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Bottlebrush (bb) copolymers with hetero-polymer grafts represent an intriguing advanced macromolecu-

lar architecture due to the unique phase-separation of the pendant side chains for polymer self-assembly

and various functionalizations. However, compared to the well-developed polyfluorene (PF)-backboned

bb copolymers with homobrushes, the incorporation of heterobrushes remains unexplored likely due to

the synthetic challenges. For this purpose, we reported in this study the synthesis of a series of well-

defined amphiphilic conjugated bb copolymers, PF-((g-PCL-OOCCH3)-alt-(g-POEGMA)) with alternating

poly(oligo(ethylene glycol)monomethyl ether methacrylate) (POEGMA)/poly(ε-caprolactone) (PCL) grafts,
by integrated state-of-the-art polymer chemistry techniques including Suzuki-coupling polycondensa-

tion, ring-opening polymerization (ROP), click reaction and atom transfer radical polymerization (ATRP).

One identified polymer construct (P4) was able to form stabilized unimolecular micelles in an aqueous

solution with a diameter of approximately 68 nm and showed the highest fluorescence quantum yield of

0.55, which is on a par with that of the small organic molecular fluorophore standard, quinine sulfate. The

potential of P4 for simultaneous cell imaging and drug delivery was further evaluated in vitro, which

confirmed efficient cellular uptake and cytotoxicity in HeLa cells. This study thus presents the first

example of PF-backboned bb copolymers with alternating heterobrushes for cancer theranostics.

Introduction

Polymers with advanced topological structures such as star-
shaped polymers,1–3 hyperbranched polymers,4–9 cyclic
polymers,10–12 and bottlebrush (bb) polymers13–25 show unique
properties relative to their traditionally linear analogues with an
identical molecular weight (MW), such as a smaller hydrodyn-
amic radius, multi-valent polymer surface toward more func-
tionalities, no or lower chain entanglement, and capability to
form unimolecular micelles with greater stability; thus the
design and precise synthesis of these polymers for various
potential applications have been a hot subject of research for

several decades and have drawn increasing attention in recent
years. Among these structures, bb polymers with densely grafted
polymer brushes represent an intriguing advanced macro-
molecular architecture due to the greater stability and drug
loading capacity of their self-assembled micelles than those of
their linear counterparts toward minimized side effects and
enhanced therapeutic efficiency for drug delivery.14,16,17,25–27

Compared to the extensive and intensive investigations on bb
copolymers composed of homogeneous polymer brushes,10–12

the preparation of bb copolymers with heterogeneous polymer
grafts17 remains relatively unexplored likely due to the synthetic
challenge. bb copolymers with hetero-polymer brushes can self-
assemble into more complex nanoassemblies including multi-
compartment micelles and Janus-type cylinders with tunable
functions and properties in selective solvents due to the unique
phase separation of the pendant side chains with different pro-
perties. Therefore this self-assembly process of polymer species
integrating two or more hetero-polymer brushes provides new
insights into the properties of macromolecules with advanced
topologies as well as their potential for various applications.17

Together with the elegant adoption of functional polymers, e.g.,
conjugated polymers as the backbone, the resulting bb copoly-
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mers integrate simultaneously the abilities of cell-imaging for
diagnosis and drug release for therapy.13,15,20,22

Polyfluorene (PF) is one of the most investigated conjugated
polymers with superior fluorescence properties and both chemi-
cal and thermal stabilities.28–47 More importantly, the C9 posi-
tion of PF could be easily modified with a variety of functional
groups, thus offering endless possibilities for chemistry decora-
tions and biomedical applications.35,37,42–47 Liu et al. syn-
thesized a conjugated polyelectrolyte with pendant oligopeptide
brushes using a facile strategy of click chemistry.22 Wang et al.
prepared a series of amphiphilic conjugated bb copolymers
with the backbone of fluorescent poly(fluorene-alt-(4,7-bis
(hexylthien)-2,1,3-benzothiadiazole)) (PFTB) grafted by the side
chains of amphiphilic poly(ε-caprolactone)-block-poly(oligo
(ethylene glycol)methyl ether methacrylate) (PCL-b-POEGMA)
copolymers.15 However, compared to the well-developed
PF-backboned bb copolymers with homobrushes,13,15,20–24 the
incorporation of heterobrushes remains unexplored likely due
to the synthetic challenges. For this purpose, we reported in this
study the synthesis of a series of well-defined amphiphilic con-
jugated bb copolymers, PF-((g-PCL-OOCCH3)-alt-(g-POEGMA))
(Scheme 1). The resulting amphiphilic conjugated bb copoly-
mers are composed of not only a PF backbone with strong blue
fluorescence for cell imaging, but also alternating POEGMA/PCL
brushes capable of preventing the conjugated backbone from
aggregation toward increased fluorescence quantum yields of
PF. The potential of this formulation for simultaneous cell
imaging and drug delivery was further evaluated in vitro by fluo-
rescence microscopy and in vitro cytotoxicity study.

Results and discussion
Synthesis and characterization of PF-((g-PCL-OOCCH3)-alt-(g-
POEGMA)) copolymers

Well-defined amphiphilic conjugated bb copolymer PF-((g-
PCL-OOCCH3)-alt-(g-POEGMA)) was prepared in four steps

including (a) synthesis of the PF backbone with alternating
azide and hydroxyl functions in the termini of the pendant
grafts, PF-((g-N3)-alt-(g-OH)) (Scheme 2a), (b) synthesis of
alkyne-PCL-OH by Sn(Oct)2-catalyzed ROP of ε-CL using propy-
nol as an initiator, and subsequent end capping of the reactive
hydroxyl group to unreactive acetate by esterification
(Scheme 2b), (c) conjugation of PCL grafts to the PF backbone
by click coupling between PF-((g-N3)-alt-(g-OH)) and alkyne-
PCL-OOCCH3 with an azide and alkyne molar feed ratio of
1 : 0.85 (Scheme 3), and (d) introduction of ATRP initiating
sites into the above polymers by an esterification reaction with
excess 2-bromoisobutyryl bromide, and production of target
amphiphilic conjugated bb copolymers PF-((g-PCL-OOCCH3)-
alt-(g-POEGMA)) by ATRP of OEGMA using a PF-((g-
PCL-OOCCH3)-alt-(g-Br)) multimacroinitiator (Scheme 3). The
MW, degree of polymerization (DP) and polydispersity (ÐM) of
all the synthesized polymers are summarized in Table 1. Note
that the MWs of the synthesized polymers determined by 1H
NMR analyses are estimations rather than accurate calcu-
lations as detailed in Table 1.

Fig. S4† presents the typical 1H NMR spectra of alkynyl-
PCL30-OH and alkyne-PCL30-OOCCH3. The DP of CL (Fig. S4a†)
was determined to be approximately 30 according to our pre-
vious NMR analyses.2,31 The terminal hydroxyl group of PCL
was next converted to acetate by a reaction with anhydrous
acetic acid and oxalyl chloride to avoid its transformation to
ATRP initiating sites for the generation of POEGMA brushes in
the fourth step of polymer synthesis mentioned above. The full
end-capping of the hydroxyl termini by acetate functions was
confirmed by the appearance of a new methyl signal (peak g)

Scheme 1 Schematic representation of the synthesis, drug loading,
cellular uptake, and intracellular drug release of the amphiphilic conju-
gated bb copolymers with alternating PCL/POEGMA grafts.

Scheme 2 Synthesis of monomers 2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,9-bis(6’-azidohexyl)fluorine (1) and 2,7-diiodo-
9,9-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethyl)-fluorene (2), and polymers
PF-((g-N3)-alt-(g-OH)) (a) and alkynyl-PCL-OOCCH3 (b).
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at 2.04 ppm and a ratio of 2/3 of the integrated intensity of
peak a (the methylene protons adjacent to alkynyl) to peak g
(the protons of the methyl termini) (Fig. S4b†). The unimodal
SEC elution peak with narrow distribution recorded for alkyne-
PCL30-OOCCH3 demonstrates a well-controlled ROP process
(Fig. 2a). The successful synthesis of the well-defined parent
polymer of PF with alternating azide and hydroxyl functions in
the termini of the pendant grafts, PF-((g-N3)-alt-(g-OH)), through
the Suzuki coupling reaction between monomer 1 (Fig. S1†) and
monomer 2 (Fig. S2†), was confirmed by 1H NMR and
SEC-MALLS analyses (Fig. S3† and Fig. 2a). The resulting PF-
((g-N3)-alt-(g-OH)) also indicates a unimodal SEC elution peak

with narrow distribution, and the DP of PF was determined to
be ∼13 based on the MW determined by SEC-MALLS.

The hydrophobic PCL grafts, alkyne-PCL30-OOCCH3, were
subsequently conjugated to the parent PF, PF-((g-N3)-alt-
(g-OH)), by a copper(I)-catalyzed azide–alkyne cycloaddition
(CuAAC) click reaction to generate the conjugated bb copoly-
mer, PF13-((g-PCL30-OOCCH3)-alt-(g-OH)). Note that the azide
group was used in slight excess of the alkyne function with a
molar feed ratio of 1 : 0.85 for simplified purification, taking
advantage of the high efficiency of the CuAAC click-grafting.
Successful polymer synthesis was confirmed by the appearance
of all the characteristic signals of both PF and PCL moieties
(Fig. 1a), a clear change of the signal at 3.15 ppm attributed to
the methylene protons adjacent to azide in the 1H NMR spec-
trum of PF-((g-N3)-alt-(g-OH)) (Fig. S3†) to 4.20 ppm in the 1H
NMR spectrum of PF13-((g-PCL30-OOCCH3)-alt-(g-OH)) (Fig. 1a)
after click coupling as well as a notable shift of its SEC elution
trace toward a higher MW relative to the parent polymer of PF
(Fig. 2a). Moreover, the high purity of the synthesized PF13-((g-
PCL30-OOCCH3)-alt-(g-OH)) was corroborated by a complete
shift of the resonance signal at 4.67 ppm attributed to the
methylene protons adjacent to alkynyl in the 1H NMR spec-
trum of alkyne-PCL30-OOCCH3 (Fig. S4a†) to 5.14 ppm in the
1H NMR spectrum of PF13-((g-PCL30-OOCCH3)-alt-(g-OH))
(Fig. 1a) after click grafting as well as its narrowly distributed
SEC elution peak (Fig. 2a).

Next, the pendant hydroxyl groups of PF13-((g-PCL30-
OOCCH3)-alt-(g-OH)) were converted to ATRP initiators for
generation of POEGMA brushes by a grafting-from approach.
The successful introduction of ATRP initiating units was con-
firmed by a respective shift of the resonance signals at 3.64
and 3.49 ppm attributed to the protons of the methylene adja-
cent to the hydroxyl in the 1H NMR spectrum of PF13-((g-
PCL30-OOCCH3)-alt-(g-OH)) (Fig. 1a) to 4.23 and 3.64 ppm
(Fig. 1b) and the appearance of a new resonance signal (peak
t) attributed to the methyl of the initiating units at 1.89 ppm
in the 1H NMR spectrum of PF13-((g-PCL30-OOCCH3)-alt-(g-Br))
(Fig. 1b) after the reaction. Moreover, the ratio of the inte-
grated intensity of peak t and peak (l + g) assigned to the
protons of the methylene adjacent to 1,2,3-triazole and
hydroxyl of PF13-((g-PCL30-OOCCH3)-alt-(g-OH)) was calculated

Scheme 3 Synthesis of bb copolymers PF-((g-PCL-OOCCH3)-alt-(g-
POEGMA)) via an integrated approach of “graft to” and “graft from”.

Table 1 MW, ÐM, and DP of all the synthesized polymers

Entry Polymera Mn, NMR
b (kDa) Mn, SEC-MALLS

c (kDa) ÐM
c

I1 PF13-((g-N3)-alt-(g-OH)) — 11.4 1.38
I2 Alkyne-PCL30-OH 3.48 4.4 1.37
I3 Alkyne-PCL30-OOCCH3 3.52 4.4 1.36
I4 PF13-((g-PCL30-OOCCH3)-alt-(g-OH)) 89.8 72.4 1.52
I5 PF13-((g-PCL30-OOCCH3)-alt-(g-Br)) 93.7 80.3 1.40
P1 PF13-((g-PCL30-OOCCH3)-alt-(g-POEGMA12)) 187.3 169.5 1.52
P2 PF13-((g-PCL30-OOCCH3)-alt-(g-POEGMA18)) 234.1 215.8 1.60
P3 PF13-((g-PCL30-OOCCH3)-alt-(g-POEGMA23)) 273.1 237.1 1.58
P4 PF13-((g-PCL30-OOCCH3)-alt-(g-POEGMA38)) 390.1 403.8 1.68

a The DP of the backbone PF13-((g-N3)-alt-(g-OH)) was calculated from SEC-MALLS results; the DP of PCL and POEGMA brushes was calculated
from 1H NMR results based on the DP of N3-PF-OH. b Mn, NMR was estimated from 1H NMR results. c Mn, SEC-MALLS was calculated from
SEC-MALLS results.
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to be 3/2, indicating complete decoration of the ATRP initiat-
ing sites.

The ATRP kinetic study using a PF13-((g-PCL30-OOCCH3)-alt-
(g-Br)) multimacroinitiator was carried out at various polymer-

ization periods with a target DP of 100 for each initiating site.
The SEC elution traces of the prepared four conjugated amphi-
philic bb copolymers, PF-((g-PCL-OOCCH3)-alt-(g-POEGMA)),
show a detectable shift toward the higher MW with the
polymerization time (Fig. 2b). During the evaluated polymeriz-
ation process, the living characteristics were reflected by the
pseudo-first-order kinetics and an almost constant ÐM around
1.60 (Fig. 2c & d). The acquired relatively broad ÐM relative to
those of the linear polymers is reasonable given the more com-
plicated polymer structure of bb copolymers and similar values
reported in previous studies.4,6,16,31,35 The DP of POEGMA
brushes was calculated by comparing the integrated intensity
of peak l at 3.38 ppm attributed to the protons of the methoxyl
termini of POEGMA brushes and peak a assigned to the
characteristic signal of PCL grafts (Fig. 1c).

Size and morphology of self-assembled micelles

The size of polymeric micelles is a critical factor that exerts a
significant effect on the performance of micelle drug carriers.
To achieve efficiently passive tumor targeting, the polymer
micelles should have a relatively small size (<100 nm), which
can guarantee a lower level of nonspecific uptake by the
Reticuloendothelial System (RES), minimal renal excretion,
and promotion of the enhanced permeability and retention
(EPR) effect.48,49 The ability of four amphiphilic conjugated bb
copolymers PF13-((g-PCL30-OOCCH3)-alt-(g-POEGMA)) (P1–P4)

Fig. 1 1H NMR spectra of (a) PF13-((g-PCL30-OOCCH3)-alt-(g-OH)), (b) PF13-((g-PCL30-OOCCH3)-alt-(g-Br)), and (c) PF13-((g-PCL30-OOCCH3)-alt-
(g-POEGMA38)).

Fig. 2 SEC elution traces (dRI signals) of (a) PF13-((g-N3)-alt-(g-OH)),
alkyne-PCL30-OOCCH3, and PF13-((g-PCL30-OOCCH3)-alt-(g-OH)),
(b–d) ATRP kinetics study of the conjugated bb copolymers using the
PF13-((g-PCL30-OOCCH3)-alt-(g-Br)) multimacroinitiator with a target
DP of 100 for each initiating site.
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to form unimolecular micelles was further evaluated using
N,N′-dimethylformamide (DMF) as the medium that is a good
solvent for all the moieties of the synthesized bb copolymers
including the PF backbone, alternating brushes of PCL and
POEGMA. Given the non-occurrence of self-assembly of the
resulting bb copolymers in DMF, the mean size determined by
dynamic light scattering (DLS) in DMF at a polymer concen-
tration of 0.1 mg ml−1 reveals an actual dimension reached by
a free polymer chain. On the other hand, self-assembly of the
resulting bb copolymers in water takes place due to their
amphiphilicity; therefore the average size determined by DLS
in water at an identical polymer concentration of 0.1 mg ml−1

indicates a statistical diameter of the nano-objects self-
assembled by the polymers. A close value of the two sizes sup-
ports the formation of unimolecular micelles consisting of a
single polymer chain because association of polymer chains in
an aqueous phase leads to a significantly larger size of the
formed aggregates relative to that of a free polymer chain
determined in DMF.

The mean size shows an increasing trend following the
order of P4 > P3 > P2 > P1 in DMF (Table 2 and Fig. S5†), which
indicates that the differences in the sizes of their self-assem-
blies are substantially dependent on the POEGMA brushes and
the longer chain length of POEGMA brushes results in a larger
dimension of a bb polymer chain because all the synthesized
four amphiphilic conjugated bb copolymers have the same PF
backbone and pendant hydrophobic PCL brushes but different
chain lengths of hydrophilic POEGMA grafts. More impor-
tantly, it is interesting to notice that P4 exhibits quite similar
sizes in DMF and water (64.30 vs. 67.63 nm) at an identical
polymer concentration of 0.1 mg mL−1 (Table 2), supporting
its formation of unimolecular micelles in an aqueous solution.
However, the other three polymers, P1, P2, and P3, show a sig-
nificantly greater size in water than those recorded in DMF
likely due to the association of polymer chains with micelle
structures for particulate stabilization. Therefore the trend of
size recorded in water is quite different from the tendency
observed in DMF. The diversities observed in the mean size
determined in water are relevant to the dimension of a free
polymer chain and the different aggregation numbers of the
formed self-assemblies. The sizes of the self-assembled
micelles are also affected by the parameters such as the mole-
cular weight, polymer composition, concentration of solution
and so on.50 Such unique self-assembly behaviors of P4 should
be attributed to its longest POEGMA brushes among all the
four bb copolymers. The strongest steric hindrance resulting
from the longest POEGMA brushes of P4 provides sufficient

stability for its formation of unimolecular micelles rather than
aggregates associated by the free polymer chains in water.

Transmission electron microscopy (TEM) was further per-
formed to provide morphological insight into the self-assem-
blies formed by the amphiphilic conjugated bb copolymers
(Fig. 3 & Fig. S6†), which reveals the formation of the well-dis-
persed micelles with a regular spherical shape for all the four
bb copolymers. The average diameter of micelles self-
assembled by P3 and P4 at a polymer concentration of 0.5 mg
mL−1 was estimated to be approximately 42 and 28 nm,
respectively, in water from the TEM images (Fig. 3c & d, the
corresponding mean sizes determined by DLS are presented in
Fig. 3a & b). To validate the unique formation of unimolecular
micelles by P4, TEM visualization was carried out in DMF as
well. As expected, the average size of P3 micelles in water is
clearly larger than that observed in DMF (∼21 nm from
Fig. 3e). In contrast, P4 micelles exhibit a mean size of ∼30 nm
in DMF (Fig. 3f) that is almost identical to the value deter-
mined in water. The results agree well with the DLS data and
strongly support the greater stability of P4 micelles relative to
the other three micelle constructs due to the longest chain
length of POEGMA brushes of P4.

Various factors in the physiological systems, such as ionic
strength, dilution with bloodstream and proteins, also exert a

Table 2 Summary of the mean sizes and polydispersity indexes (PDIs)
of the synthesized four amphiphilic bb copolymers, P1–P4, determined
by DLS in water and DMF at a polymer concentration of 0.1 mg mL−1

Dh (nm)/PDI P1 P2 P3 P4

Water 97.75/0.350 77.39/0.218 81.67/0.217 67.63/0.208
DMF 33.61/0.294 37.45/0.222 43.59/0.277 64.30/0.324

Fig. 3 Size distributions of (a) P3 and (b) P4 micelles in water, TEM
images of (c & e) P3 and (d & f) P4 micelles in (c & d) water and (e & f)
DMF at a polymer concentration of 0.5 mg mL−1.
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significant effect on the structural integrity of the self-
assembled micelles.15,51 To evaluate the stability of micelles
formed by P3 and P4 under salt and diluted conditions, the
average diameter at various concentrations in different media
was determined by DLS (Fig. S7a† & Fig. 4a). The average size
of P4 micelles remains almost identical in the tested polymer
concentrations ranging from 0.1 to 2.0 mg mL−1 in both water
and PBS (Fig. 4a), confirming the apparent stability of P4
micelles irrespective of salt addition and dilution due to the
formation of unimolecular micelles with enhanced stability.
On the other hand, P3 micelles showed consistently slightly
smaller average diameters in water than those recorded in PBS
likely due to the salt effect. Both values remain constant in the
range of polymer concentrations from 0.05 to 1.0 mg mL−1,
also implying the stability of micelles under the physiological
salt and diluted conditions (Fig. S7a†).

In vitro drug loading and drug release studies

To investigate the potential performance of the amphiphilic
conjugated bb copolymers for drug delivery applications,
in vitro drug loading and drug release studies were performed
using doxorubicin (DOX) as the model drug. P3 and P4
micelles with enhanced stability were chosen to encapsulate
DOX via a classical dialysis method to produce two theranostic
micelles of DOX@P3 and DOX@P4.

After encapsulation of DOX within the hydrophobic core of
the micelles, the average diameters of both drug-loaded
micelles showed a slight increase (Fig. S7c† & Fig. 4c) relative
to those of the blank micelles (Fig. S7b† & Fig. 4b) in PBS and
(Fig. S7d† & Fig. 4d) in the presence of 10% fetal bovine serum
(FBS), which demonstrates that drug encapsulation increases
somewhat the micelle size. It is important to note that the
DOX@P4 micelles show a better symmetrical size distribution
and a smaller PDI relative to the DOX@P3 micelles, probably
implying the greater stability of unimolecular micelles of P4

relative to the micelles self-assembled by P3. Such greater
stability also contributed to the higher drug loading capacity
of P4 micelles, leading to slightly larger DLC and EE of
DOX@P4 micelles (4.2% and 46%) relative to DOX@P3 ana-
logues (3.8% and 42%).31

The in vitro DOX release profiles of the two theranostic
micelles were investigated at 37 °C under the physiological
conditions (PBS, pH 7.4, 150 mM) simulating the typical extra-
cellular pH, and in an acidic medium (SSC, pH 5.0 150 mM)
mimicking the tumor intracellular pH, respectively. As shown
in Fig. 5, DOX release of DOX@P4 micelles in the acidic
medium of pH 5.0 was consistently faster than that recorded
under the physiological conditions of pH 7.4, i.e., 60% DOX
release at pH 5.0 vs. 40% DOX release at pH 7.4 in 96 h
(Fig. 5), which is primarily attributed to the promoted protona-
tion of the glycosidic amine toward increased solubility of
DOX in an acidic medium.31 Based on the current results,
both release profiles gradually levelled off after 48 h, approach-
ing the “zero-order” kinetics.52 Therefore a greater cumulative
drug release could be achieved for a long-term drug release.

An identical trend of in vitro DOX release was observed for
DOX@P3 micelles, which mediated a slightly higher cumulat-
ive drug release at both pH values, i.e., 65% at pH 5.0 and 46%
at pH 7.4 in 72 h (Fig. S8†), than DOX@P4 formulations, likely
relevant to the differences in micelle stabilities.

Photophysical properties

The optical properties include the absorption and emission
spectra, as well as the fluorescence quantum yields of conju-
gated polymers. It has been repeatedly highlighted that aggre-
gation of conjugated polymers leads to significantly reduced
fluorescence quantum yields. In this study, the phase-separ-
ation of the hetero-polymer brushes can prevent the PF back-
bone from aggregation and contribute to the increased fluo-
rescence quantum yields of the synthesized four amphiphilic
conjugated bb copolymers. To clarify the structure–property
relationship, the photophysical properties of the synthesized
four amphiphilic conjugated bb copolymers, P1–P4, were inves-
tigated in water and DMF at room temperature. All the poly-

Fig. 4 Average sizes of P4 at various concentrations in water and DMF
determined by DLS, size distributions of (b) P4 in PBS, (c) DOX@P4 in PBS
and (d) DOX@P4 in the presence of 10% FBS at a polymer concentration
of 1 mg mL−1.

Fig. 5 In vitro drug release profiles of DOX@P4 micelles at different pH
values of 7.4 and 5.0 at 37 °C.
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mers showed similar photophysical properties in both solvents
(Fig. 6a, Fig. S9 & S10a†) with the typical absorption peak at
330–430 nm and the characteristic emission peak at
400–520 nm from the conjugated PF backbone when excited at
365 nm. The photophysical properties of DOX@P3 and
DOX@P4 micelles were also investigated and compared to
those of free DOX in water (Fig. 6b, Fig. S10b & S11†). There
was a notable presence of the characteristic DOX absorption in
the UV-Vis spectrum, but the emission spectrum of DOX was
undetectable likely due to the excitation wavelength of 365 nm
used for the PF moiety.

The fluorescence quantum yields of P1–P4 were calculated
using quinine sulfate in 0.5 mol L−1 H2SO4 (ΦF = 0.55) as the
standard. The emission spectrum was recorded with an exci-
tation wavelength of 365 nm. By comparing the integrated
fluorescence spectrum of the polymers with that of quinine
sulfate based on the correction of the refractive index differ-
ences in water and DMF, the fluorescence quantum yields of
all the four bb copolymers in DMF were determined to be
similar values (Table 3), but a significant increase of the fluo-
rescence quantum yields from 0.35 to 0.55 in water was
noticed following the order of P1 < P2 < P3 < P4 with increasing
chain length of the hydrophilic POEGMA brushes from 12 to
38, which possibly implies that the longer POEGMA grafts
provide better prevention of the PF backbone from aggregation
and subsequent fluorescence quenching toward greater fluo-
rescence properties. The photostability is reflected by the fluo-
rescence quantum yields of polymers in water in this study.

Based on the results, P4 micelles with the greater photo-
stability than the other three micelles of P1–P3 were identified
as the best polymer construct. The results agree well with the

best stability of P4 micelles. Most importantly, the fluorescence
quantum yields of the unimolecular P4 micelles in water are
even as high as that of the quinine sulfate standard that is a
small organic molecular fluorophore, confirming the great
potential of P4 micelles as a fluorescent probe for cellular
imaging.

Cellular imaging and in vitro cytotoxicity

To evaluate the potential of DOX@P3 and DOX@P4 micelles in
cellular imaging and drug delivery, the cellular uptake of
micelles was observed by fluorescence microscopy. Note that
HeLa cells were stained with acridine orange (AO) dye to dis-
tinguish the nuclei (Fig. 7b & Fig. S12,† indicated using
arrows) from the cytoplasm stained in green. Taking the
images of HeLa cells incubated with DOX@P4 micelles as an
example, the obvious blue fluorescence from the PF segment
and the strong red fluorescence from DOX throughout the cel-
lular cytoplasm and the perinuclear region (Fig. 7a & c), as well
as the overlay image (Fig. 7d) confirm the efficient endocytosis
of DOX@P4 micelles into the cytoplasm of HeLa cells and
their excellent abilities for cellular imaging and drug delivery.
DOX@P3 micelles showed similar cellular uptake behaviors
(Fig. S12†).

Finally, the in vitro cytotoxicity of DOX@P3 and DOX@P4
micelles as well as the blank micelles was evaluated by the 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium (MTS) cell viability assay against
HeLa cells (Fig. 8, Fig. S13 & S14†). The blank micelles of P3
and P4 are almost non-toxic to the cells, with a cell viability of
80% even at the highest tested polymer concentration of
2.6 mg mL−1 (Fig. S13†). The half maximal inhibitory concen-
tration (IC50) of free DOX, DOX@P3 and DOX@P4 micelles is
2.33 (2.27, 2.40) μg mL−1 (Fig. S15†), 89.44 (87.0, 101.5)
μg mL−1 (Fig. S14†) and 87.60 (86.02, 110.3) μg mL−1 (Fig. 8),
respectively. The DOX-loaded micelles exhibited significant
cytotoxicity to HeLa cells, but had a less cytotoxic activity than
free DOX likely due to the slower internalization mechanism
(endocytosis vs. direct membrane permeation) and release

Fig. 6 UV-Vis absorption and fluorescence emission spectra of (a) P4 in
water and DMF and (b) DOX@P4 in water.

Table 3 Summary of the photophysical properties of the four amphi-
philic bb copolymers PF13-((g-PCL30-OOCCH3)-alt-(g-POEGMA)) in
water and DMF

Sample Solvent λmax, abs
a (nm) λmax, em

b (nm) Φc

P1 Water 386 423 0.35
P1 DMF 393 419 0.75
P2 Water 387 421 0.40
P2 DMF 392 422 0.80
P3 Water 388 423 0.51
P3 DMF 391 422 0.73
P4 Water 386 420 0.55
P4 DMF 393 420 0.82

a The absorbance λmax was determined from UV-Vis spectra. b The
emission λmax was determined from fluorescence spectra with exci-
tation at 365 nm. c The fluorescence quantum yields of the amphiphi-
lic bb copolymers in water and DMF were measured using quinine
sulfate in 0.5 mol L−1 H2SO4 (ΦF = 0.55) as the standard.
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kinetics of the free drug from the micelles.31 The quite similar
IC50 values of DOX@P3 and DOX@P4 micelles are attributed to
the similar cumulative DOX release at pH 5.0.

Conclusions

In summary, we synthesized a series of amphiphilic conju-
gated bb copolymers with POEGMA/PCL heterografts by an
integration of “grafting to” and “grafting from” techniques
from the backbone of a PF-based parent polymer. P4 was
identified as the optimal polymer construct capable of

forming stabilized unimolecular micelles in an aqueous solu-
tion with the highest fluorescence quantum yield of 0.55,
which is on a par with that of the small organic molecular
fluorophore standard, quinine sulfate. The potential of P4 for
simultaneous cell imaging and drug delivery was further evalu-
ated in vitro, which confirmed efficient cellular uptake and
cytotoxicity in HeLa cells. The current bb copolymers can be
further modified with various strategies to develop multifunc-
tional nanocarriers toward enhanced anticancer drug delivery,
including (a) active targeting achieved by conversion of the
bromo termini of POEGMA brushes to azide functions for
further click coupling with various targeting ligands (e.g. anti-
body, peptide and small molecule ligand) and (b) efficient
intracellular drug release realized by the introduction of
different stimuli-responsive polymers as the pendant polymer
brushes and/or incorporation of biorelevant cleavable links
(e.g. reduction or acidic pH-sensitive bond) bridging the PF
backbone and pendant polymer brushes.8,9 Therefore the
amphiphilic PF-backboned bb copolymers with hetero-polymer
brushes developed herein present a promising alternative for
cancer theranostics.
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