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ABSTRACT: This letter describes formation of single chain cationic polymer
dots (Pdots) made of poly[1,4-dimethyl-1-(3-((2,4,5-trimethylthiophen-3-
yl)oxy)propyl)piperazin-1-ium bromide] conjugated polyelectrolyte (CPE).
The single chain Pdot formation relies on a simple process which is a rapid
nanophase separation between CPE solution of ethylene glycol and water. Pdots
show narrow monodisperse size distribution with a 3.6 nm in diameter
exhibiting high brightness and excellent colloidal and optical stability. It has
been demonstrated that photoluminescent Pdots provide selective nuclear
translocation to hepatocellular carcinoma cells as compared to healthy liver
cells. The Pdot labeling effectively discriminates cancer cells in the coculture
media. Pdots hold great promise as a luminescent probe to diagnose cancer cells
in histology and may guide surgeons during operations to precisely separate out
cancerous tissue due to augmented fluorescence brightness.

Recent efforts devoted to develop fluorescent soft nano-
particles have profoundly revolutionized routines in

bioimaging,1−6 diagnostics,7,8 and drug therapy studies.9 In
addition to their excellent emissive properties,4 chemical
modularity, and biocompatibility,10 soft nanoparticles exhibit
reversible deformations and chain displacement by the
conformational alteration of their polymer backbone, causing
significant changes in photophysical properties.11,12 By this
unique property, soft nanoparticles show extraordinary
penetration capability both in inter- and intracellular milieu.
The recent reports about conjugated polymer nanoparticles
(CPNs) and polymer dots (Pdots) have exemplified a number
of attracting applications such as in vitro and in vivo imaging
and diagnosis.3,13 Unlike CPNs with larger diameters of >30
nm, single chain Pdots in reduced diameter (<10 nm) have
shown greater an extinction coefficient, higher photolumines-
cence quantum yield, brightness, photostability, and colloidal
stability.13−15 Therefore, in biological applications, single chain
Pdots are expected to show unambiguous advantages over
CPNs; for instance, single chain Pdots with diameters <10 nm
can access crowded and restricted subcellular space and are
found to be more efficient for labeling subcellular features16,17

as well as cellular biomarkers.18 However, preparation of single
chain Pdots by established protocols such as nanoprecipitation
is a bottleneck and often not applicable as it may cause
coprecipitation of multiple polymer chains. Modified nano-

precipitation,6,19 two-step reprecipitation,16,20 and utilization
of solid support21 for obtaining single chain Pdots were
suggested as alternative methodologies to overcome the
coprecipitation problem. Herein, a nanophase separation
method is proposed to prepare a single chain Pdot with a
size of 3.6 nm without using any solid support. The Pdots are
formed by rapid nanophase separation occurring between
water (a poor solvent) and ethylene glycol (a good solvent)
that contains a cationic single chain of poly[1,4-dimethyl-1-(3-
((2,4,5-trimethylthiophen-3-yl)oxy)propyl)piperazin-1-ium
bromide]. The smaller Pdots provide substantial advantages
for penetration into cellular compartments having pore size
between 5 and 10 nm.22−25 This argument has been confirmed
by applying Pdots to the hepatocellular carcinoma and healthy
liver cells which shows that our Pdots exhibit selective
determination of hepatocellular carcinoma (HCC) cells. The
extremely small sized Pdots showing extensive labeling of
cancer cells in coculture medium have a great potential for
discriminating the cancer cells in healthy tissues. Therefore,
this property facilitates a fast translation of Pdots to the clinical
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practice for pinpointing the tumor microenvironment and
surgical borders.
Scheme 1 illustrates the formation process of Pdots

containing a single conjugated polyelectrolyte (CPE) chain
driven by rapid nanophase separation between the ethylene
glycol (good solvent) and water (poor solvent) (see video in
the Supporting Information for dissolution of CPE in ethylene
glycol and water). More explicitly, CPE−ethylene glycol
interaction is entropically more favorable than the CPE−
water interaction, which induces nanophase separation of CPE-
rich ethylene glycol phase. Overall, a single CPE chain
enveloped in ethylene glycol as a Pdot and its random coil
conformation helps keep colloidal stability in the water. The
structure of CPEs used in this work is shown in Figure 1a,
confirmed by NMR (Figures S2, S4, and S7, Supporting
Information). Atomic force microscopy (AFM) imaging of
Pdots deposited on a mica surface was conducted which
showed monodispersed objects, as shown in Figure 1b. The
average height distribution determined by AFM given in Figure

1c was found to be 1 nm, which is consistent with a single
chain dimension of CPE. Based on theoretical calculations, the
radius gyration (Rg) was found to be 2.2 nm, corresponding to

Scheme 1. Schematic Illustration of Nanophase Separation
between Ethylene Glycol (EG) and Water during Pdot
Formation

Figure 1. (a) Chemical structure of cationic conjugated polymer. (b) AFM image of Pdots. (c) Histogram of a height distribution of Pdots
measured by AFM. (d) Hydrodynamic diameter distribution of Pdots by DLS (inset photograph shows 1.6 mg/L Pdot solution). (e) Absorption
spectra of bulk and Pdot solutions. (f) Fluorescence spectra of bulk and Pdot solutions. (g) Confocal micrograph of Pdots in culture medium (inset
image is the 100× magnification of the selected Pdot). (h) Fluorescence intensity variation of a single Pdot over 80 s.

Figure 2. (a) Bright field and fluorescent images of a-upper: HuH-7
and a-lower: THLE-2 cells. (b) Fluorescence intensity ratio of nucleus
to cytoplasm (intensity analysis has performed by ImageJ from the
images shown in Figure 2a). (c−h) Concentration dependent study of
the Pdots by increasing from 40 to 100 μΜ. (i−o) The
compartmentalization of Pdots in the nuclei demonstrated with
phases of mitotic divisions in the cell cycle. Images were arranged to
represent phases starting from (i) prophase, (j) pro-metaphase, (k)
metaphase, (l) anaphase, (m) telophase, (n) cytokinesis, and (o)
newly divided cells.
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20 mers (Figure S8, Supporting Information), which is the
dimension of single CPE chain. Dynamic light scattering
(DLS) results revealed that the Pdots have a diffusion
coefficient of 4.17 μm2/s, which refers to 3.6 nm in diameter,
as shown in Figure 1d. DLS yielded a slightly larger particle
size than AFM due to the contribution of solvent molecules to
the hydrodynamic radius of polymer; nevertheless, particle
sizes determined by the two methods are consistent with each
other.6 Figure 1e shows absorption spectra of both bulk CPE
and Pdots. There are two major peaks at 365 and 415 nm in
the bulk spectrum, corresponding to π−π* transitions of
shorter and longer conjugation length species. In contrast,
Pdot spectrum exhibits a single feature at 415 nm, which may
refer to the existence of nearly identical backbone con-
formation of single polymer chain. Figure 1f illustrates the
fluorescence spectra of bulk CPE and Pdots showing maxima
at 540 and 550 nm, respectively. The Pdot spectral maximum
exhibits 10 nm red-shift as compared to the bulk as well as a
shoulder at 570 nm, attributable to elongation of conjugation
length or increased intrachain π−π interactions. Figure 1g
shows the confocal microscope image of Pdots upon excitation
at 488 nm in cell culture medium, which shows that the Pdots
retained their shape and integrity. The inset figure shows the
fluorescence spot of a single Pdot, which has bright and
dimmer intensity at the center and peripheral pixels,
respectively. These results reveal that individual Pdots exhibit
detectable fluorescence intensity and preserve colloidal and
optical stability without coalescence and quenching in the cell
culture medium. Figure 1h illustrates the fluorescence intensity
variation of a selected single Pdot shown in the inset images
(488 nm, 1 mW of power at the sample and 700 ms of
illumination time) for 80 s. The Pdot exhibits 5.3 × 104 (std.
dev. = 2.7 × 103) mean fluorescence intensity over the
observation period (from a minute to hours). Further analysis
of many spots representing Pdots was performed, and no
diminishing intensity was observed (Figure S9, Supporting
Information). These results ascertaining the Pdots have
remarkable photostability under continuous illumination and
may serve as a probe for single particle tracking experiments in
cell culture medium. The facile preparation protocol of Pdots
and their colloidal and fluorescence stability make them a
superior probe for cell imaging applications. Moreover,
monodispersed Pdots with small size show penetration ability
to the subcellular compartments.

As a demonstrative example, we employed Pdots as a
subcellular imaging probe. Hepatocellular carcinoma (HuH-7
cells) and healthy adult liver epithelial cells (THLE-2 cells)
were used to assess accumulation of Pdots in the cells. Figure
2a (upper panel) shows HuH-7 cells where Pdots were
localized in the nuclei, whereas they accumulated in cytoplasm
and around the nuclei of THLE-2 cells (Figure 2a, lower
panel). The fluorescence intensity ratio of nucleus to
cytoplasm is given in Figure 2b, indicating that HuH-7 cells
exhibit a sevenfold greater intensity ratio as compared to that
of the THLE-2 cells. These results show that the accumulation
profile of Pdots in the subcellular region is significantly
dependent on the cell type. Pdots were mostly and selectively
compartmentalized in the nuclei of HuH-7 cells. We
conducted a concentration dependent study of the Pdots by
varying the concentration from 40 to 100 μM, as shown in
Figure 2c−h, for both HuH-7 and THLE-2 cells. Pdots were
mostly located in the nuclei for HuH-7, whereas they dispersed
in the cytoplasm and accumulated around the nuclei for
THLE-2 independent from their initial concentration. The size
of nuclear pore complexes was reported to be about 5−10 nm,
allowing free diffusion of the yellow emitting Pdots (Figure
S10, Supporting Information, for Pdot trajectories indicating
confined and directed type of diffusions). As reported earlier,
the nuclear pore complex (NPC) mediates trafficking between
the cytoplasm and nucleoplasm, and overexpression of several
associated nuclear export factors has been linked to
cancers.24,25 Therefore, selective nuclear translocation of
Pdots is attributed to the relatively larger size of the nuclear
pores and altered nuclear membrane structure of HuH-7 as
compared to THLE-2.
Beyond their selective translocation, Pdots exhibited high

resolution for nuclei chromosomal staining, which occurred
due to electrostatic interaction between nuclear DNA and
cationic characteristics of Pdots. As shown in Figure 2i−o, we
demonstrated mitotic division phases of HuH-7 cells. The
phases of interphase, metaphase, anaphase, and telophase were
easily recognized for the HuH-7 cells. These findings prove
that the Pdots can be notably used as chromosome or nuclei
probes as well.
The benefit of selective translocation of Pdots into the nuclei

of cancer cells is clear and holds promise for effortless
discrimination of hepatocarcinoma and healthy liver cells. To
prove this postulate, we conducted a coculture experiment for
HuH-7 and THLE-2 cells. Figure 3a, b shows the coculture

Figure 3. Images of cocultured THLE-2 and HuH-7 cells (a) 20× magnification (scale bar: 50 μm) and (b) 100× magnification (scale bar: 10 μm).
THLE-2 cells (1 × 104 cell/well) were seeded on glass bottom plates. After 1 day, the culture medium was discarded; HuH-7 cells were plated at a
density of 1 × 104 cell/well, and the cells were allowed to grow together. The cells were treated with Pdots for 24 h and then fixed. (c) fluorescence
intensity ratio of nucleus to cytoplasm (intensity analysis has performed by ImageJ from the images shown in Figure 3a). (d) The images that were
captured after DAPI and Pdot staining were merged (scale bar: 50 μm). Blue colored nuclei were DAPI stained cells. Yellow colored spots were
Pdots accumulated in the cells (inset figures showing DAPI only (upper) and Pdot only (lower)).
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image of HuH-7 and THLE-2 cells, revealing that the Pdots
were located in the nuclei of the HuH-7; on the contrary, they
were in the cytoplasm and mostly located around the nuclei of
THLE-2 cells. Pdots show two different fluorescence intensity
distribution profiles where the maxima are centered around 1.8
× 106 and 1.0 × 105, as observed in Figure 3c. The higher
intensity was collected from nuclei of HuH-7 cells, whereas
lower intensity was from the nuclei of the THLE-2 cells,
indicating that Pdots accumulated 18-fold greater in HuH-7
nuclei as compared to THLE-2 nuclei. This finding proves that
Pdots are capable of selective labeling of HCC in a coculture
environment as an analogy of the tumor microenvironment
and simplifies determination of borders at the cellular level
(the dotted white line was intentionally drawn to indicate the
border between healthy and cancerous regions). Furthermore,
DAPI staining which labels both the nuclei indiscriminatingly
was used to monitor the nuclei of HuH-7 and THLE-2 cells.
The cell population above the dotted line in Figure 3d refers to
HuH-7 cancer cells where the DAPI and Pdot staining
overlapped. On the other hand, below the dotted line, both
DAPI and Pdot costaining was observed in the nuclei and
cytoplasm, respectively. It can be concluded that Pdots stain
selectively the nuclei of the HuH-7 cells and the cytoplasm of
the THLE-2 cells.
Overall, Pdots are potential probes for selective nuclear

labeling that discriminate HCC cells over healthy liver cells in
the coculture media as well as in the tumor microenvironment.
Moreover, this attractive potential of Pdots may find effortless
translation for precisely determining surgical borders in
cancerous tissues, discriminating cell histological examinations.
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