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ABSTRACT: Over the past decades, tremendous progress has been advanced in the preparation of hyperbranched polymers
(HPs), especially for the one-pot synthesis of segmented HPs by using self-condensing vinyl polymerization based on controlled
living radical polymerization techniques. However, the fabrication of hyperbranched polymeric prodrugs (HPPs) still requires
multistep postpolymerization conjugations, which generally suffer from low and uncontrolled conjugation efficacy of drug
molecules due to the steric hindrance, low yields because of multistep synthesis, and scale-up difficulties attributed to batch-to-
batch variations. To further address these issues and provide a highly straightforward and robust strategy toward HPPs, we
reported in this study the one-pot preparation of dual-responsive hyperbranched polymeric prodrugs (DRHPPs) using an all-in-
one chain transfer monomer that integrates a drug molecule with both acidic pH- and reduction-sensitive links. The resulting
DRHPPs with precisely regulated drug loading content and great therapeutic efficacy offered a highly promising platform for
efficient anticancer drug delivery.

Hyperbranched polymers (HPs),1−3 compared to the
traditional linear polymers with an identical molecular

weight (MW), possess various advantages, such as a three-
dimensional (3D) highly branched globular structure, smaller
hydrodynamic radius, lower solution or melt viscosity,
multivalent surface with more functionalities, no or lower
chain entanglement, greater solubility, and capacity to form
unimolecular micelles with enhanced stability;4,5 thus, they
have attracted considerable attention as carriers for drug
delivery.6−8 Although tremendous progress has been advanced
in the preparation of HPs, especially for the one-pot synthesis
of segmented hyperbranched polymers (SHPs) by using self-
condensing vinyl polymerization (SCVP) based on controlled
living radical polymerization (CLRP) techniques such as
reversible addition−fragmentation chain transfer (RAFT)
polymerization and atom transfer radical polymerization
(ATRP),9−12 the fabrication of hyperbranched polymeric
prodrugs (HPPs) still requires multistep postpolymerization
conjugations, which generally suffer from low and uncontrolled
conjugation efficacy of drug molecules due to the steric
hindrance of SHPs, low yields because of multistep synthesis,

and scale-up difficulties attributed to batch-to-batch varia-
tions.13−16

One notable strategy recently developed to address the
drawbacks mentioned above is adoption of a drug-based
monomer.17,18 To provide a highly straightforward and robust
alternative toward HPPs, herein we designed and synthesized
an all-in-one chain transfer monomer (ACTM), integrating a
drug molecule with both acidic pH- and reduction-sensitive
links (Scheme 1).
To demonstrate the utility of this ACTM, a one-pot

synthesis of well-defined, dual-responsive hyperbranched
polymeric prodrugs (DRHPPs) was further performed using
ACTM-mediated RAFT-SCVP of oligo(ethylene glycol methyl
ether methacrylate) (OEGMA; Scheme 1). The therapeutic
efficacy of the resulting DRHPPs was evaluated by in vitro
drug release, cellular uptake, and cytotoxicity studies.
First, ACTM was synthesized by four consecutive

esterification reactions, including (i) synthesis of HSEMA
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(1), (ii) DCC coupling between HSEMA (1) and CTA (2) to
generate reducible CTM with carboxylic terminus (CTM-
COOH, 3), (iii) terminal conversion of CTM-COOH from
carboxyl to hydroxyl to produce CTM-OH (4), and (iv)
synthesis of target ACTM by conjugating camptothecin (CPT)
to CTM-OH via a carbonate link in the presence of
triphosgene. The successful synthesis of ACTM was confirmed
by 1H NMR (Figure 1), 13C NMR (Figure S5a), and high

resolution mass spectral (HRMS; Figure S5b, m/z = 877)
analyses. The synthesized ACTM integrates triple functions of
a CTM structure for generation of HPs, a CPT molecule for
simultaneous production of prodrugs, and dual-responsive
(acidic pH-sensitive carbonate group and reduction-responsive
disulfide bridge) links for efficient intracellular polymer
degradation and drug release.

Next, we prepared DRHPPs by ACTM-mediated RAFT-
SCVP of OEGMA under various polymerization conditions.
Three different target degrees of polymerization (DPs) of 10,
20, and 30 were adopted to prepare DRHPP1, 2, and 3,
respectively. Further screening by the symmetry and
polydispersity (Đ) of the size exclusion chromatography
(SEC) elution peaks of the synthesized polymers reveals a
slightly better target DP of 20 relative to those of 10 and 30 for
the polymer preparation (Figure 2a). Polymerizations were
thus conducted at various polymerization time points using
this optimal target DP of 20. A distinguishable shift toward
higher molecular weight (MW) was recorded with increasing
polymerization time for DRHPP4, 2, and 5, which confirms the
successful synthesis of DRHPPs in a controlled manner
(Figure 2b). Note that DRHPP5, prepared with the longest
polymerization time, showed the appearance of a slight
shoulder in the high-MW side of its SEC elution peak, which
is most likely relevant to the coupling reactions between chain
radicals in RAFT-SCVP.10 Typically, the actual DP of the
DRHPP2 was determined to be 21 by comparing the ratio of
the integrated intensity of the peak at 5.30 ppm attributed to
the methylene protons adjacent to the CPT to that of the peak
at 3.37 ppm assigned to the methoxyl protons adjacent to
OEGMA in the 1H NMR spectrum (Figure S6). The MW, Đ,
each branched repeat unit (RB), and number-average CTA
functionality per branched copolymer (F) of all the synthesized
DRHPPs are summarized in Table 1.
The critical micelle concentration (CMC) and average size

of micelles self-assembled by DRHPPs were then studied. The
CMCs were determined using pyrene as a fluorescence
probe,19 and all the four DRHPPs showed similar and
extremely low CMC values of approximately 3.0 mg/L (Figure
S7), likely implying their capability to form unimolecular
micelles with enhanced stability. The average sizes of self-
assembled micelles were measured by DLS at a concentration

Scheme 1. Synthetic Route of ACTM and DRHPPs

Figure 1. 1H NMR spectrum of ACTM in CDCl3.
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of 0.5 mg/mL, well above their CMCs in both water and PBS,
to evaluate the micelle stability in water and physiological salt
condition (Figure S8). Notably, the DRHPP5 micelles showed
dual-modal populations with the broadest size distribution in
PBS (pH 7.4), which agrees well with the largest Đ of the
polymer (Table 1). In contrast, the DRHPP2 micelles showed

quite similar mean sizes, with both unimodal narrow size
distributions in water and PBS (66.7 nm, 0.219 vs 74.5 nm,
0.239), strongly supporting their best salt stability in contrast
to the instability of the other three micelle constructs. The
ability of DRHPP2 to form unimolecular micelles was further
evaluated using N,N′-dimethylformamide (DMF) that is a
good solvent for all the moieties of DRHPP2 as the medium.
Given the nonoccurrence of self-assembly of DRHPP2 into
micelles in DMF, the polymer size determined by DLS in
DMF at a polymer concentration of 1 mg/mL revealed a mean
diameter of 25.5 nm for unimolecular micelles of DRHPP2,
which is slightly larger than those determined in H2O (14.6
nm) and PBS (pH 7.4, 15.2 nm) at a diluted concentration of
0.125 mg/mL (Figure S9). The results confirm somewhat
swelling of DRHPP2 in DMF relative to aqueous media as well
as formation of unimolecular micelles by DRHPP2. TEM
observation further revealed formation of well-dispersed
spherical DRHPP2 micelles with almost identical average

Figure 2. SEC elution traces of (a) DRHPP1−3 with target degrees of polymerization of 10, 20, and 30 and (b) DRHPP2, 4, 5 with polymerization
times of 8, 10.5, and 12 h using DMF as the eluent.

Table 1. Summary of RAFT-SCVP Polymerization of
ACTM with OEGMA under Various Conditions

target DPa timea (h) Mn
b (kDa) Đb RBc F

DRHPP1 10 10.5 109.7 2.1 10.0 36.0
DRHPP2 20 10.5 64.8 2.3 21.1 10.24
DRHPP3 30 10.5 102.1 2.6 28.4 12.2
DRHPP4 20 8 76.1 2.2 21.2 11.9
DRHPP5 20 12 93.3 2.9 21.2 14.7

aPolymerization conditions: [OEGMA] = 0.6 mol/L in DMAc at 70
°C. bDetermined by SEC-MALLS. cDetermined by 1H NMR analysis.

Figure 3. (a) In vitro drug release profiles of DRHPP2 prodrugs under various conditions. (b) In vitro cytotoxicity of free CPT and DRHPP2
prodrugs in HeLa cells. Cell viability was determined by MTS assay and expressed as % viability compared to untreated cells control. (c)
Fluorescence images of HeLa cells incubated with free CPT and DRHPP2 for 4 h. The scale bar represents 20 μm.
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sizes of approximately 10.7 and 13.7 nm in H2O and DMF at a
concentration of 0.125 and 1 mg/mL (Figure S10),
respectively. Therefore, the results are in good agreement
with the DLS data, supporting unimolecular micelle formation
for DRHPP2. Such a small size of the unimolecular DRHPP2
micelles together with their enhanced stability can promote
passive targeting via the so-called enhanced permeation and
retention (EPR) effect, as well as minimize the clearance by the
reticuloendothelial system (RES) in the liver.20 The long-term
stability of unimolecular DRHPP2 micelles was further
evaluated by monitoring the size change of the micelle
solution incubated in PBS (pH 7.4) at 37 °C for different
periods of 1, 7, and 20 days, which showed a constant size at
around 16 nm, with negligible variation during the examined
duration (Figure S11), as does the size distribution (data not
shown). The results confirm the apparent stability of
unimolecular DRHPP2 micelles, which is highly desirable for
in vivo applications. Therefore, DRHPP2 micelle construct was
chosen for further characterizations and biological evaluations.
The reduction and acidic pH-triggered degradation of

DRHPP2 micelles was investigated by monitoring the size
change under various conditions by DLS (Figure S12). As
expected, the exertion of either single stimulus (pH 5.0 or 10
mM GSH) or both triggers promoted the destabilization of
DRHPP2 micelles, as evidenced by the dramatic alteration of
size at different time points, in contrast to the consistently
unaltered size recorded at pH 7.4. Such change of size seems a
complex process, which is most likely relevant to the
reduction-triggered cleavage of disulfide bridge, acidic pH-
induced hydrolysis of carbonate link in the polymer structure,
and subsequent release of free CPT molecules, as well as
degradation of the HP structure into linear POEGMA chains.
The products incubated at pH 5.0 with 10 mM GSH for
different periods of 6, 12, and 24 h were further subjected to
size exclusion chromatography and multiangle laser light
scattering (SEC-MALLS) analyses (Figure S13), which clearly
reveals a time-dependent shift of the SEC elution peaks of the
degraded products toward lower MW (longer retention time).
The results support the dual stimuli-triggered degradation of
DRHPP2 into low MW species.
Next, the in vitro drug loading and drug release profiles of

DRHPP2 micelles were investigated. It is important to note
that the actual drug loading content (DLC) of DRHPP2
formulation was determined to be 5.86% by measuring the
UV−vis absorbance of CPT at 369 nm. Such a value is in close
agreement with the calculated theoretical DLC of DRHPP2
(5.69%), demonstrating the precisely controlled DLC using
the all-in-one CTM-mediated RAFT-SCVP.
In vitro drug release profiles of DRHPP2 micelles were then

investigated under various conditions (Figure 3a), adopted for
a DLS-monitored degradation study. Notably, the cumulative
drug release under exertion of single stimulus (pH 5.0 or 10
mM GSH) reached 30% relative to 18% obtained at pH 7.4 in
72 h and further increased to nearly 40% under both triggers,
which indicates the significant promotion of drug release by
simultaneous application of both acidic pH and reduction
stimuli relative to those acquired under single trigger.
Finally, the in vitro cytotoxicity and cellular uptake of

DRHPP2 micelles in HeLa cells were assessed by 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium) (MTS) cell viability assay and
fluorescence microscope, respectively, to evaluate the delivery
efficacy of DRHPP2 formulation. The half maximal inhibitory

concentrations (IC50) of free CPT and DRHPP2 were
determined to be 39.1 ± 0.7 and 380.3 ± 3.89 μg mL−1,
respectively (Figure 3b). The DRHPP2 micelles exhibited less
cytotoxic activity than the free CPT likely due to their different
internalization mechanisms (endocytosis vs direct membrane
permeation) and the release kinetics of free drug from the
polymeric prodrugs. It is important to note that the
antiproliferation effect of DRHPP2 observed in HeLa cells is
contributed simultaneously by the released active CPT after
intracellular uptake of the polymer construct and CPT that is
released by the cleavage of the carbonate link in the
extracellular tumor environment with a weakly acidic pH of
6.8, both of which might be useful still for drug delivery. In the
fluorescence images (Figure 3c), the strongly blue fluorescence
of CPT could be readily observed in HeLa cells for both
incubation with free CPT and CPT in DRHPP2 micelles for 4
h, suggesting that the drug was transported successfully by the
micelle prodrug to the cells and, subsequently, underwent
intracellular trafficking in a pattern consistent with the free
drug.
In summary, we synthesized an ACTM as a highly

straightforward and robust strategy toward one-pot fabrication
of DRHPP. The resulting DRHPP with enhanced stability,
precisely controlled DLC, and dual stimuli-triggered polymer
degradation and drug release, as well as efficient cellular uptake
further provided a highly promising platform toward efficient
anticancer drug delivery.
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