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Abstract: We report on the design of a polymeric prodrug of
the anticancer agent paclitaxel (PTX) by a grafting-from-drug
approach. A chain transfer agent for reversible addition
fragmentation chain transfer (RAFT) polymerization was
efficiently and regioselectively linked to the C2’ position of
paclitaxel, which is crucial for its bioactivity. Subsequent
RAFT polymerization of a hydrophilic monomer yielded well-
defined paclitaxel–polymer conjugates with high drug loading,
water solubility, and stability. The versatility of this approach
was further demonstrated by w-end post-functionalization with
a fluorescent tracer. In vitro experiments showed that these
conjugates are readily taken up into endosomes where native
PTX is efficiently cleaved off and then reaches its subcellular
target. This was confirmed by the cytotoxicity profile of the
conjugate, which matches those of commercial PTX formula-
tions based on mere physical encapsulation.

Cancer remains a leading cause of death, and the high
incidence of side effects caused by chemotherapeutics urges
the development of novel, more efficient formulations for
such drug molecules. Paclitaxel (PTX) ranks amongst the
most potent and widely used drugs for anticancer treatment;
its mechanism of action entails binding tubulin, thereby
stabilizing microtubules and preventing their depolymeriza-
tion. The latter arrests dividing cells at the G2/M phase and
eventually leads to apoptotic cell death.[1] PTX has a very low
water solubility, and Taxol, the first PTX formulation
approved for clinical use, contains the surfactant cremo-
phor EL, which by itself is also prone to cause side effects.
Extensive research endeavors have been devoted to the
formulation of PTX into alternative nanoparticulate formu-
lations based on non-toxic surfactants, such as albumin (e.g.,
Abraxane), or amphiphilic block copolymers (e.g., Genexol-
PM).[2–5] The latter two commercial formulations have proven
to reduce side effects and allow for higher PTX dosing.[6,7]

Though considered as nanoformulations, both do not show
significant differences in pharmacokinetics compared to free

PTX.[8] Previous studies suggest that this is due to fast
systemic PTX release from the nanoparticles by passive
diffusion and subsequent adsorption to plasma proteins such
as endogenous human serum albumin (HSA), thereby
annihilating controlled drug release.[9]

Chemical conjugation of PTX might offer a promising
solution to limit burst release effects. This strategy not only
prevents abrupt systemic toxicity, but can also confer longer
blood circulation and increase tumor accumulation by the
EPR effect.

In this regard, drug–polymer conjugates have witnessed
intensive development since they were introduced by Ring-
sdorf in the 1970s.[10] A popular ligation strategy involves
linking a hydrophilic polymer to PTX through esterification
of the hydroxy moieties of the drug. Several such PTX–
polymer conjugates have been obtained by post-polymeri-
zation modification of preformed polymers with PTX at their
backbone or chain end.[11] Such grafting-onto approaches,
however, suffer from similar limitations as witnessed in the
polymer–protein conjugation field,[12, 13] including steric hin-
drance, which leads to poor conjugation efficiencies, difficul-
ties to control and assess site specificity, and cumbersome
purification challenges to remove non-reacted polymer and
drug. With respect to the alternative use of drug-linked
monomers, issues can arise from the formation of very
hydrophobic pockets at high drug loadings, which results in
very slow drug release owing to limited water access.
Furthermore, as drug conjugation is typically done by ester,
hydrazone, or ketal formation, the resulting polymeric
degradation products are polyanionic or polycationic or
contain polyhydrazines/polyhydrazides or polyaldehydes/
polyketones. These polymeric species hold toxicity risks,
including long-term accumulation in the body.

Therefore, alternative synthetic techniques are required
for designing well-defined polymeric prodrugs with reduced
heterogeneity that combine high drug loading with high water
solubility and the possibility to introduce additional function-
alities. An emerging strategy to address this issue is grafting-
from-drug polymerization, an approach that has also gained
interest in the polymer–protein conjugation field.[14–19] With
the advent of controlled polymerization methods, this strat-
egy yields access to well-defined drug–polymer conjugates
with good control over the polymer length and one drug
molecule per polymer chain, and, importantly, allows for
simple purification, that is, removal of residual monomers.
Ring-opening polymerization of lactide from PTX towards
polylactide was reported[20] to yield well-defined, but hydro-
phobic, polymeric prodrugs that required additional surfac-
tants to obtain a stable formulation in aqueous medium.
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Nicolas and co-workers have reported on the preparation of
hydrophobic nanoparticles by RAFT- and NMP-mediated
polymerization of squalene methacrylate from another drug
molecule, gemcitabine, which was covalently modified with
a RAFT chain transfer agent or NMP initiator.[21]

Herein, we report on the regioselective synthesis of
amphiphilic PTX–polymer conjugates by RAFT polymeri-
zation using a PTX-ligated chain transfer agent (CTA), in
which PTX and the polymer chain serve as the hydrophobic
and hydrophilic segments, respectively. To highlight the
versatility of this approach, we also demonstrate the possi-
bility for post-polymerization modification of the opposite
polymer chain end. This was exemplified for the attachment
of a fluorescent tracer molecule, but small-molecule cancer-
cell-targeting ligands could also be used. Our synthesis
strategy is depicted in Scheme 1 and begins with the direct
ligation of a RAFT CTA (2-(butylthiocarbonothioylthio)pro-
panoic acid (PABTC)) to the C2’ hydroxy group of PTX,
which possesses the highest reactivity for esterification.[22]

After purification by flash column chromatography, the
PTX–RAFT CTA (PTX–PABTC) was obtained in high
yield (93 %) and high purity as confirmed by NMR spectros-
copy and mass spectrometry (ESI-MS; Figure 1; see also the
Supporting Information, Figures S10–S15). In the 1H NMR

spectra, the resonances for both PTX and PATBC were found
and integrated with excellent correlation. Regioselective
modification at the C2’ position of PTX was confirmed by
the disappearance of the C2’ OH proton at 3.85 ppm (d, J =

5.5 Hz, 1H) aside from a shift of resonance of the adjacent C2’
proton from 4.77 ppm (dd, J = 5.5, 2.8 Hz, 1H) to 5.45 ppm
(dd, J = 12.9, 2.6 Hz, 1H). As the C2’ hydroxy group is crucial
for the bioactivity of PTX,[23] an inactive polymeric prodrug
was obtained. Subsequently, PTX–PABTC was used for
RAFT polymerization of N,N-dimethylacrylamide (DMA).
PolyDMA is a hydrophilic and biocompatible polymer,[24] but
other vinyl monomers can also be used as long as they are
soluble in an organic solvent in which a PTX-functionalized
RAFT CTA can be dissolved. A moderate degree of
polymerization (DP) of 30 DMA repeating units was targeted
to obtain a conjugate with both high water solubility and PTX
loading. Furthermore, a PTX–polyDMA conjugate with a DP
of 15 was prepared with PTX–PABTC and a PTX-free
polymer with PABTC with a DP of 30. Triple precipitation
from ether, in which both CTAs as well as free PTX are
soluble but polyDMA and PTX–polyDMA are not, led to
isolation of the pure PTX–polymer conjugates and the control
polymer. Size exclusion chromatography (SEC; Figure 2A)
revealed the formation of polymers with a narrow weight

Scheme 1. A) Illustration of the functionalized PTX–polymer prodrug design and (concentration-dependent) self-assembly into nanoparticles in
aqueous media. B) Corresponding reaction scheme. Esterification of PTX with a RAFT CTA is followed by polymerization of N,N-dimethylacryl-
amide and post-polymerization modification of the trithiocarbonate end group with a maleimide-functional fluorescent dye.
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distribution with no significant low- or high-molecular-weight
side products. 1H NMR analysis (Figure 1A and Figures S17–
S20) confirmed the high chain-end fidelity through the
excellent agreement between the proton resonances from
PTX and PATBC. The absence of free PTX and PTX–PABTC
was further confirmed by DOSY NMR spectroscopy (Fig-
ure 1B); these spectra contained polyDMA and PTX reso-
nances for both PTX–polyDMA15 and PTX–polyDMA30

exhibiting similar diffusional behavior, yet those of higher
DP were of slower diffusion. Table 1 summarizes the proper-
ties of all polymers after purification.

Next, we investigated the behavior of the PTX–polymer
conjugates in aqueous medium. PTX–polyDMA30 afforded
a transparent formulation, both in H2O and PBS buffer at
concentrations up to at least 30 mgmL�1. At a drug loading of
around 21%, the PTX solubility in aqueous medium was thus
increased by more than a factor of 2 � 104.[25] By contrast, the
PTX–polymer conjugate with a DP of 15 (PTX–polyDMA15)
could not be solubilized or properly dispersed in aqueous

medium (e.g., PBS), even after extensive sonication or
decreasing the concentration. This highlights the effect of
the hydrophilic-polymer chain length on the resulting solution
behavior, but also opens avenues to prepare solid hydro-
phobic nanoparticles, for example, by solvent displacement in
surfactant solution. We subsequently characterized the
supramolecular behavior of PTX–polyDMA30 in aqueous
medium. At a concentration of 30 mgmL�1 in PBS, dynamic
light scattering (DLS; Figure 2C) indicated the presence of
self-assembled nanostructures, with a Z-average hydrody-
namic diameter of 27.9� 0.8 nm and a narrow dispersity
(PDI) of 0.100� 0.038 (Figure 2D). The control polymer
polyDMA30 formed soluble unimers in PBS at the same
concentration (30 mg mL�1). Importantly, over a time course
of at least five days, neither a change in size or PDI nor
crystallization of released PTX was observed in PBS. These
findings highlight the potential of this strategy to obtain stable
aqueous PTX formulations that do not suffer from burst drug
release. The critical aggregation concentration (CAC) of

Figure 1. A) 1H and B) DOSY NMR spectra of PTX, PTX–PABTC, and PTX–polyDMA15/30.
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PTX–polyDMA30 was determined by fluorescence spectro-
photometry (Figure 2B; pyrene assay) to be 102�
12 mgmL�1. This is relatively high compared to typical
amphiphilic block copolymers and can be explained by the
relative small hydrophobic part of the PTX–polyDMA30

conjugate.
The CAC value implies that under physiological condi-

tions, the polymers will likely be present as soluble unimers
and are also likely to bind serum proteins. However, if a stable
nanoparticulate formulation is desired, the versatility of
RAFT polymerization also offers the possibility to introduce
reactive co-monomers that could be used for cross-linking or
to use degradable monomers with transient solubility.[19]

As mentioned earlier, one of the major advantages of
RAFT over other polymerization techniques is the direct
access towards a,w-telechelic polymers.[26] PTX–polyDMA30

contains PTX at the a-end, thereby offering an opportunity
for post-polymerization modification of the w-end group,[27]

which was demonstrated by attachment of the fluorescent dye
tetramethylrhodamine maleimide. First, the trithiocarbonate
moiety at the w-end was converted into a thiol by aminolysis
(confirmed by UV/Vis spectroscopy, see Figure S21) and
subsequently reacted with tetramethylrhodamine (Rho) mal-
eimide to form a stable thioether bond between polymer and

dye. A similar strategy could
also be used to introduce radio-
tracers or targeting ligands.
After dialysis, the absence of
free dye was confirmed by
reverse-phase TLC (Fig-
ure S22). DLS further con-
firmed that conjugation of the
rhodamine dye did not signifi-
cantly alter the supramolecular
behavior of the conjugate PTX–
polyDMA30–Rho (Figure S23).

Subsequently, we evaluated
the in vitro behavior of the
PTX–polyDMA30–Rho conju-
gate in SKOV-3 human ovarian
cancer cells. After two hours of
incubation, the intracellular
localization of PTX–poly-
DMA30–Rho was investigated
by confocal microscopy. As
shown in Figure 3A1, a punctu-
ated fluorescence pattern was
observed inside the cells, which

confirmed that the polymeric prodrug had been efficiently
internalized. To shed light on the uptake mechanism, PTX–
polyDMA30–Rho was co-incubated with Alexa Fluor 488
(AF488) labeled dextran (Figure 3A2) or counterstained with
LysoTracker (Figure 3A3). Dextran conjugates are known to
be taken up by pinocytosis,[28] thereby staining endosomes,
whereas Lysotracker stains lysosomal vesicles. The strong co-
localization of PTX–polyDMA30–Rho with Dextran–AF488
and the partial co-localization with LysoTracker indicates
active endocytosis into intracellular acidic vesicles. When the
experiment was repeated at 4 8C, where energy-dependent
endocytosis is blocked, no uptake of the conjugate was
observed (data not shown). These findings show that in
contrast to PTX, which is a membrane-permeable mole-
cule,[29] the polymeric prodrug is actively taken up by
endocytosis (e.g., pinocytosis) but not yet abundantly present
in lysosomal vesicles within two hours. As PTX is known to
exit cancer cells through P-glycoprotein efflux, altering the
route through which PTX enters the cell might prolong its
intracellular residence and might hold potential for over-
coming multidrug resistance.[30]

Next, the effect of PTX–polyDMA30 on the in vitro
viability of SKOV-3 cells was investigated. Cells were
incubated with PTX–polyDMA30, the polyDMA30 control

Figure 2. A) SEC elugrams of PTX, PTX–PABTC, PTX–polyDMA15/30, and polyDMA30. B) CAC of PTX–
polyDMA30 in PBS determined by a pyrene assay (n =2). C) Size distributions of PTX–polyDMA30 and
polyDMA30 (30 mgmL�1 in PBS) determined by DLS (n = 4). D) Colloidal stability of PTX–polyDMA30

determined by DLS (30 mgmL�1 in PBS, 37 8C; n =4).

Table 1: Compositional data of the synthesized polymers.

Polymer [DMA]0/[CTA] DMA conv. [%][a] DPconv [b] DPend group [c] Mn [Da][d] �[d] PTX loading
capacity [%][e]

PTX–polyDMA15 15 90 14 16 2648 1.09 35
PTX–polyDMA30 30 99 30 31 4356 1.07 21
polyDMA30 30 91 27 29 3477 1.09 -

[a] Determined by 1H NMR spectroscopy. [b] Determined by 1H NMR spectroscopy, based on monomer conversion. [c] Determined by 1H NMR
spectroscopy, based on end group analysis. [d] Analyzed by SEC in DMA, calibrated with PMMA standards. [e] Calculated based on the conversion by
1H NMR spectroscopy: MWPTX/MWPTX–polyDMA � 100%.
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polymer, and two commercial PTX nanoformulations, Abrax-
ane and Genexol-PM, for 72 h. The cell viability was assessed
by an MTT assay. As shown in Figure 3B, no cytotoxicity was
observed for the control polymer polyDMA30, suggesting that
polyDMA is cytocompatible within the experimental window.
Interestingly, PTX–polyDMA30 exhibited an IC50 value of
79� 7 nm, which is comparable to those of Abraxane and
Genexol-PM (IC50 values of 56� 11 nm and 65� 13 nm,
respectively). These findings demonstrate that despite cova-
lent polymer ligation to a position on PTX that is crucial for
its bioactivity (the C2’ hydroxy group), the in vitro cytotox-
icity effects are similar to those of formulations that rely on
mere physical encapsulation. In other words, upon storage in
endosomal/lysosomal vesicles, where esterases such as cath-
epsin B[31] are present, native PTX is released from an inactive
polymeric prodrug and can subsequently still reach its
subcellular target and exert its cytotoxic activity.

In summary, we have described the synthesis of well-
defined polymeric prodrugs of the anticancer drug PTX by
a grafting-from-drug RAFT approach. PolyDMA was grown
from a regioselectively modified PTX–ester CTA, which
resulted in a dramatic increase in the water solubility of the

drug upon formation of stable
nanoparticles or unimers
depending on the concentra-
tion. Furthermore, the intro-
duction of a fluorophore at
the w-end of the polymer
chain by post-polymerization
modification allowed for track-
ing the intracellular fate of the
prodrug. Importantly, the
PTX–polymer conjugate
showed no loss in in vitro activ-
ity.

We believe that the attrac-
tiveness of our approach lies in
its versatility as it allows for the
synthesis of a library of poly-
mer–PTX conjugates starting
from a single well-character-
ized PTX–CTA. Such libraries
could encompass different
polymer chain lengths, mono-
mers, and side chain or end
group functionalities, and could
be used to investigate struc-
ture–property relationships to
alter the pharmacokinetic pro-
file of PTX towards optimal
tumor targeting. Furthermore,
as the PTX–polymer conjugate
is an inactive prodrug, our
strategy also holds promise to
enhance the maximum tolera-
ble dose (MTD) and thus fur-
ther improve the therapeutic
effect by increasing the admin-
istered dose. These investiga-

tions, along with studies on active targeting strategies, the use
of transiently soluble monomers, and assessing the potential
to overcome multidrug resistance, are currently ongoing.
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Figure 3. A) Confocal microscopy images of SKOV-3 human ovarian cancer cells incubated with the PTX–
polyDMA30–Rho conjugate. Counterstaining was performed with Hoechst and Phalloidin to stain cell
nuclei and plasma membranes, respectively (A1). The conjugate was co-incubated with Dextran–AF488 to
stain (early) endosomes (A2). Lysosomal vesicles were stained with LysoTracker (A3). For guidance, in
panels A2 and A3, a co-localization event is marked with a yellow arrow, and two non-co-localization
events are marked with red and green arrows, respectively. Scale bars (white, bottom right in each panel)
correspond to a length of 15 mm. B) In vitro cytotoxicity of PTX–polyDMA30 versus the commercial PTX
nanoformulations Abraxane and Genexol-PM. Non-PTX-conjugated polyDMA30 was used as a control
(n = 6).
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