission. B) Fluorescence spectra of fluorescein-conjugated PPE Pdots at different
pH values ranging from 5 to 8. Reproduced from Ref. [60] with permission. C) Fluorescence
spectra of RhB-conjugated PFBT Pdots at different temperatures from 10 °C to 70 °C.
Reproduced from Ref. [59] with permission. D) Fluorescence spectra of RhB-SL-doped
PFBT Pdots in aqueous suspension as mercury ion concentration was increased from 0 to
0.57 uM. Reproduced from Ref. [77] with permission.
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Semiconducting polymer nanoparticles for protease sensing. A) Protease-triggered “turn on”
sensing scheme. The cross-linking effectively strains the nanoparticles into a more tightly
aggregated and quenched state. The protease cleaves the peptide cross-linkers and releases
the strain, resulting in a “turn-on” fluorescence response. B) Fluorescence spectra of shell
cross-linked nanoparticle suspensions before (red) and after (blue) incubation with trypsin.

Reproduced from Ref. [74] with permission.
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Figure 20.
Conjugated polymer nanoparticles for gene delivery. A) Lipid-modified cationic PFPL

nanoparticles for delivery of pCX-EGFP plasmids encoding the GFP. Fluorescence imaging
of A549 cells after incubation with PFPL/pCX-EGFP nanoparticles showed both blue
fluorescence from PFPL and green fluorescence from GFP, thus indicating the PFPL
nanoparticles successfully delivered plasmids into cells. Reproduced from Ref. [92] with
permission. B) Loosely aggregated PPE nanoparticles for delivery of siRNA. The top shows
a schematic illustration of loosely aggregated PPE particles complexed with siRNA. The
bottom shows Western blots of actin B (target) and tubulin (control). Significant reduction in
the target protein was observed from the CPN/siACT transfection. Actin B expression
decreased about 94% under the transfection conditions. Reproduced from Ref. [85] with
permission.
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Table 1

Photophysical properties of PFBT Pdots, IgG-Alexa 488 and Qdot 565./4/

Probe (Size) PFBT dot (ca. 10nm)  aAjexa 488[b,c] (ca.1nm) Qdot 5650 (ca. 15 nm)
Absorption/Fluorescence Apmax 460 nm/540 nm 496 nm/519 nm UV/565 nm
Extinction Coefficient at A =488 nm  1,0x107 M1 cm! 5.3x104M1cm™ 2.9x10° Mt cm™
Quantum Yield 0.3 0.9 0.3-0.5
Fluorescence Lifetime 0.6 ns 4.2ns ca. 20 ns

[a]Reproduced from Ref. [56] with permission.

L/

[c]The parameters of Alexa 488 are for single dye molecules. An 1gG-Alexa 488 probe has a hydrodynamic diameter of 12 nm and contains an
average of six dye molecules, but its brightness corresponds to about 2-4 dye molecules because of self-quenching.

he data for Alexa 488 and Qdot 565 are according to the specifications provided by Invitrogen.
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