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ABSTRACT: In recent years, semiconducting polymer dots
(Pdots) have emerged as a novel class of extraordinarily bright
fluorescent probes with burgeoning applications in bioimaging and
sensing. While the desire for near-infrared (NIR)-emitting agents
for in vivo biological applications increases drastically, the direct
synthesis of semiconducting polymers that can form Pdots with
ultrahigh fluorescence brightness is extremely lacking due to the
severe aggregation-caused quenching of the NIR chromophores in
Pdots. Here we describe the synthesis of dithienylbenzoselenadia-
zole (DBS)-based NIR-fluorescing Pdots with ultrahigh brightness
and excellent photostability. More importantly, the fluorescence
quantum yields of these Pdots could be effectively increased by the introduction of long alkyl chains into the thiophene rings of
DBS to significantly inhibit the aggregation-caused emission quenching. Additionally, these new series of DBS-based Pdots can
be excited by a commonly used 488 nm laser and show a fluorescence quantum yield as high as 36% with a Stokes shift larger
than 200 nm. Single-particle analysis indicates that the per-particle brightness of the Pdots is at least 2 times higher than that of
the commercial quantum dot (Qdot705) under identical laser excitation and acquisition conditions. We also functionalized the
Pdots with carboxylic acid groups and then linked biomolecules to Pdot surfaces to demonstrate their capability for specific
cellular labeling without any noticeable nonspecific binding. Our results suggest that these DBS-based NIR-fluorescing Pdots will
be very practical in various biological imaging and analytical applications.
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■ INTRODUCTION

Recently, great efforts have been made toward the investigation
of biological processes at the single-cell level in a live organism,
including the measurement of single-cell activity, gene
regulation, DNA repair mechanisms, and diagnosis of
disease.1−3 Accordingly, the exploration of optical monitoring
at subcellular scales has become a pressing issue. Among the
various imaging techniques of biological systems, fluorescence
microscopy is, by far, one of the most powerful cellular analysis
tools because of its high signal-to-noise ratio, excellent spatial
and temporal resolution, and noninvasive nature. Moreover, the
recent advances in fluorescence image-guided surgery4 and its
first in-human investigation in staging and cytoreductive
surgery for ovarian cancer5 has demonstrated the utilities of
fluorescence imaging techniques and greatly emphasized the
importance for choosing proper fluorescent probes. Recently,
enormous efforts have been devoted to developing new
fluorescent agents with fluorescence wavelengths in the near-
infrared (NIR) region (650−900 nm) for bioimaging and
clinical diagnosis owing to their low photodamage to biological
species, low interference from autofluorescence in biological

tissues, smaller scattering in turbid media, and longer
penetration in tissues.6,7

Several types of NIR fluorescent markers have been explored
such as small organic dyes and nanoparticle-based probes.
Although conventional organic dyes are the most prevalent
fluorescent probes, nanoparticle-based fluorescent probes (e.g.,
dye-doped silica/polymer nanoparticles or quantum dots)8−17

provide numerous prominent merits over small organic
fluorescent dyes including improved photostability, higher
fluorescence brightness, good water solubility, and large Stokes
shift, which have demonstrated their usefulness in biological
imaging with high sensitivity, long-term in vivo imaging, and
high-throughput analysis. Nevertheless, many concerns such as
leakage of the encapsulated dyes from the silica or polymer
matrices18,19 and potential release of the inorganic element
(e.g., Cd)12,20,21 might largely hinder their physiological use
and clinical implementation. In recent years, upconverting and
NIR fluorescent rare earth nanomaterials have been extensively
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investigated due to their excellent optical characteristics.22

However, their relatively low quantum yields and small
absorption cross section may lead to low per-particle
fluorescence brightness. Consequently, the design of NIR-
emitting nanoparticle-based materials with high fluorescence
brightness, excellent photostability, and good biocompatibility
is highly desirable.
Semiconducting polymer dots (Pdots) have recently become

as a new type of fluorescent probes with superior fluorescence
brightness, excellent photostability, large radiative rate, easy
surface functionalization, and minimal cytotoxicity,23−32 which
have rendered them very practical for various in vitro and in
vivo applications.6,33−46 Despite the enormous progress, the
synthesis of suitable NIR fluorescent semiconducting polymers
for generating Pdots is still a significant challenge, partially
because of the rigid and flat extended π-conjugated skeletons of
NIR polymers that result in the serious self-quenching upon
condensation into a Pdot form.47−51 Accordingly, there have
been several approaches developed to address the aforemen-
tioned challenge. For example, Chiu’s group embedded the
NIR dye, silicon 2,3-naphthalocyanine bis(trihexylsilyloxide),
into the matrix of poly(9,9-dioctylfluorene-co-benzothiadiazole)
(PFBT) Pdots.6 The efficient energy transfer from the PFBT
matrix to the NIR dyes has greatly increased the fluorescence
brightness of the NIR dyes. Similarly, Zhang et al. blended
more than three kinds of conjugated polymers together with
the optimized molar ratio inside a Pdot where the NIR
emission could be accomplished via cascade Förster resonance
energy transfer (FRET).52 In these two studies, however, the
potential leaching of the encapsulated dyes/polymers remains
an important concern due to the lack of stable covalent linkages
between the doped molecules and the Pdot matrix, which
would greatly influence the photophysical properties of Pdots.40

Very recently, our group has successfully created a facile and
scalable approach to overcome the leaching issue by enclosing
the NIR dye doped Pdots with polydiacetylenes and at the
same time the carboxyl-functionalized polydiacetylenes could
be further conjugated with streptavidin for specific cellular
targeting.53

Although the aforementioned approaches can create NIR-
emitting Pdots, most of the NIR chromophores still suffer from
the issue of aggregation-caused quenching due to their strong
π−π stacking intramolecular interactions upon condensation
into a Pdot form. As a trade-off, therefore, only a small molar
fraction of NIR chromophores (usually <3%) can be doped
into the Pdot matrix in an effort to achieve a high fluorescence
quantum yield. This might potentially affect the photostability
of Pdots once a strong laser excitation is required during the
experiments (e.g., single-molecule imaging), where rapid
photobleaching of NIR emitters usually occurs. Additionally,
the direct incorporation of NIR-fluorescing moieties into
polymer backbones remains the premier option owing to the
robust covalent bonds that can prevent the potential dye
leakage and the amplified energy transfer inside conjugated
polymers that can be exploited for various bioimaging and
sensing applications. To address the aforementioned challenges,
we report here the design and synthesis of semiconducting
polymers containing dithienylbenzoselenadiazole (DBS) mono-
mers for generating a new class of NIR fluorescent Pdots with
ultrahigh fluorescence brightness. First, we systematically tuned
the molar ratios of DBS in the copolymers in order to study the
influence of copolymer composition on the optical performance
of the corresponding Pdots. We then introduced the long alkyl

chains on the thiophene moieties of DBS units and then
investigated the effect of alkyl position (either in the 3-/inner
position or 4-/outer position of both thiophene rings) on the
optical properties of the resulting Pdots. More importantly, we
directly fabricated the side chains of the semiconducting
polymers with carboxylic acid functional groups, making Pdots
applicable to further functionalization for specific cellular
labeling or sensing applications. Herein we have carried out
biomolecular conjugation to demonstrate their specific cellular
targeting ability by use of fluorescence imaging and flow
cytometry experiments. We believe this work has shown the
promising applicability of these DBS-based NIR-fluorescent
Pdots in a wide range of biological imaging and diagnostic
assays.

■ RESULTS AND DISCUSSION
Our aim was to synthesize bright NIR fluorescent Pdots that
based on DBS emitters and study how the alkyl substitutions
on the thiophene rings affect their fluorescence. Functionaliza-
tion of Pdots was achieved by covalently linking carboxylate
functional groups to the fluorene monomers in the polymer
backbone so that they could be tagged with biological
molecules for specific cellular targeting applications.

Design and Synthesis of DBS-Containing Copolymers
with NIR Fluorescence. In an effort to design NIR-emitting
polymers, we herein employed the donor−acceptor strategy by
incorporating fluorene derivatives (donor) and NIR-emissive
DBS monomers (acceptor) into the polymer backbone. To
date, however, almost all of the fluorescence quantum yields of
the copolymers drop drastically as the concentrations of the
NIR-emitting units are increased. This serious aggregation-
caused quenching phenomenon leads to the fact that only a
small molar ratio (usually <3%) of NIR units can be
incorporated with the comonomers (fluorene derivatives are
used in most cases) in order to maintain a high fluorescence
quantum yield. Accordingly, the resulting copolymers contain-
ing a small fraction of NIR monomers can be excited only in
the ultraviolet region (350−410 nm) due to the dominant
absorption of fluorene moieties, which is a serious disadvantage
for many biological applications. To circumvent this problem,
we introduced an intermediate donor, benzothiadiazole (BT),
into the copolymer backbone to achieve efficient intraparticle
energy transfer from this BT donor to the NIR chromophore
(i.e., DBS monomer) because of the substantial spectral overlap
between the emission spectrum of the BT donor (λmax

em = 540
nm)32 and the absorption spectrum of the NIR-emissive DBS
(λmax

abs ∼ 550 nm, vide inf ra). This design allows the Pdots to
be excited by the generally used excitation laser at 488 nm. As
such, we first synthesized DBS monomer and then polymerized
with the BT donor and the fluorene derivative via palladium-
catalyzed Suzuki coupling to form a copolymer PFBT-DBSX
(Figure 1). We also varied the molar ratio DBS monomers (1−
50%) to investigate the influence of various copolymer
compositions on the optical properties of the resulting Pdots.
We further modified the structure of DBS unit by incorporating
the long alkyl chains on its thiophene rings (PFBT-DBSOC6X
and PFBT-DBSIC6X) to tune the Pdot emission color and the
fluorescence quantum yield. Similarly, the molar ratios of DBS-
based monomers were systematically tuned to study their
effects on the Pdot optical performance.
The general synthetic routes toward the monomers and

copolymers are outlined in Scheme 1. Monomer 8a and 8b
were synthesized by Stille coupling from monomer 3 and
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monomer 4/6, while monomer 8c was produced via Suzuki
coupling, followed by the bromination by use of NBS. DBS-
containing conjugated copolymers (PFBT-DBSX, PFBT-
DBSOC6X, and PFBT-DBSIC6X) of different compositions
were then prepared from monomer 9, BT donor, and monomer
8a/8b/8c via Suzuki polycondensation. For polymer PFBT-
DBSX, the molar percentage of fluorene was fixed at 50%, while
the comonomer molar ratios of BT to DBS were 0.49:0.01,
0.46:0.04, 0.40:0.10, 0.17:0.33, and 0.00:0.50, respectively; and
the corresponding copolymers were denominated as PFBT-
DBS1, PFBT-DBS4, PFBT-DBS10, PFBT-DBS33, and
PFBT-DBS50, respectively. The same denomination rule was
also applied to PFBT-DBSOC6X and PFBT-DBSIC6X
polymer series. It should be noted that the molar ratios of
DBS showed here represent the feeding ratios because the true
molar ratios could not be accurately estimated from 1HNMR
spectra, especially for those with low DBS ratios (1% and 4%).
For the polymers with higher DBS ratios (>10%), the true
molar ratios of DBS could be roughly determined by 1H NMR
spectra (see the Supporting Information, PFBT-DBSOC610 as
an example in this case). More importantly, we also directly
functionalized the semiconducting polymers with carboxylic
acid groups on the side chains of fluorene moieties through
robust covalent bonding, which can overcome the leaching
issues encountered by the other surface functionalization
strategies such as surface encapsulation and polymer
coprecipitation methods.40 For example, carboxyl-function-
alized fluorene, monomer 12 (see the Supporting Information
for synthetic details) was incorporated into the backbone of
PFBT-DBSOC610 polymer, followed by the removal of
protecting tert-butyl groups by use of trifluoroacetic acid to
form PFBT-DBSOC610-COOH (Scheme 1). Here we fed
only 3% of carboxylic acid groups into the polymer backbones
because Chiu’s group has previously found that the conjugated
polymers with lower density of carboxylic acid side chains
(∼2%) can form robust and bright Pdots in comparison with
those with higher density of carboxylic acid functional groups
(>14%).54 The carboxyl functionalized polymers (e.g., PFBT-
DBSOC610-COOH) can be further conjugated with bio-
molecules for specific cellular labeling.

Optical Properties of DBS-Based Pdots. Scheme 2
illustrates the procedures for the preparation of Pdots (PFBT-
DBSOC610-COOH as an example in this scheme). Briefly,
semiconducting polymer was first dissolved in tetrahydrofuran
(THF) and then rapidly injected into a water solution under
vigorous sonication. THF was then removed to form a stable
Pdot suspension. The average particle size was determined by
dynamic light scattering (DLS) and transmission electron
microscopy (TEM) to be ∼23 nm in diameter. Figure 2 shows
the absorption and fluorescence spectra of DBS-based Pdots of
different ratios of BT to DBS. The absorption peaks at 300−
400 nm, 400−500 nm, and 500−700 nm are attributed to the
fluorene segments, BT units, and DBS derivatives in the
copolymers, respectively. The insets in Figure 2A represent the
photographs of Pdot solutions containing different molar
fractions of DBS in the copolymers (left to right: 1 to 50% DBS
monomers). Their corresponding fluorescence emission spectra
are shown in Figure 2B. The emission maxima of these Pdots
locate from 670 to 760 nm, depending on the molar ratio of
DBS derivatives and the position of n-hexyl substituents on the
thiophene rings. The upper insets in Figure 2B show the
photographs of Pdot solutions from 1 to 50% DBS (left to
right) under a UV lamp. Table 1 summarizes the photophyical
properties of this series of DBS-based Pdots. For the same type
of copolymers (e.g., PFBT-DBSX), the emission peaks of Pdots
were gradually red-shifted with increasing molar ratios of DBS
in the copolymers, accompanied by the decreases in the
fluorescence quantum yields. This phenomenon was attributed
to the aggregation-caused quenching of the DBS chromophores
in which the large conjugation system of DBS led to the
redshift at the same time. Interestingly, we found that the
introduction of the hexyl alkyl chains into the thiophene rings
(e.g., PFBT-DBSOC6X and PFBT-DBSIC6X) could efficiently
relieve the extent of aggregation-caused quenching. For
example, with the increasing DBS content in the copolymers
from 1% to 10%, the fluorescence quantum yields decreased by
only 33% and 58% for PFBT-DBSIC6X and PFBT-DBSOC6X
Pdots, respectively, as compared to 90% for PFBT-DBSX
Pdots. This clearly indicates that the incorporation of long alkyl
chains into either the 3- or 4-position of the thiophene rings
can efficiently prevent the close packing of DBS monomers and
thereby maintains their high quantum yields even at an elevated
DBS molar ratio. Having a high percentage of DBS emitters in
the Pdots to minimize the influence of photobleaching by the
excitation laser is crucial to various applications such as long-
term particle tracking measurements or the experiments that
require a strong laser excitation for prolonged observation (e.g.,
single-molecule imaging), in which a steady fluorescence is
highly demanded in both cases. We also performed photo-
stability measurements by comparing PFBT-DBSOC61 with
PFBT-DBSOC610 Pdots and further confirmed that higher
DBS content possesses improved photostability (Figure S1). By
taking advantage of the steric effect from alkyl substitution on
thiophene rings, we have successfully obtained ultrabright and
photostable NIR fluorescent Pdots with a moderate molar ratio
of the DBS emitter (i.e., PFBT-DBSOC610, see below for the
measurements of single-particle fluorescence brightness). To
see if other types of side chains can have the same influence on
the optical performance, we also synthesized long alkoxyl
chains and branched-alkyl chains on the thiophene moieties of
DBS (Scheme S2). We found that the long alkoxyl chains could
further redshift the emission of the Pdots due to their strong
electron-donating ability, while the branched-alkyl chains could

Figure 1. Chemical structures of DBS-containing polymers. X = 1, 4,
10, 33, or 50.
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further increase the quantum yield of the Pdots because of their
bulky construction. Their optical properties in Pdot form were
summarized in Table S1.
We also used a time-correlated single-photon counting

module system to determine the fluorescence lifetime (τ) of
PFBT-DBSOC6X Pdots to be ∼2.4 ns (Figure S2). The
fluorescence radiative decay rate constant (KR) and non-
radiative rate constant (KNR) containing all possible non-

radiative decay pathways can also be estimated from the
combination of the following two equations:

Φ = +K K K/( )R R NR (1)

τ = + −K K( )R NR
1

(2)

Here we take PFBT-DBSOC610 Pdots as an example, the
PFBT-DBSOC610 Pdots exhibit a radiative decay rate of 6.3 ×

Scheme 1. Synthetic Routes of DBS Comonomers and Copolymers
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107 s−1, which is comparable to conventional fluorescent dyes
and other Pdots reported elsewhere.23

Single-Particle Fluorescence Brightness. Single-particle
fluorescence brightness is one of the important characteristics
of Pdots while applied in bioimaging and sensing. Because the
fluorescence brightness can be estimated from the product of
the per-particle absorption cross section and the fluorescence
quantum yield, it is critical for Pdots to have both the large peak
absorption cross section and the high quantum yield in an effort
to achieve high fluorescence brightness. Table 2 summarizes
the photophysical properties of several DBS-based Pdot
suspensions in water in comparison to other water-soluble

typical NIR emitting dyes and quantum dots. Here we take
copolymers with 10% DBS as examples due to their improved
photostability. The peak absorption cross section of single
Pdots was calculated from the UV/vis absorbance of known
Pdot concentrations, and their absolute fluorescence quantum
yields were measured by using an integrating sphere unit. It
clearly shows that PFBT-DBSOC610 Pdots exhibit the highest
fluorescence brightness, which is about 3 orders of magnitude
higher than conventional organic dyes or ∼1.6 times larger than
that of CdSe quantum dots (Qdots705, λmax

em = 705 nm,
purchased from Invitrogen). Moreover, we specifically
compared PFBT-DBSOC610 Pdots with Qdots705 nanocryst-

Scheme 2. Schematic Illustration of Preparation of Carboxyl-Functionalized DBS-Based Pdots and Subsequent Bioconjugation
for Specific Cellular Targetinga

aFirst, semiconducting polymer (PFBT-DBSOC610-COOH as an example in this scheme) were mixed together in THF and then coprecipitated in
water under vigorous sonication to form Pdots. The carboxyl-functionalized Pdots were subsequently conjugated to streptavidin via EDC-catalyzed
coupling for specific cellular targeting studies. (Left) Hydrodynamic diameters (average diameter was 23 nm) measured by dynamic light scattering
and (right) transmission electron microscopy image of Pdots are shown in the right-bottom corner, respectively. Scale bar represents 100 nm.

Figure 2. (A) UV−visible spectra of PFBT-DBSX, PFBT-DBSOC6X, and PFBT-DBSIC6X Pdot series in water. The insets in each figures show the
photographs of the Pdot solutions (from left to right: 1% to 50% of DBS in sequence). (B) Fluorescence spectra of PFBT-DBSX, PFBT-DBSOC6X,
and PFBT-DBSIC6X Pdot series in water. The insets in each figures show their corresponding Pdot solutions under 365 nm UV light (from left to
right: 1% to 50% of DBS in sequence).
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als and found that PFBT-DBSOC610 Pdots are calculated to
be 2−3 times brighter than Qdots705 probes under 488 nm
laser excitation (values are shown in the brackets in Table 2).
Experimentally we further performed measurements of single-
particle brightness in which the measured average per-particle
brightness of PFBT-DBSOC610 Pdots (Figure 3B) was indeed
∼2 times higher than that of Qdots705 (Figure 3A) under
identical excitation (488 nm) and acquisition conditions,
consistent with the calculated results. All of the above results
demonstrate that our new series of DBS-based NIR emitting
Pdots reported in this work have shown their promising
applications in biological imaging and analysis.
Bioconjugation and Specific Cellular Labeling with

PFBT-DBSOC610-COOH Pdots. To demonstrate the applic-
ability of these DBS-based Pdots functionalized with carboxylic
acid groups for biological imaging, we performed bioconjuga-
tion with streptavidin via 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride (EDC)-catalyzed coupling for
specific cellular targeting (Scheme 2, PFBT-DBSOC610-
COOH as an example in this scheme). Microtubule labeling
inside HeLa cells were carried out in which the biotinylated
monoclonal anti-α-tubulin antibody and Pdot-streptavidin
conjugates were sequentially incubated with the cells. Figure
4A-C shows typical confocal images of Pdot-streptavidin-
labeled microtubules in HeLa cells, which indicates that Pdots
could be specifically labeled onto subcellular organelles in the

Table 1. Summary of Photophysical Properties of DBS-
Based Copolymer Series in Pdot Form in Water (in an
Aqueous Solution)

copolymers λmax
abs (nm)a λmax

em (nm)b Φ (%)c

PFBT-DBS1 320, 452 709 20
PFBT-DBS4 323, 450, 566 719 6
PFBT-DBS10 324, 445, 567 730 2
PFBT-DBS33 394, 568 747 2
PFBT-DBS50 397, 570 760 1
PFBT-DBSOC61 321, 458 701 36
PFBT-DBSOC64 322, 453, 543 711 29
PFBT-DBSOC610 323, 453, 550 715 15
PFBT-DBSOC633 354, 552 720 3
PFBT-DBSOC650 367, 557 724 2
PFBT-DBSIC61 322, 450 672 12
PFBT-DBSIC64 341, 448 680 11
PFBT-DBSIC610 342, 455 684 8
PFBT-DBSIC633 349, 472 690 2
PFBT-DBSIC650 373, 500 702 2

aAbsorption maximum. bFluorescence maximum. cQuantum yield.

Table 2. Photophysical Data Three Types of DBS-Based Pdots in Water Compared with Other Water-Soluble Typical NIR
Emitting Dyes

fluorescent probes λmax
abs (nm) λmax

em (nm) fwhme (nm) εmax (M
−1 cm−1) Φ (%) brightness (εmax x Φ) (M−1 cm−1)

ATTO740a 740 764 43 1.20 × 105 10 1.20 × 106

Cy 5.5b 674 694 44 1.95 × 105 23 4.49 × 106

NIR7.0-2b 777 798 ∼50 1.20 × 105 2.5 3.00 × 105

Qdots705c 405 (488) 708 66 8.30 (3.50) × 106 82 6.81 (2.87) × 108

PFBT-DBS10d 440 730 153 1.82 × 108 2 3.64 × 108

PFBT-DBSOC610
d 455 (488) 712 148 7.47 (4.69) × 107 15 1.12 (0.70) × 109

PFBT-DBSIC610
d 455 675 142 6.23 × 107 8 4.98 × 108

aData from ATTO-TEC catalog. bData from C. Bouteiller, G. Clave,́ A. Bernardin, B. Chipon, M. Massoneau, P.-Y. Renard, A. Romieu Bioconjugate
Chem. 2007, 18, 1303−1317. cData from Invitrogen (Life Technologies). dPdots in deionized water. eFull width at half-maximum.

Figure 3. (A) Single-particle fluorescence image of commercial
Qdot705 (upper graph) and the corresponding histograms showing
the intensity distributions (bottom graph). (B) (A) Single-particle
fluorescence image of PFBT-DBSOC610 Pdots (upper graph) and the
corresponding histograms showing the intensity distributions (bottom
graph). Both image were obtained with a 488 nm laser under the same
excitation power and identical detection conditions.

Figure 4. Two-color confocal microscopy images of microtubules in
HeLa cells labeled with Pdot-streptavidin conjugates. The blue
fluorescence was from nuclear counterstain Hoechst 34580 and the
red fluorescence was from Pdot-streptavidin. (A) Image of nucleus.
(B) Image of microtubules. (C) The overlay of panels (A) and (B)
and the bright-field image. (D-F) Images of negative control samples
where cells were incubated with Pdot-streptavidin conjugates but in
the absence of biotinylated primary antibody. The scale bars are 20
μm.
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presence of biotinylated antibody. Figure 4D-F shows the
confocal fluorescence images of negative control samples in
which no noticeable emission signal from Pdots was observed.
These results indicate that this new class of DBS-based Pdots
has highly specific labeling activity with minimal nonspecific
adsorption.
Additionally, we also carried out flow cytometry experiments

where Pdot-streptavidin conjugates were used to label
membrane proteins on MCF-7 cells. The cells were sequentially
incubated with biotinylated primary antihuman CD326
EpCAM antibody and Pdot-streptavidin conjugates. As shown
in Figure 5A, the Pdot-streptavidin probes could be effectively

labeled onto the surfaces of MCF-7 cells, while no observable
emission signal on the cell surfaces was detected for the
negative control sample (Figure 5B) where primary biotin
antihuman CD326 EpCAM antibody was absent. We also
performed flow cytometry experiments to further evaluate the
labeling efficiency of the Pdot-streptavidin probes in large scale
analysis. Figure 5C−D shows the flow cytometry results in
which a great separation between the Pdot-labeled cells (Figure
5C, in the presence of primary antibody) and the negative
control (Figure 5D, in the absence of primary antibody) could
be obviously seen. This indicates that Pdot-streptavidin
conjugates can be specifically and effectively targeted onto
MCF-7 cells with minimal nonspecific adsorption, which is
consistent with the results observed in the confocal
fluorescence images (Figure 4).

■ CONCLUSIONS
In summary, we have successfully developed a series of
ultrabright NIR-emitting Pdots with large Stokes shifts based
on dithienylbenzoselenadiazole derivatives. We found the alkyl
substitution on thiophene rings in DBS plays an important role
in the interchain interaction at an increased DBS concentration.
These Pdots can be readily excited by a 488 nm laser or a
longer wavelength (e.g., 532 nm) laser for the Pdots with DBS
content higher than 10%, in which we also have demonstrated
that a higher molar ratio of DBS is prerequisite to have good
Pdot photostability. Single-particle brightness measurements
indicate that the DBS-based Pdots are at least 2 times brighter
than Qdot705. Besides, the covalent fabrication of carboxylic
acid groups on the side chains of fluorene monomers offered
the feasibility for further bioconjugation and sensing
applications. We have demonstrated the bioconjugation of
the carboxyl-functionalized Pdots and their highly specific
labeling ability to both cell surfaces and interiors without any
observable nonspecific adsorption. We expect this new type of
DBS-based NIR-emitting Pdots to find broad use both in basic
biological studies and in bioimaging and bioanalytical
applications.

■ EXPERIMENTAL SECTION
Materials. All of the chemicals were purchased from Sigma-Aldrich

or Alfa Aesar and used as received unless indicated elsewhere. All
biorelated agents such as streptavidin, anitibody, or medium are
purchased form Invitrogen (Life Technologies). High purity water
(18.2 MΩ•cm) was used throughout the experiment. All 1H NMR
and 13C NMR spectra were recorded on a Bruker AV400 spectrometer
(400 MHz). The preparation of Pdots and the experimental
procedures of cell culture and labeling have been previously
reported.53

Synthesis of 4,7-Dibromobenzo[C][1,2,5]thiadiazole, 1. Four g
(29.37 mmol) of benzo[1,2,5]thiadiazole was dissolved in 30 mL of
hydrobromic acid (48 wt % solution in H2O) in a round-bottomed
two-necked flask and then heated to 70 °C with stirring. 4.5 mL (87.85
mmol) of bromine was added dropwise and then stirred for 6 h under
reflux. After cooling down to room temperature, the reaction mixture
was pour into 100 mL of NaHSO3 (0.3 M) and stirred for 30 min. The
solution was then extracted with CH2Cl2 and sequentially washed with
saturated NaHCO3 and Na2CO3. The organic extract was separated
and dried over MgSO4, and the solvent was removed under reduced
pressure. The product was further reprecipitated using CH2Cl2/
methanol and then filtered to afford 6 g (69%) of 1 as a white needle-
like solid. 1H NMR (400 MHz, CDCl3): δ = 7.71 (s, 2H).

Synthesis of 3,6-Dibromobenzene-1,2-diamine, 2. Two g (6.8
mmol) of 1 was dissolved in 30 mL of ethanol in a single-necked flask
and then cooled to 0 °C. Four g (0.11 mol) of sodium borohydride in
30 mL of ethanol was then added dropwise. The reaction mixture was
allowed to warm up to room temperature and stirred for 40 h. After
that, the solvent was removed by rotary evaporator, and then the
residue was dissolved in CH2Cl2 to extract with brine. The organic
extract was separated and dried over MgSO4, and the solvent was
removed under reduced pressure to obtain 1.7 g (93%) of 2 as a white
solid. 1H NMR (400 MHz, CDCl3): δ = 6.85 (s, 2H), 3.91 (s, 4H).

Synthesis of 4,7-Dibromobenzo[c][1,2,5]selenadiazole, 3.31 1.7 g
(6.39 mmol) of 2 in 40 mL of ethanol in a round-bottomed single-
necked flask was heated to reflux, and then 0.78 g (7.03 mmol) of
SeO2 in 40 mL of hot water was added. The reaction mixture was
stirred and refluxed for 3 h to afford a suspension solution. After that,
the reaction mixture was filtered, and the solid was washed with
copious methanol and water. The product was further reprecipitated in
EA/methanol and EA/hexane to yield 1.5 g (68%) of 3 as a yellow
solid. 1H NMR (400 MHz, CDCl3): δ = 7.64 (s, 2H).

Synthesis of Tributyl(thiophen-2-yl)stannane, 4.55 A solution of 3
mL (37.44 mmol) of thiophene in 20 mL of THF was cooled to −78

Figure 5. Two-color confocal fluorescence images of MCF-7 cells
labeled with Pdot-streptavidin conjugates. (A) Blue fluorescence is
from nuclear counterstain Hoechst 34580, and red fluorescence is
from Pdot-streptavidin. The right panel shows fluorescence overlaid
with bright-field image. (B) Images of negative control samples in
which cells were incubated with Pdot-streptavidin probes but in the
absence of primary biotin antihuman CD326 EpCAM antibody. The
scale bars are 30 μm.
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°C under nitrogen atmosphere. Twenty-eight mL (44.8 mmol) of n-
BuLi (1.6 M in hexane) was added dropwise to the solution by syringe,
and the reaction mixture was allowed to warm up to room temperature
and stirred for 2 h. After that, the solution was cooled to 0 °C, and
10.2 mL (37.66 mmol) of tributyltin chloride was added. After being
stirred for 2 h, the mixture was poured into water, diluted with hexane,
and then extracted with brine. The organic extract was separated and
dried over MgSO4, and the solvent was removed under reduced
pressure. The residue was purified by flash column chromatography on
aluminum oxide, eluting with hexane. The crude product 4 was
obtained and used directly in the next step without deliberate
purification.
Synthesis of 3-Hexylthiophene, 5.56 To a round-bottomed two-

necked flask was added 2 g (83.33 mmol) of Mg, 25 mL of THF, and
9.4 mL (66.97 mmol) of bromohexane under a nitrogen atmosphere,
and then the mixture was refluxed at 80 °C for 3 h. After cooling down
to room temperature, the reaction mixture was slowly transferred to a
20 mL THF solution containing 5.2 mL (55.50 mmol) of 3-
bromothiophene and 0.6 g (1.14 mmol) of [1,2-bis-
(diphenylphosphino)ethane]dichloronickel(II) under nitrogen. The
reaction mixture was then refluxed for 3 h and further stirred at room
temperature for 12 h. After that, the reaction was quenched with HCl
(l M solution) and then diluted with diethyl ether to extract with brine.
The organic extract was separated and dried over MgSO4, and the
solvent was removed under reduced pressure. The crude product was
purified by column chromatography on silica gel using hexane as
eluent to yield 7 g (74%) of 5 as light yellow oil. 1H NMR (400 MHz,
CDCl3): δ = 7.25−7.22 (m, 1H), 6.95−6.92 (m, 2H), 2.66−2.61 (t, J
= 9 Hz, 2H), 1.68−1.39 (m, 2H), 1.63−1.44 (m, 4H), 0.92−0.87 (t, J
= 9 Hz, 3H).
Synthesis of Tributyl(4-hexylthiophen-2-yl)stannane, 6.56 A

solution of 1 mL (5.56 mmol) of 5 in 20 mL of THF was cooled
to −78 °C under nitrogen atmosphere. 4.2 mL (6.72 mmol) of n-BuLi
(1.6 M in hexane) was added dropwise to the solution, and the
reaction mixture was allowed to warm up to room temperature and
stirred for 2 h. After that, the solution was cooled to 0 °C, and 1.6 mL
(5.90 mmol) of tributyltin chloride was added. After being stirred for 2
h, the mixture was poured into water, and diluted with hexane to
extract with brine. The organic extract was separated and dried over
MgSO4, and the solvent was removed under reduced pressure. The
crude product was purified by flash column chromatography on
aluminum oxide, eluting with hexane to obtain product 6 a yellow oil.
The crude product was used directly in the next step.
Synthesis of 4,7-Di(thiophen-2-yl)benzo[c][1,2,5]selenadiazole,

7a.56 To a round-bottomed two-necked flask was added 0.4 g (0.57
mmol) of Pd(PPh3)2Cl2 and 1.4 g (4.11 mmol) of 3. The flask was
degassed and refilled with nitrogen, and then 35 mL of THF and 3.4 g
(9.11 mmol) of 4 was added. The reaction mixture was refluxed at 80
°C under nitrogen for 24 h. After the reaction, 10 mL of hexane and
silica gel was added, and then the solvent was removed by a rotary
evaporator for column chromatography. The crude product was
purified by column chromatography on a silica gel, eluting with 1:5 (v/
v) of CH2Cl2/hexane to yield 380 mg (26%) of the 7a as a red solid.
1H NMR (400 MHz, CDCl3): δ = 8.03−8.02 (d, J = 3 Hz, 2H), 7.8 (s,
2H), 7.47−7.46 (d, J = 3 Hz, 2H), 7.21−7.18 (t, J = 3 Hz, 2H).
Synthesis of 4,7-Bis(4-hexylthiophen-2-yl)benzo[c][1,2,5]-

selenadiazole, 7b. To a round-bottomed two-necked flask was
added 0.115 g (0.16 mmol) of Pd(PPh3)2Cl2 and 0.9 g (2.64 mmol) of
3. The flask was degassed and refilled with nitrogen, and then 35 mL
of THF and 2.8 g (6.12 mmol) of 6 was added. The reaction mixture
was refluxed at 80 °C under nitrogen for 24 h. After that, 10 mL of
hexane and silica gel was added, and then the solvent was removed by
a rotary evaporator for column chromatography. The crude product
was purified by column chromatography on a silica gel, eluting with
1:5 (v/v) of CH2Cl2/hexane to yield 1 g (71%) of the 7b as a red
solid. 1H NMR (400 MHz, CDCl3): δ = 7.88 (s, 2H), 7.75 (s, 2H),
7.04 (s, 2H), 2.71−2.66 (t, J = 6 Hz, 4H), 1.72−1.42 (m, 4H), 1.40−
1.33 (m, 12H), 0.93−0.88 (m,6H).
Synthesis of 4,7-Bis(3-hexylthiophen-2-yl)benzo[c][1,2,5]-

selenadiazole, 7c. To a round-bottomed two-necked flask, 200 mg

(0.68 mmol) of 2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane and 104 mg (0.31 mmol) of 3 were dissolved in 9
mL of toluene, and then 6 mL of ethanol and 20 mL of Na2CO3 (2 M)
were added. The mixture solution was purged with nitrogen for 1 h,
and then the mixture was degassed and refilled with N2 (repeated 4
times) before and after addition of Pd(PPh3)4 (18 mg, 0.016 mmol).
The reaction mixture was reflux under nitrogen for 48 h. After that, the
solvent was removed by a rotary evaporator and diluted with CH2Cl2
to extract with brine. The organic extract was separated and dried over
MgSO4, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica gel,
eluting with CH2Cl2/hexane to yield 139 mg (85%) of 7c as orange
oil. 1H NMR (400 MHz, CDCl3): δ = 7.52 (s, 2H), 7.43−7.41 (d, J =
6 Hz, 4H), 7.09−7.08 (d, J = 3 Hz, 4H), 2.66−2.61 (t, J = 6 Hz, 4H),
1.65−1.58 (m, 4H), 1.24−1.20 (m, 12H), 0.83−0.79 (m, 6H).

Synthesis of 4,7-Bis(5-bromothiophen-2-yl)benzo[c][1,2,5]-
selenadiazole, 8a.56 380 mg (1.09 mmol) of 7a was dissolved in 9
mL of chloroform and 9 mL of acetic acid in a round-bottomed single-
necked flask and then cooled to 0 °C. 400 mg (2.24 mmol) of n-
bromosuccinimide (NBS) solid was then added in one portion. After
being stirred in the dark at room temperature for 11 h as a suspension
solution, the reaction mixture was filtered and washed several times
with methanol and water to afford 250 mg (45%) of 8a as a deep red
solid. MALDI MS: m/z 505.7 (M+). 1H NMR (400 MHz, CDCl3): δ
= 7.73 (s, 2H), 7.71−7.70 (d, J = 3 Hz, 2H), 7.14−7.13 (d, J = 3 Hz,
2H).

Synthesis of 4,7-Bis(5-bromo-4-hexylthiophen-2-yl)benzo[c]-
[1,2,5]selenadiazole, 8b. One g (1.89 mmol) of 7b was dissolved in
30 mL of DMF in a round-bottomed single-necked flask and cooled to
0 °C. 0.7 g (3.93 mmol) of n-bromosuccinimide (NBS) dissolved in 10
mL of DMF was added dropwise to the solution via a dropping funnel.
After being stirred in the dark at room temperature for 11 h, the
reaction mixture was pour into water, diluted with CH2Cl2, and
extracted with brine. The organic extract was separated and dried over
MgSO4, and the solvent was removed under reduced pressure. The
crude product was purified on a silica gel column, by eluting with
hexane to yield 1 g (76%) of 8b as a deep red solid. MALDI MS: m/z
674.0 (M+). 1H NMR (400 MHz, CDCl3): δ = 7.70 (s, 2H), 7.66 (s,
2H), 2.66−2.61 (t, J = 6 Hz, 4H), 1.67−1.64 (m, 4H), 1.35−1.26 (m,
12H), 0.93−0.88 (t, J = 9 Hz, 6H). 13C NMR (400 MHz, CDCl3): δ =
157.73, 142.64, 138.77, 127.67, 126.73, 124.97, 112.23, 31.65, 29.76,
29.67, 28.98, 22.62, 14.10.

Synthesis of 4,7-Bis(5-bromo-3-hexylthiophen-2-yl)benzo[c]-
[1,2,5]selenadiazole, 8c. 139 mg (0.26 mmol) of 7c was dissolved
in 10 mL of DMF in a round-bottomed single-necked flask and cooled
to 0 °C. 98 mg (0.55 mmol) of n-bromosuccinimide (NBS) dissolved
in 3 mL of DMF was added dropwise to the solution via a dropping
funnel. After being stirred in the dark at room temperature for 12 h,
the reaction mixture was pour into water, diluted with hexane, and
extracted with brine for 3 times. The organic extract was separated and
dried over MgSO4, and the solvent was removed under reduced
pressure. The crude product was purified on a silica gel column, by
eluting with hexane to yield 136 mg (77%) of 8c as a red solid.
MALDI MS: m/z 674.9 (M+). 1H NMR (400 MHz, CDCl3): δ = 7.48
(s, 2H), 7.04 (s, 2H), 2.61−2.56 (t, J = 6 Hz, 4H), 1.59−1.59 (m, 4H),
1.25−1.20 (m, 12H), 0.81 (m, 6H). 13C NMR (400 MHz, CDCl3): δ
= 159.32, 142.7, 134.05, 131.81, 129.89, 128.22, 113.12, 31.52, 30.51,
29.43, 29.02, 22.51, 14.04.

General Procedures of Polymerization.31 The Suzuki coupling
reaction was used to synthesize the copolymers as shown in Scheme 1.
In a 100 mL flask, monomer 1 (0 mmol−0.49 mmol), monomer 8a or
8b or 8c (0.5 mmol-0.01 mmol), monomer 9 (0.5 mmol, see the
Supporting Information for synthetic details), and monomer 12 (0−
0.03 mmol) were dissolved in 20 mL of toluene, and then 6.25 mg
(0.02 mmol) of tetra-n-butylammonium bromide (Bu4NBr) and 6 mL
of Na2CO3 (2 M) was added. The mixture solution was purged with
nitrogen for 1 h. After that, the mixture solution was degassed and
refilled with N2 (repeated 4 times) before and after the addition of
Pd(PPh3)4 (27 mg, 0.023 mmol). The reactants were stirred at 100 °C
for 48 h, and then 50 mg of phenylboronic acid dissolved in 1 mL of
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THF was added. After 2 h, 0.5 mL of bromobenzene was added and
further stirred for 3 h. The mixture was poured into 120 mL of
methanol. The precipitate was filtered, washed with methanol and
acetone to remove monomers, small oligomers, and inorganic salts.
The crude product was dissolved in CH2Cl2 and then extracted with
brine for 3 times. The organic extract was separated and dried over
MgSO4, and the solvent was removed under reduced pressure. The
crude polymers were reprecipitated in CHCl3/methanol and washed
with acetone. Finally, the product was collected by filtration to afford
120−150 mg of polymer PFBT-DBSX, PFBT-DBSOC6X, PFBT-
DBSIC6X, PFBT-DBSOC610-BOC, or PFBT-DBSOC610-COOH.
GPC: PFBT-DBS1 Mn: 4289, Mw: 6623, PDI: 1.54,

1H NMR (δ,
CDCl3): 0.58−0.79 (m, 6H, CH3), 0.81−1.38 (m, 24H, CH2), 1.88−
2.15 (m, 4H), 7.32−8.12 (m, 12H); PFBT-DBS4 Mn: 3177,Mw: 5311,
PDI: 1.67, 1H NMR (δ, CDCl3): 0.57−0.80 (m, 6H, CH3), 0.81−1.36
(m, 24H, CH2), 1.75−2.15 (m, 4H), 7.32−8.12 (m, 12H); PFBT-
DBS10 Mn: 3587, Mw: 5141, PDI: 1.43; PFBT-DBS33 Mn: 6587, Mw:
7701, PDI: 1.17, 1H NMR (δ, CDCl3): 0.58−0.79 (m, 6H, CH3),
0.81−1.38 (m, 24H, CH2), 1.88−2.15 (m, 4H), 7.32−8.12 (m, 12H);
PFBT-DBS50 Mn: 4022, Mw: 5449, PDI: 1.35,

1H NMR (δ, CDCl3):
0.56−0.79 (m, 6H, CH3), 0.81−1.37 (m, 24H, CH2), 1.86−2.15 (m,
4H), 7.32−8.10 (m, 12H); PFBT-DBSIC61 Mn: 9266, Mw: 11202,
PDI: 1.21, 1H NMR (δ, CDCl3): 0.69−0.95 (m, 6H, CH3), 1.00−1.70
(m, 24H, CH2), 1.80−2.60 (m, 4H), 2.70−2.80 (m, 1H), 7.27−8.30
(m, 6H); PFBT-DBSIC64Mn: 12195, Mw: 18434, PDI: 1.51,

1H NMR
(δ, CDCl3): 0.69−0.95 (m, 6H, CH3), 1.00−1.75 (m, 25H, CH2),
1.80−2.30 (m, 4H), 2.60−2.80 (m, 1H), 7.27−8.30 (m, 6H); PFBT-
DBSIC610 Mn: 11131, Mw: 26238, PDI: 2.55,

1H NMR (δ, CDCl3):
0.69−0.95 (m, 7H, CH3), 1.02−1.60 (m, 27H, CH2), 1.70−2.25 (m,
4H), 2.60−2.80 (m, 1H), 7.27−8.30 (m, 6H); PFBT-DBSIC633 Mn:
12188, Mw: 20270, PDI: 1.66,

1H NMR (δ, CDCl3): 0.64−0.90 (m,
10H, CH3), 0.91−1.60 (m, 34H, CH2), 1.70−2.30 (m, 4H), 2.52−2.89
(m, 2H), 7.27−8.30 (m, 7H); PFBT-DBSIC650 Mn: 10857, Mw:
24454, PDI: 2.25, 1H NMR (δ, CDCl3): 0.64−0.90 (m, 12H, CH3),
0.91−1.82 (m, 40H, CH2), 1.84−2.18 (m, 4H), 2.55−2.89 (m, 4H),
7.30−7.90 (m, 10H); PFBT-DBSOC61 Mn: 11009, Mw: 26839, PDI:
2.44, 1H NMR (δ, CDCl3): 0.60−0.90 (m, 6H, CH3), 0.92−1.80 (m,
24H, CH2), 1.82−2.2 (m, 4H), 2.60−2.90 (m, 1H), 7.30−8.10 (m,
6H); PFBT-DBSOC64 Mn: 9711, Mw: 18607, PDI: 1.92,

1H NMR (δ,
CDCl3): 0.59−0.85 (m, 6H, CH3), 0.86−1.75 (m, 25H, CH2), 1.81−
2.40 (m, 4H), 2.60−2.80 (m, 1H), 7.20−8.20 (m, 6H); PFBT-
DBSOC610 Mn: 13228, Mw: 28955, PDI: 2.19,

1H NMR (δ, CDCl3):
0.60−0.95 (m, 7H, CH3), 1.02−1.70 (m, 27H, CH2), 1.73−2.25 (m,
4H), 2.60−2.80 (m, 1H), 7.27−8.32 (m, 6H); PFBT-DBSOC633 Mn:
15033, Mw: 31636, PDI: 2.10,

1H NMR (δ, CDCl3): 0.54−0.84 (m,
10H, CH3), 0.91−1.79 (m, 34H, CH2), 1.81−2.13 (m, 4H), 2.62−2.89
(m, 2H), 7.31−8.09 (m, 7H); PFBT-DBSOC650 Mn: 14207, Mw:
30177, PDI: 2.12, 1H NMR (δ, CDCl3): 0.55−0.85 (m, 12H, CH3),
0.86−1.86 (m, 40H, CH2), 1.90−2.16 (m, 4H), 2.66−2.98 (m, 4H),
7.35−8.12 (m, 10H); PFBT-DBSOC610-BOC Mn: 3646, Mw: 5671,
PDI: 1.55.
Cell Imaging. The emission spectra of Pdot-labeled cells were

obtained with a fluorescence confocal microscope (Nikon D-Eclipse
C1) under ambient conditions (24 ± 2 °C). The images were acquired
by use of a diode laser at 488 nm (∼15 mW) as the excitation source
and an integration time of 1.6 μs/pixel. A CF1 Plan Fluor 100× (N. A.
1.30, W.D. 0.16 mm) oil objective was employed for imaging and
spectral data acquisition; the laser was focused to a spot size of ∼7
μm2. The blue fluorescence was collected by filtering through a 450/35
band-pass (λex = 408 nm), while the red fluorescence was collected by
filtering through a 570 long-pass (λex = 488 nm).
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