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imaging and sensing applications.[1–5]
The superior properties of Pdots have
been widely demonstrated by cellular
labeling,[6,7] in vivo imaging,[8] single-particle tracking,[9] and various bioassays.[10]
Recently, the extraordinary light absorption of semiconducting polymers was used
as a basis for developing multifunctional
probes for photoacoustic imaging[11–13]
and photothermal therapy.[14–16] These progresses have greatly expanded the interdisciplinary studies of semiconducting
polymers in chemistry, materials science,
and biomedicine.[17–24] However, semiconducting polymer nanoparticles reported
thus far are exclusively solid nanospheres
that are formed by hydrophobic interactions, which fold the polymer chains into
collapsed nanoparticles with no preferred
shape. A much broader range of biomedical applications can be envisioned if a
hollow nanocavity can be developed within
the highly fluorescent semiconducting
polymer nanospheres.
Hollow microspheres have been demonstrated for a wide variety of applications such as catalysis, photonics, energy storage, and biomedicine.[25–27] Hollow spheres as carriers for drug delivery have also
shown significant merits for cancer therapy.[28] In this regard,
the large specific surface area of the hollow structures provides

Nanocavities composed of lipids and block polymers have demonstrated
great potential in biomedical applications such as sensors, nanoreactors, and
delivery vectors. However, it remains a great challenge to produce nanocavities
from fluorescent semiconducting polymers owing to their hydrophobic
rigid polymer backbones. Here, we describe a facile, yet general strategy
that combines photocrosslinking with nanophase separation to fabricate
multicolor, water-dispersible semiconducting polymer nanocavities (PNCs).
A photocrosslinkable semiconducting polymer is blended with a porogen
such as degradable macromolecule to form compact polymer dots (Pdots).
After crosslinking the polymer and removing the porogen, this approach yields
semiconducting polymer nanospheres with open cavities that are tunable in
diameter. Both small molecules and macromolecules can be loaded in the
nanocavities, where molecular size can be differentiated by the efficiency of
the energy transfer from host polymer to guest molecules. An anticancer drug
doxorubicin (Dox) is loaded into the nanocavities and the intracellular release
is monitored in real time by the fluorescence signal. Finally, the efficient
delivery of small interfering RNA (siRNA) to silence gene expression without
affecting cell viability is demonstrated. The combined features of bright
fluorescence, tunable cavity, and efficient drug/siRNA delivery makes these
nanostructures promising for biomedical imaging and drug delivery.

1. Introduction
Semiconductor polymer dots (Pdots) exhibit tunable fluorescence, high brightness, and excellent photostability for optical
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more adsorption and reaction sites for guest molecules than
that of solid counterparts.[29] Owing to their promising applications in biomedicine,[30] tremendous efforts have been made
in the fabrication of hollow microspheres via various strategies, including the self-assembly and templating method.[30,31]
However, most of the reported hollow spheres are beyond the
nanoscale (>100 nm), and only a few material systems are
available for preparing small nanocavities (<100 nm). Xia and
co-workers first reported a general strategy to fabricate hollow
noble-metal nanostructures with well-defined void spaces,
which laid a foundation for the widespread development
of hollow metal nanostructures.[32,33] Chen and co-workers
described a templated fabrication of polymer nanocavities from
a series of amphiphilic polystyrene-block-poly(acrylic acid)
copolymers, which open up a way to create nanosized hollow
polymer structures using self-assembly and etching techniques.[31] For both biological imaging and drug delivery, it has
been shown that nanoparticles smaller than 100 nm undergo
reduced hepatic filtration and increased extravasation into permeable tissues, demonstrating the significance of small particle
size for achieving efficient and targeted drug/gene delivery.[34,35]
The versatility and widespread applications of porous and
hollow materials inspired us to fabricate semiconducting
poly
mer nanocavities. However, it remains a challenge to
manipulate and control the nanoscale morphology of the
hydrophobic semiconducting polymers that comprise large
π-conjugated systems. On the one hand, the rigid backbone is
known to exert a large influence on the polymer conformation.
Therefore, the self-organization of the stiff conjugated polymers
is quite different from flexible polymers.[36] On the other hand,
the conjugated polymers tend to form solid, densely packed
nanospheres (or large aggregates) in aqueous solution owing
to the large interfacial surface tension between the polymer
and water.[37] Thus, the fabrication of semiconducting polymer
porous structures has not been achieved by self-assembly
because of the difficulties in controlling the polymer conformation and morphology. Alternatively, conjugated porous
materials, such as conjugated microporous polymers (CMPs),
can be synthesized through different types of coupling reactions by using the rigid π-conjugated building blocks.[38] Taking
advantage of their electronic properties and porous nature,
CMP materials have been used in energy storage, catalysis,
light emitting, and light harvesting applications.[39,40] However,
CMPs are typically 3D organic solids with extended structures.
The large size and inherent insolubility are intractable drawbacks that limit their biological applications.[39,41]
Here, we report a facile yet general strategy to fabricate
small size, water-soluble, semiconducting polymer nanocavities (PNCs). The porogenic synthesis relies on a combination of photocrosslinking strategy and microphase separation.
A photocrosslinkable semiconducting polymer was blended
with a porogen to form compact polymer dots (Pdots). After
photocrosslinking and porogen removal, this approach yielded
semiconducting polymer nanocavities that are tunable and
dependent on the nonreactive porogen. Both small molecules
and macromolecules can be loaded into the nanocavities, where
enhanced host–guest energy transfer was observed as compared to the solid nanospheres due to the larger specific surface area. To evaluate the potential of the PNCs in drug delivery,
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PNCs were loaded with the anticancer drug doxorubicin (Dox).
The intracellular release of Dox from the PNCs was monitored
in real time by the fluorescence signal of the PNCs. Finally, we
employed PNCs for the efficient delivery of small-interfering
RNAs (siRNAs) to silence gene expression without affecting
cell viability. The siRNA delivery efficiency of PNCs was slightly
higher than that of a commercial reagent (Lipofectamine
RNAiMax). These results demonstrate that PNCs are promising fluorescent probe and delivery vector for biomedical
applications.

2. Results and Discussion
2.1. Synthesis of Photocrosslinkable Conjugated Polymers
We describe a strategy involving the combination of photocrosslinking with microphase separation to fabricate small-size,
water-dispersible, multicolor semiconducting polymer nanocavities. Synthetic polymer nanocavities have been previously
demonstrated in only a few systems. Vesicles, nanotubes, and
nanocavities were prepared by the self-assembly of amphiphiles
such as block copolymers.[31,42] However, these block copolymers are nonconjugated and, thus, optically inert in nature.
Furthermore, self-assembly is largely dictated by the chemical
nature of constituent amphiphiles and cannot be readily used
for hydrophobic π-conjugated polymers. With our strategy,
we used photocrosslinkable semiconducting polymers and
porogen molecules to prepare nanospheres, the morphology of
which can be fixed by an external light stimulus. Removal of the
porogen by microphase separation can result in nanospheres
with open cavities that are closely dependent on the molecular
size and concentration of the porogen in the nanospheres.
First, we synthesized photocrosslinkable conjugated polymers
based on polyfluorene backbone structures with oxetane groups
in the side-chains. As small cyclic ethers, oxetanes are cationically photopolymerizable units,[43,44] and they can crosslink
with each other upon ultraviolet light irradiation.[45,46] Figure 1
shows the general synthetic routes for three photocrosslinkable π-conjugated polymers with blue (oxe-F8, SP1), green
(oxe-F8BT, SP2), or red (oxe-F8DTBT, SP3) emission. The key
monomer, 2,7-dibromo-9, 9-di-[6-[(3-methyloxetan-3-yl)methoxy]
hexyl] fluorine 1, was synthesized from oxetanemethanol (OM)
by a two-step procedure, including bromination of OM, and
fluorene functionalized through a displacement reaction with
2,7-dibromofluorene (Figure S1, Supporting Information).[47]
The dithienobenzothiadiazole and benzothiadiazole derivatives
2, 5 were chosen as the acceptor unit in the copolymerization.
Monomer 3 was obtained by performing the Miyaura borylation
reaction with aryl halide 1 and bis(pinacolato)diboron (Figure S2,
Supporting Information). Finally, a biphasic system (toluene/
aqueous Na2CO3) involving palladium-catalyzed Suzuki crosscoupling polymerization between aryl bromides 1, 2 and
arylboronate esters 3–5 yielded a series of photocrosslinkable conjugated copolymers. Gel permeation chromatography
(GPC) measurements revealed that oxe-F8 had an average
molecular weight (Mn) of 25 kDa with a polydispersity index
(PDI) of 2.50 (Figure S3, Supporting Information), oxe-F8BT
had an Mn of 8.3 kDa with a PDI of 2.21 (Figure S4, Supporting

1800239 (2 of 13)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

www.advancedsciencenews.com

Figure 1. Schematic illustration of synthetic routes and chemical structures of photocrosslinkable comonomers and semiconducting polymers.

Information), and oxe-F8DTBT had an Mn of 17 kDa with a
PDI of 2.07 (Figure S5, Supporting Information).

2.2. Preparation and Characterizations of PNCs
A degradable polymer poly (lactic acid-co-glycolic acid) (PLGA)
was used as a porogen to examine the formation mechanism
of PNCs. The fabrication process is illustrated in Figure 2a.
First, Pdots were prepared from a mixture of PLGA and photo
crosslinkable polymer (1:1 weight ratio) through hydrophobic
interactions by folding and distorting the polymer backbone
using a nanoprecipitation method. In the presence of triarylsulfonium hexafluorophosphate salts as a photoinitiator,
photocrosslinking reactions were induced by a short-time
ultraviolet irradiation that yielded Pdots with a cross-linked
network. Because PLGA does not have cross-linkable groups,
it can be degraded in hot alkaline solution, which generates
some cavities in the Pdots. The resulting nanoparticles were
washed and purified by centrifugal ultrafiltration for further
characterization.
The morphology of the nanoparticles was examined by
transmission electron microscopy (TEM, Figure 2b). In contrast to solid Pdots,[17] most Pdots exhibited open nanocavities
(PNCs) in the TEM image of the sample prepared from PLGA
and the SP1 polymer. Nanocavity formation was attributed
to the mixing and subsequent phase separation of the PLGA
polymer with the semiconducting polymer in the Pdots. After
crosslinking the SP1 matrix, PLGA degradation led to PNCs
formation. It is worth noting that matrix photocrosslinking
was critical for PNC formation, because such cavities were
not observed using nanoparticles prepared from PLGA and
semiconducting polymers without oxetane groups (Figure S6,
Supporting Information). As shown in Figure 2b, the PNCs had
a donut-like shape, and the cavity diameters ranged from 5 to
15 nm. The cavity size showed some variation, which was likely
attributable to the different distributions of degradable PLGA
polymer in the Pdots. As expected from the donut shape of the
PNCs, the PLGA polymer in most Pdots tended to locate in the
particle cores. In a small portion of nanoparticles (about 30%
without cavities), however, we observed that the core showed
a higher contrast than the shell in TEM image, indicative of
greater distribution of the PLGA polymer in the shells than
in the core. Nevertheless, the segregated distribution of PLGA
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in the Pdots was clearly reflected by the formation of PNCs
(Figure S7, Supporting Information). It is also consistent with
the fact that solid polymer blends tend to phase-separate at the
microscale level because the entropy of mixing is generally low
for polymers.[48]
We validated the approach used to prepare multicolor, semiconducting polymers with the same photocrosslinkable group.
As shown in the TEM images of Figure 2c,d, similar PNCs were
observed with the samples prepared from SP2 and SP3 polymers, indicating that the preparation was generally suitable for
different polymers. Despite the variation in the polymer backbone, the average hydrodynamic diameters of the three types
of PNCs were determined to be ≈35 nm by dynamic light scattering (DLS) (Figure 2e; Figure S8, Supporting Information).
Zeta potential measurements showed that PNCs had a negatively charged surface at neutral pH and an initial ζ-potential
of ≈−40 mV (Figure 2f). Thus, the PNCs had good colloidal
stability, and were stable and clear (not turbid) without aggregation for a long time (Figure 2g; Figure S9, Supporting Information). The particle sizes of Pdots (before removal of porogen)
could be tuned by varying the polymer concentration and the
tetrahydrofuran (THF) volume according to the preparation
method in our previous report.[16] We examined the reproducibility of the PNCs of different batches with the same feed
ratio by DLS and zeta potential measurements (Figure S10,
Supporting Information). The results indicated the sizes and
surface potentials of PNCs were consistent among different
batches. The stability of PNCs in biological buffer such as
phosphate buffered saline (pH 7.4) was also investigated. No
obvious changes in size and aggregation were observed for
48 h (Figure S11, Supporting Information), indicative of their
good colloidal stability in physiological relevant fluids. The
water-dispersible PNCs showed emission colors consistent
with their backbone structures (Figure 2h,i). Electronic conjugation can be increased by introducing benzothiadiazole or
thiophene units in the polymer main chain, thereby causing
a red-shift in both the absorption and emission spectra. It is
worth noting that the molar percentage of benzothiadiazole
or dithienobenzothiadiazole was fixed at 50%, such that the
Pdots could be directly excited by the corresponding lasers,
including UV deep-blue (e.g., 375, 405, 445 nm), and visible (vis) lasers (488, 532, 561 nm). The corresponding fluorescence quantum yields of the PNCs in aqueous solutions
were 25, 18, and 9%, respectively. The molecular weights and
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Figure 2. a) Schematic illustration of the preparation of semiconductor PNCs through a multistep fabrication process and subsequent loading
of biomolecules. (1) Precipitation; (2) photocrosslinking; (3) nanophase separation. b) TEM images of oxe-F8 PNCs, c) oxe-F8BT PNCs, and
d) oxe-F8DTBT. e) Hydrodynamic diameter of oxe-F8 PNCs measured by dynamic light scattering. f) Zeta-potential of three different oxe-polymers, from
left to right: oxe-F8 (SP1), oxe-F8BT (SP2), and oxe-F8DTBT (SP3) PNCs. g) Photographs of PNC solutions under ambient light or 365 nm ultraviolet
light illumination, from left to right: oxe-F8, oxe-F8BT, and oxe-F8DTBT PNCs. h) UV–vis absorption spectra and i) emission spectra of the oxe-F8,
oxe-F8BT, oxe-F8DTBT PNCs series in water.

photophysical parameters of the multicolor PNCs are summarized in Table 1. Their optical absorption, fluorescence colors,
and quantum yields were comparable to the respective Pdots in
solid form, indicating the photocrosslinking and PLGA degradation negligibly affected the optical properties of PNCs.
The PNCs exhibited exceptional stability with respect to their
structural integrity. Traditional self-assembled vesicles or cavities might undergo structural transformation or damage once
they are introduced into complex media containing biological
molecules, such as plasma proteins, lipids, and electrolytes.[49]
The conventional solid Pdots are easily dissociated in organic
solvents due to their good solubility. To examine the structural
stability, the PNCs and Pdots were subjected to a solvent-extraction assay, in which the solvent chloroform was added to the
aqueous nanoparticle solutions. As shown in Figure 3a,b, conventional solid Pdots (F8, F8BT, F8DTBT) had mostly dissolved
after a short exposure to the organic solvent; thus, they had
separated from the aqueous phase and, bright fluorescence was
mainly observed in the organic phase. However, the crosslinked
PNCs appeared insoluble in chloroform; therefore, the fluorescence was retained in the aqueous phase. UV–vis absorption
measurements further indicated the dissociation of Pdots after
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solvent extraction (Figure 3c–e). However, no dissociation was
observed for the three types of PNC samples (Figure 3f–h). The
PNCs exhibit similar nanocavities before and after the solvent
extraction (Figure S12, Supporting Information), confirming
that the PNCs are clearly resistant against dissociation and reformation. These results indicated that crosslinking in the PNC
matrix formed a concrete 3D intermolecular polymer network
with unparalleled stability and long-term durability.

2.3. Tunable Cavity Size and Host–Guest Interactions
As PLGA degradation is responsible for the cavity formation,
we expected that the cavity size can be tuned by adjusting
the PLGA concentration in the precursor. A parameter (K)
was used to describe the blending weight ratio of porogen to
photocrosslinkable polymers (porogen/crosslinker), with the
total concentration of reactants remaining constant in the
preparation. The morphology evolution of the nanoparticles
was investigated by TEM measurements while increasing
the K value from 0 to 2 (Figure 4). As seen from the TEM
images (Figure 4a,b), the nanoparticles showed a spherical
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Table 1. Summary of molecular weights of three photocrosslinkable conjugated polymers and the photophysical properties of semiconductor polymer
nanocavities.
Mn [kDa]a)

Mw [kDa]b)

PDIc)

PNCs

λmaxabs [nm]d)

λmaxem [nm]e)

Size [nm]

ζ [mV]f)

Φ [%]g)

oxe-F8

25.7

64.4

2.5

SP1

380

436

35

−40.2

25

oxe-F8BT

8.3

18.4

2.2

SP2

458

548

34

−38.7

18

oxe-F8DTBT

17.0

35.0

2.1

SP3

519

642

37

−42.3

9

e)Fluorescence

maximum;

Copolymers

a)Number-average
g)Quantum

molecular weight;

b)Weight-average

molecular weight;

c)Polydispersity

index;

d)Absorption

maximum;

f)Zeta

potential;

yield.

morphology when the ratio of porogen to crosslinker was
smaller than 0.6. Small cavities were observed in the nanoparticles when the polymer blending ratio was 0.8, as indicated by
the red arrows in Figure 4e. The cavity size increased when the
blending ratio varied from 0.8 to 1.2, indicating the feasibility
of tuning the cavity size by adjusting the ratio of the precursor
molecules. Further increases in the blending ratio produced
small and anomocytic nanoparticles, as compared to the initial solid nanospheres. This finding was consistent with the
phase-segregated distributions of the porogen and crosslinker

in the solid nanospheres, which were damaged due to porogen
degradation. Taken together, the TEM images showed apparent
morphological changes in the nanoparticles prepared with different blending ratios, and revealed the existence of different
morphologies, ranging from spherical (Figure 4a–d), hollow
(Figure 4e–h) to anomocytic (Figure 4i–l) shapes. Figure 5a
summarizes the variations in the nanoparticle morphologies with increasing porogen to crosslinker blending ratios
(ranging from 0 to 2). The hydrodynamic diameters of these
nanoparticles were also measured by DLS (Figure 5b), which

Figure 3. Chemical stability of PNCs. Photographs of water and chloroform mixtures dispersed with PNCs and conventional solid Pdots under a) room
lighting or b) 365 nm irradiation after liquid–liquid extraction (LLE) for 24 h. Left to right: F8 Pdots (1), oxe-F8 PNCs (2), F8BT Pdots (3), oxe-F8BT
PNCs (4), F8DTBT Pdots (5), and oxe-F8DTBT PNCs (6). UV–vis absorption spectra of c–e) conventional solid Pdots and f–h) PNCs in water before
(black line) and after (colored line) LLE with chloroform for 24 h.
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Figure 4. a–l) TEM images of the different weight ratio of precursors (K = porogen/crosslinker) to control particle morphology: a) Ka = 0, b) Kb = 0.2,
c) Kc = 0.4, d) Kd = 0.6, e) Ke = 0.8, f) Kf = 1.0, g) Kg = 1.1, h) Kh = 1.2, i) Ki = 1.4, j) Kj = 1.6, k) Kk = 1.8, l) Kl = 2.0.

indicated their good colloidal stability despite the morphological evolution.
The TEM images indicated that most nanoparticles had cavities when the blending ratio K ranged from 0.8 to 1.2 and that
the cavity size could be roughly tuned by changing the blending
ratio. Statistical analysis was performed on the cavity size and
outer diameter of the PNC structures, using TEM images. As
indicated in Figure 5c–f, the average cavity diameter increased
from 7 to 13 nm (de = 7.6 ± 2.9, df = 9.3 ± 3.0, dg = 11.1 ± 3.3,
dh = 12.8 ± 3.6), as the blending ratio K increased from 0.8 to
1.2 (Ke = 0.8, Kf = 1.0, Kg = 1.1, Kh = 1.2). However, the outer
diameters remained relatively constant in the range of 30–40 nm
(De = 35.1 ± 4.5, Df = 35.4 ± 5.6, Dg = 34.5 ± 5.1, Dh = 34.7 ± 5.2),
in agreement with the hydrodynamic diameters measured by
DLS (Figure 5b). In contrast with hollow microspheres, the small
size of the PNCs is key for imaging and drug delivery to a wide
range of targets, ranging from subcellular organelles to tissues. In
particular, the cavity size (≈7–13 nm) is comparable to the hydrodynamic diameters of many biomolecules, indicating their potential as a delivery carrier for oligonucleotide and protein drugs.
We explored the feasibility of using a small molecule
porogen to generate small-sized cavities. Hydrophobic small
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molecules have been blended with semiconducting polymers to
form solid Pdots.[50] Instead of PLGA, the porogen coumarin
6 was blended with an oxetane functionalized polymer to prepare crosslinked Pdots (Figure 6a). The resulting Pdots were
purified by centrifugal ultrafiltration. The filtrate was clear and
did not show fluorescence, verifying that most of coumarin
6 dye was doped inside the Pdots. As the photocrosslinked
Pdots are resistant to organic solvents, we could readily remove
the coumarin 6 molecules by performing a solvent extraction. Efficient energy transfer occurs from the SP1 polymer
to coumarin 6, resulting in dominant emission of coumarin
6 in doped Pdots. Therefore, fluorescence can serve as an indicator for the preparation processes. As shown by the pictures
of the samples (Figure 6b,c), both the absorption and emission colors of the doped Pdots exhibited apparent changes after
extraction by chloroform. The absorption and fluorescence
spectra of the sample further confirmed the successful removal
of coumarin 6 from the Pdots (Figure 6d). DLS measurements
showed that the hydrodynamic diameters of the Pdots after
porogen removal were similar to those of solid Pdots (Figure 6e).
However, no clear cavities were observed in the Pdots, as indicated by the TEM images (Figure S13, Supporting Information).
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Figure 5. a) A phase-diagram summary showing structural changes at different ratios of precursor molecules (corresponding to Figure 4). b) Particlesize distributions measured by dynamic light scattering. Distribution of PNC diameters (red, D) and the corresponding hollow cavities (black, d) from
TEM images: c) Ke = 0.8, De = 35.1 ± 4.5, de = 7.6 ± 2.9; d) Kf = 1.0, Df = 35.4 ± 5.6, df = 9.3 ± 3.0; e) Kg = 1.1, Dg = 34.5 ± 5.1, dg = 11.1 ± 3.3; f) Kh = 1.2,
Dh = 34.7 ± 5.2, dh = 12.8 ± 3.6.

These results indicated that the distribution of coumarin 6
in Pdots is different from that of PLGA. Most likely, the coumarin 6 molecules were more uniformly distributed in the Pdot
matrix as compared to the phase segregation of PLGA. Consequently, removal of the small-molecule porogen may produce
some smaller cavities of molecular size, rather than the largerthrough-cavities as observed for PLGA porogen. It was difficult
to directly observe and characterize these small-sized cavities by
TEM because they were easily collapsed in dried TEM samples.
We developed an energy transfer based titration assay to
validate the presence of small molecular cavities and tunable
host–guest interactions based on the cavity size. The assay was
based on fluorescence quenching of the Pdots and PNCs by
molecular dye via the mechanism of Förster resonance energy
transfer (FRET). Because the FRET process is strongly dependent
on the donor–acceptor distance, the quenching efficiency is
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indicative of interactions between the host (donor) and guest
(acceptor) molecules. Only small molecules can diffuse into the
cavities produced by small molecular porogens, whereas both
small molecules and macromolecules can enter the large cavities generated by PLGA. Therefore, cavities with different sizes
can be differentiated by the fluorescence quenching behaviors induced by small molecule or macromolecule quenchers.
In the assay, solid Pdots, small-molecule derived PNCs, and
PLGA- derived PNCs were each titrated using a Rhodamine
B dye. As shown in Figure 6f, the blue fluorescence of the PNCs
was gradually quenched by introducing Rhodamine B in the
aqueous PNC solution, and the red fluorescence of Rhodamine B
is apparent due to the FRET. The dependence of the polymer fluorescence intensity on the quencher concentration was modeled
using the Stern–Volmer plots (Figure 6g). As clearly seen from the
results, the three samples showed distinct quenching efficiencies
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Figure 6. a) Schematic illustration of the preparation of small-molecule derived PNCs through a multistep fabrication process. Photographs of the
microphase separation process under b) room light or c) 365 nm irradiation. d) UV–vis absorption spectra and emission spectra of dye-doped Pdots
(red), small-molecule derived PNCs (blue), and coumarin 6 (gray). e) Hydrodynamic diameters of dye-doped Pdots and small-molecule derived PNCs
(blue). f) Fluorescence spectra of PNCs with increasing RhB concentrations. Fluorescence quenching of different Pdots by g) surface-adsorbed, lowmolecular weight dye molecules and h) high-molecular weight dextran molecules. The downward curvatures at high concentrations indicate higher
quenching efficiencies for PNCs.

with Rhodamine B. Small molecule-derived PNCs showed much
higher quenching efficiency than did the solid Pdots, revealing
the presence of small cavities. The highest quenching efficiency
observed for the PLGA-derived PNCs is consistent with the largethrough cavities. The three samples were further titrated with a
macromolecular quencher, i.e., dextran tagged with tetramethylrhodamine isothiocyanate (TRITC-Dextran) (Mn = 4400). As
seen from Figure 6h, the small-molecule derived PNCs and solid
Pdots exhibited similar quenching efficiencies by TRITC-Dextran
because the macromolecular quencher could not enter the small
molecule-derived cavities. However, the PLGA-generated PNCs
were significantly quenched by TRITC-Dextran as compared
to the other two samples, indicating the macromolecules could
enter the large cavities. Taken together, these results verified that
cavity size variation is able to tune the host–guest interactions
between the PNC host and guest molecules. Nanocavites with
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larger specific surface area and higher loading efficiency result
in enhanced host–guest FRET as compared to the solid nanospheres. In particular, the strongest interaction observed in large
PNCs reveals that they might be promising carriers for delivering
drugs and biomacromolecules.

2.4. PNCs for Drug and siRNA Delivery
We examined whether the PNCs can be used as a delivery platform for small molecule drugs and biomolecules. First, cellular
experiments were performed using PNCs to deliver the anticancer drug Dox. The cytotoxicity of PNCs (with and without
drug loading) was investigated in standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays
(Figure 7a–c). Our results showed that pure PNCs were
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Figure 7. Relative viabilities of a) HeLa cells and b) MCF-7 cells incubated with PNCs at various concentrations for 24 or 48 h. c) Relative viabilities
of MCF-7 cells incubated with Dox-loaded PNCs at various concentrations for 12 h. d) Confocal fluorescence images of PNCs incubated with MCF-7
cancer cells. Scale bar: 60 µm. e) MCF-7 cells were treated with PNCs and Dox-loaded PNCs. The cells were observed by confocal microscope at
different time points. Scale bar: 20 µm.

biocompatible and did not cause obvious toxicity to HeLa cells
(a human epithelioid cervix carcinoma cell line), or MCF-7 cells
(a human breast cancer cell line) after incubating the cells with
PNCs for 24 and 48 h at various concentrations (0–200 µg mL−1)
(Figure 7a,b). PNCs also exhibited high brightness and good
photostability, which are important properties for fluorescent
probes. Especially, high fluorescence enables a useful approach
to monitor the drug release behavior from the PNCs, which are
distinct from the optically inert carriers. As shown in Figure 7d,
confocal fluorescence imaging indicated that the PNCs prepared from three different polymers were all able to label cells
via endocytosis. Multicolor PNCs provided superior imaging
capability, which is consistent with the solid Pdots as described
in previous reports.[51,52]
We used blue fluorescent PNCs and Dox to construct a
FRET pair to monitor the Dox release inside cells. As shown by
Figure S14 (Supporting Information), the fluorescence of PNCs
was effectively quenched by the introduction of Dox in aqueous
PNC solutions. The fluorescence intensity from Dox was also
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enhanced by excitation of the PNC, as compared to direct excitation the absorption peak of Dox, indicating the occurrence
of FRET from the PNCs to Dox. The drug-loading efficiency
was estimated to be ≈43%, and the entrapment efficiency was
75%, which are comparable to other drug carriers such as
mesoporous silica nanoparticles.[53] We monitored the cellular
uptake of Dox-loaded PNCs and the release of Dox inside cells
by confocal microscopy. As indicated by fluorescence imaging
(Figure 7e), pure PNCs showed fluorescence only in the blue
channel, whereas Dox-loaded PNCs exhibited strong fluorescence in the red channel, but quenched fluorescence in the blue
channel owing to the FRET process. After a 12-h incubation,
however, most Dox molecules were released from the PNCs, as
evidenced by the fact that the blue fluorescence of PNCs was
recovered and the red signal of Dox had decreased. Correspondingly, apparent changes in cell morphology were observed from
the optical imaging as the cells were killed by Dox (Figure 7e,
bottom row). This finding was consistent with the MTT assays,
which indicated that the Dox-loaded PNCs were highly toxic

1800239 (9 of 13)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

www.advancedsciencenews.com

Figure 8. a) Chemical structure of a cationic lipid and schematic illustrations of the PNCs used for siRNA delivery. b) MCF-7 cells were treated with
PNCs-Cy3-siRNA for 4 h. The red fluorescence (Cy3-siRNA) separated from the blue fluorescence (oxe-F8 PNCs). The cells were observed by confocal
microscopy. Scale bars: 20 µm. c) siEGFP-mediated silencing of EGFP expression in HeLa-EGFP cells. Fluorescence images of HeLa-EGFP cells after treatment with free-siEGFP or Pdots-siEGFP or PNCs-siEGFP (green, EGFP; and blue, oxe-F8). Scale bars: 20 µm. d) Western blotting of H3K4me2 and LSD1
expression in HeLa cells treated with LSD1 siRNA. Expressions of e) H3K4me2 and f) LSD1 were quantified by measuring the intensities of the bands
shown in (d). Lipofectamine RNAiMax served as a positive transfection-reagent control. *P < 0.05, **P < 0.01 compared with the nontreated control.

to cancer cells as compared to pure PNCs (Figure 7c). These
results suggested that Dox-loaded PNCs could be effectively
delivered inside cells and the drug molecules could be rapidly
released to kill the cancer cells. Importantly, PNCs provide a
novel delivery system that enables monitoring of drug release
by the FRET-dependent fluorescence signal.
RNA interference (RNAi) is a powerful technique for suppressing gene expression. siRNA-based therapy has emerged
as an attractive strategy for treating various diseases.[54,55]
However, naked siRNA molecules cannot penetrate cellular
membranes effectively and are susceptible to degradation
by endogenous enzymes, which limits their applications in
primary cells.[56] To investigate the potential of PNCs as siRNA
nanocarriers, we evaluated the in vitro siRNA delivery efficiency of PNCs containing a cationic molecule designated as
PAMAM-G0C14 (Figure 8a). PAMAM-G0C14 has previously
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been combined with polymers nanoparticles and shown to
enhance the siRNA transfer ability.[57] We first examined
the cellular internalization of PNCs loaded with Cy3-labeled
siRNA (Cy3-siRNA) in MCF-7 cells. As shown in Figure S15
(Supporting Information), the red fluorescence intensity in the cytoplasm of PNCs-Cy3-siRNA treated cells was
much higher than that of free Cy3-siRNA treated cells, indicating that PNCs facilitated the cellular internalization of
siRNAs. The release kinetics of the siRNA from the PNCs
was also measured. Owing to the slightly acidic pH in the
tumor microenvironment, the separation of red fluorescence
(Cy3-siRNA) from blue fluorescence (oxe-F8 PNCs) demonstrated that the siRNAs were released into the cytoplasm
efficiently (Figure 8b). To validate the functionality of PNCssiRNA, we used PNCs to deliver siRNA against enhanced
green fluorescent protein (EGFP) in EGFP-stably expressing
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HeLa cells and monitored intracellular levels of EGFP. Confocal fluorescence microscopy images showed that treatment
with siEGFP-loaded PNCs efficiently knocked down EGFP
expression in HeLa-EGFP cells. The HeLa-EGFP cells treated
with PNCs-siRNA showed a much greater EGFP silencing
than cells treated with free siRNA and solid Pdots (Figure 8c),
indicating that the unique PNC cavity structure was indeed
responsible for the intracellular delivery of siRNA.
To investigate the efficiency of PNCs in knocking down the
expression of an endogenous gene, we used PNCs to deliver
siRNAs targeting lysine demethylase 1A (LSD1), a histone demethylase that removes methyl groups from di- or monomethylated lysines at specific positions on protein histone H3, such as
H3K4.[58] PNCs at different concentrations were used to deliver
the same quantity of LSD1 siRNA (20 pM) into HeLa cells,
and significant knockdown of LSD1 expression was observed
in cells treated with LSD1 siRNA, using PNCs at 20 µg mL−1
and above (Figure 8d). The LSD1 knockdown efficiency in
cells treated with LSD1 siRNA and PNCs at 60 µg mL−1 was
even slightly higher than that in cells treated with LSD1 siRNA
and the widely used siRNA delivery reagent, Lipofectamine
RNAiMax, suggesting that PNCs are promising and highly
efficient for siRNA delivery. In addition, the expression level
of H3K4me2, a LSD1 substrate, increased in cells with LSD1
knockdown, in agreement with the histone demethylase activity
of LSD1 (Figure 8e). The LSD1 siRNA delivered by PNCs markedly suppressed LSD1 expression, demonstrating the high efficacy of PNCs for siRNA delivery (Figure 8f).

3. Conclusion
A facile and generally applicable strategy is developed for fabricating small-sized, water-dispersible semiconducting polymer
nanocavities. The process relies on a combination of photocrosslinking technology and microphase separation. A photocrosslinkable semiconducting polymer was blended with small
molecule or degradable macromolecules to form small Pdots.
After crosslinking the polymer and removing the porogen,
we obtained semiconducting polymer nanospheres with open
cavities that are tunable in diameter. As a result, both small
molecules and macromolecules could be loaded into the
nanocavities, where enhanced energy transfer from the host
polymer to guest molecules was observed as compared to the
solid nanospheres. The anticancer drug Dox was loaded into
the nanocavities and the intracellular release was monitored in
real time by the fluorescence signal. siRNAs were also found to
knock down gene expression when delivered with PNCs, with
an efficiency that was slightly higher than that of commercial
Lipofectamine vectors. The combined features of bright fluorescence, tunable cavities, and efficient drug/siRNA delivery
make these nanostructures promising for numerous biomedical applications.

4. Experimental Section
Synthesis of Monomers and Polymers: The synthesis of dibromofluorene
monomer 2,7-dibromo-9, 9-di-[6-[(3-methyloxetan-3-yl)methoxy]hexyl]
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fluorine 1, arylboronate ester monomer 2,7-bis(boronic acid pinacol
ester)-9,9-bis[6-[(3-methyloxetan-3-yl)methoxy] hexyl]fluorene 3 are
described in the Supporting Information. Oxe-F8, oxe-F8BT, and oxeF8DTBT were synthesized using the Suzuki polymerization reaction.
General/typical procedures followed are described below.
General Procedure of Suzuki-Coupling Polymerization: Suzuki coupling
polymerization is a palladium-catalyzed cross-coupling procedure
that was used to synthesize the copolymers shown in Figure 1.
Monomer 2,7-dibromo-9, 9-di-[6-[(3-methyloxetan-3-yl)methoxy]hexyl]
fluorene 1, or 4,7-bis(5-bromo-4-hexylthiophen-2-yl)benzo[c][1,2,5]
thiadiazole 2 (0.5 mmol) and 2,7-bis(boronic acid pinacol ester)-9,9bis[6-[(3-methyloxetan-3-yl)methoxy]hexyl] fluorene 3, or 9,9-dioctyl9H-fluorene-2,7-diboronic acid bis(pinacol)ester 4, or arylboronate
ester 4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]
thiadiazole 5 (0.5 mmol) were dissolved in toluene (10 mL), to which
tetra-n-butylammonium bromide (TBAB, 6 mg, 0.02 mmol) and sodium
carbonate solution (5 mL, 2 m) were added. The reactant mixture was
stirred at room temperature and the flask was degassed and recharged
with nitrogen (repeated six times) before and after addition of palladium
catalyst Pd(PPh3)4 (10 mg, 0.008 mmol). The resulting solution was
stirred at 90 °C for 48 h under nitrogen atmosphere and then 1 mL of
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (30 mg, dissolved
in toluene) was added dropwise to the solution to remove bromine end
groups of the copolymers. After 5 h, 0.3 mL of bromobenzene was added
dropwise to the solution to remove boronic ester end groups of the
copolymers and stirred for 6 h. Once the hot solution reached ambient
temperature, the solution was washed with ultrapure water to remove
inorganic compounds, after which it was recrystallized (methanol),
washed (Soxhlet extraction), purified (flash chromatography), and
evaporated (vacuum).
Poly([9,9-di-[6-[(3-methyloxetan-3-yl)methoxy]hexyl]fluorenyl-2,7-diyl]co-[9,9-di-n-octyl-9H-fluorenyl-2,7-diyl]) (oxe-F8): Reactants: monomer 1
(346.3 mg, 0.5 mmol) and monomer 4 (321.3 mg, 0.5 mmol). Product:
greyish green solid, yield: 396 mg, η: 85%. 1H NMR (300 MHz, CDCl3,
δ): 7.84 (m, 4H), 7.69 (m, 8H), 4.45 (d, 4H, J = 5.7 Hz), 4.31 (d, 4H,
J = 5.7 Hz), 3.39 (s, 4H), 3.35 (t, 4H, J = 6.4 Hz), 2.12 (m, 4H), 1.44 (m,
4H), 1.26 (s, 6H), 1.22–1.03 (m, 26H), 0.83 (m, 10H). Molecular weight
of polymer was measured by GPC as Mn = 25 692, Mw = 64 360, poly
dispersity (PDI) = 2.50.
Poly([9,9-di-[6-[(3-methyloxetan-3-yl)methoxy]hexyl]fluorenyl-2,7-diyl]alt-co-[1,4-benzo-(2,1′,3)-thiadiazole]) (oxe-F8BT): Reactants: monomer 1
(346.3 mg, 0.5 mmol) and monomer 5 (194.0 mg, 0.5 mmol); Product:
yellow solid, yield: 227 mg, η: 68%. 1H NMR (300 MHz, CDCl3, δ): 8.25–
7.87 (m, 8H), 4.45 (d, 4H, J = 5.7 Hz), 4.30(d, 4H, J = 5.8 Hz), 3.38 (s,
4H), 3.35 (t, 4H, J = 6.4 Hz), 2.16 (m, 4H), 1.46 (m, 4H), 1.33–1.07 (m,
18H), 0.93(m, 4H). Molecular weight was measured by GPC as Mn =
8328, Mw = 18431, PDI = 2.21.
Poly([9,9-di-[6-[(3-methyloxetan-3-yl)methoxy]hexyl]fluorenyl-2,7-diyl]-co[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]) (oxe-F8DTBT): Reactants:
monomer 2 (313.3 mg, 0.5 mmol) and monomer 3 (393.3 mg, 0.5 mmol);
Product: dark red solid, yield: 380 mg, η: 75%. 1H NMR (300 MHz, CDCl3,
δ): 8.09 (m, 2H), 7.93 (m, 2H), 7.80 (m, 2H), 7.53 (m, 4H), 4.43 (d, 4H,
J = 5.7 Hz), 4.31 (d, 4H, J = 5.7 Hz), 3.38 (s, 4H), 3.34 (t, 4H, J = 6.5 Hz),
2.80 (m, 4H), 2.05 (m, 4H), 1.75 (m, 4H), 1.61–1.26 (m, 16H), 1.23 (s,
6H), 1.22–1.06 (m, 8H), 0.89 (s, 6H), 0.76 (m, 4H). Molecular weight was
measured by GPC as Mn = 17 041, Mw = 34 959, PDI = 2.05.
Synthesis of the Cationic Molecule PAMAM-G0C14: PAMAM-G0C14
was synthesized by reacting 1,2-epoxytetradecane with generation 0
of the ethylenediamine core-poly(amidoamine) (PAMAM) dendrimer
according to a previously described synthetic route.[57] To increase the
proportion of products with one less tail than the total possible for a given
amine monomer, a sub-stoichiometric amount of 1,2-epoxytetradecane
(0.7 mmol, 1.487 g) was added to the PAMAM dendrimer (0.1 mmol,
51.7 mg). The mixture was reacted under vigorous stirring at 90 °C for
48 h. The crude product was purified by column chromatography on
silica gel using CH2Cl2/MeOH/NH4OH (80:18:2 v/v) as the eluent to
provide a colorless oil liquid. The separated product was characterized
by 1H NMR (Figure S16, Supporting Information).
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Synthesis of Conventional Infarctate Polymer Dots: Pdots were
synthesized according to the nanoprecipitation method.[37] In a typical
preparation, poly(styrene-co-maleic anhydride) (10 µg mL−1) and
conjugated polymers (50 µg mL−1) were dissolved in anhydrous THF.
A 3 mL aliquot of the polymer/THF solution was quickly dispersed into
10 mL of ultrapure water under vigorous sonication. The THF was then
removed with nitrogen bubbling at 65 °C. A small dose of aggregates
were removed by filtration through a 0.22 µm sterilizing-grade
membrane filter.
Synthesis of Semiconductor Polymer Nanocavities: Semiconductor
PNCs were synthesized by combining photocrosslinking technology and
microphase separation. In a typical preparation, poly(styrene-co-maleic
anhydride) (10 µg mL−1), photocrosslinkable conjugated polymers
(50 µg mL−1), and nonreactive porogen PLGA or small-molecule dyes
were completely dissolved in anhydrous THF at different ratios. A 3 mL
aliquot of each resulting solution was quickly dispersed into 10 mL of
ultrapure water under vigorous sonication. The aqueous solution was
irradiated with an ultraviolet lamp (365 nm, 100 mW cm−2) for 15 s at
65 °C to yield Pdots with a 3D intermolecular polymer network. Note
that nitrogen gas was blown to maintain an oxygen-free environment
in the aqueous solution during light irradiation to minimize
photobleaching of the polymers. Very minor decreases in quantum
yields were observed by photodestruction of the polymer as described
in previous work.[7,44] The minor reduction in quantum yield still results
in a bright probe as it has been shown that Pdots can be up to 30 ×
brighter than Qdots.[52] The PLGA phase was selectively degraded in
an aqueous sodium hydroxide solution at 90 °C for 4 h. The dye phase
was selectively removed by extraction method with chloroform for 24 h.
Next, the Pdots were collected, washed twice with ultrapure water using
a centrifugal ultrafiltration unit (MWCO 100 kDa; Millipore), and finally
passed through a 0.22 µm sterilizing-grade membrane filter.
Cells Culture and Cytotoxicity Assays: MCF-7 breast cancer cells and
HeLa cervical cancer cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2 in Dulbecco’s modified Eagle Medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum, 50 U mL−1
penicillin, and 50 µg mL−1 streptomycin. For in vitro cytotoxicity assays,
MCF-7 cells were seeded into U-bottom 96-well plates at a density of
5 × 103 cell/well until adherent and were then incubated with PNCs at
various concentrations (0–200 µg mL−1) for 24 and 48 h. Relative cell
proliferation was evaluated by performing standard MTT assays.
Fluorescence Imaging: Confocal fluorescence imaging experiments
were performed on a fluorescence confocal microscope (Zeiss LSM
710). For PNC fluorescence imaging, adherent cells were incubated in
35 mm glass-bottomed dishes with PNCs (20 µg mL−1) for 1 h at 37 °C.
Then, the adherent cells were washed with warm phosphate buffered
saline (PBS) (pH 7.4) buffer to remove the excess PNCs before viewing
them under a fluorescence confocal microscope. For drug-loaded Pdots
imaging, the adherent cells (35 mm glass-bottomed dishes) were first
incubated with drug-loaded oxe-F8 PNCs (20 µg mL−1) for 4 or 12 h at
37 °C. Then, the adherent cells were washed with warm PBS (pH 7.4)
buffer before viewing them under a fluorescence microscope. For PNCsCy3-siRNA experiments, the adherent cells were incubated in 35 mm
glass-bottomed dishes with oxe-F8 PNCs-Cy3-siRNA (20 µg mL−1) for
12 h at 37 °C. Then, the adherent cells were washed with warm PBS
(pH 7.4) buffer before viewing them under a confocal fluorescence
microscope. The confocal fluorescence images were collected using
diode lasers at 405 and 543 nm as excitation sources.
RNA Interference Method: Lipofectamine RNAiMAX (Life
Technologies) was gently mixed with Opti-MEM at a 1:180 ratio for
5 min. LSD1 siRNA (GE Healthcare Life Sciences, E-009223-00-0010)
was incubated with the mixture for 20 min at a 1:9 ratio. For PNCrelated experiments, the cationic molecule, PAMAM-G0C14 (10 mg),
was dissolved in 10 mL of THF. Aqueous PNC solutions were mixed
with PAMAM-G0C14 at a 4:1 ratio. The mixtures were stirred to form
homogeneous solutions. PNCs were then collected, washed twice with
ultrapure water using a centrifugal ultrafiltration unit (MWCO 100 kDa,
Millipore), and finally resuspended in 10% bovine serum albumin
solution. siRNAs were mixed with PNCs at different concentrations and
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incubated for 30 min at 4 °C with rotation, followed by incubation with
500 µL serum-free DMEM medium for 10 min at room temperature.
Next, 1 × 105 HeLa cells were suspended with 1.5 mL medium, seeded
in separate wells of six-well plates, and then 500 µl of each mixture was
added (total volume of 2 mL/well), after which the cells were cultured
for 48 h. The final concentration of LSD1 siRNA was 20 pM, and the
knockdown efficiencies were confirmed by Western blot analysis.
For siEGFP, the knockdown efficiencies were confirmed by confocal
fluorescence imaging.
Western Blotting Analyses: Whole cell extracts were prepared in ice-cold
whole cell extraction buffer containing 25 × 10−3 m β-glycerophosphate
(pH 7.3), 5 × 10−3 m ethylenediaminetetraacetic acid, 2 × 10−3 m ethylene
glycol tetraacetic acid, 5 × 10−3 m β-mercaptoethanol, 1% Triton X-100,
0.1 m NaCl, and a protease inhibitor mixture (Roche Applied Science).
Protein concentrations in the extracts were quantified using the Bradford
method. Equal quantities of proteins (50 µg) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Primary antibodies,
antihuman LSD1 (ab17721, Abcam, UK) and anti-H3K4me2 (ab7766
Abcam, UK) were detected using horseradish peroxidase-conjugated
antirabbit antibodies and visualized using enhanced chemiluminescence
detection (Tanon Science & Technology). Western blot analysis of β-actin
(Thermo Fisher Scientific, Inc.) was performed as a loading control.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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