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We report the design and development of redox-responsive chain-

shattering polymeric therapeutics (CSPTs). CSPTs were synthesized

by condensation polymerization and further modified with poly

(ethylene glycol) (PEG) via “Click” reaction. Size-controlled CSPT

nanoparticles (NPs) were formed through nanoprecipitation with

high drug loading (up to 18%); the particle size increased in a con-

centration dependent manner. Drug release from particles was

well controlled over 48 h upon redox triggering. The anticancer

efficacy of the CSPT NPs was validated both in vitro and in vivo.

Polymeric nanomedicine has attracted much attention as a
new modality for potentially improved cancer treatment that
may change the landscape of oncology.1–6 Efforts in the area of
therapeutic polymeric nanomedicine have been largely
devoted to the development of polymer-drug conjugates and
polymer/drug encapsulates.7–11 For polymer-drug conjugates,
drug molecules are usually grafted to the pendant functional
groups of a hydrophilic polymer via cleavable linkages. Con-
trolled drug loading and sustained drug release can be achiev-
able, but their structure and composition control are very
difficult.12,13 Moreover, the polymer-drug conjugates may have
uncontrolled batch-to-batch variations for their physicochem-
ical and pharmacological properties. For polymer/drug encap-
sulates, on the other hand, drug molecules are embedded in
hydrophobic polymer matrices in which formation of pro-drug
is avoided, but such approach may result in poorly controlled
drug loading and release.14,15 Although both approaches have
resulted in a handful of systems in clinical development,

alternative design of polymeric nanomedicines that can
address drawbacks above mentioned are clearly of great
interest.

We have been interested in developing new polymeric
nanomedicine platform based on the assembly of hydro-
phobic polymer-drug conjugates. Through drug initiated
controlled ring-opening polymerization of lactide and
O-carboxyanhydrides,16–19 we developed a series of structurally
well defined drug-polyester conjugates that can be prepared
with high drug loadings, quantitative loading efficiency and
sustained drug release profiles with negligible burst release
effect. They can be further self-assembled to form NPs for
drug delivery applications. The technique provides a highly
efficient way to generate controlled polymeric drug NPs, and
the drug release is dependent on ester linker hydrolysis.

An ideal polymeric drug conjugate would allow drug being
released in an on-demand manner, i.e. drugs being released in
response to triggers, especially those disease specific.20 A
variety of trigger-responsive systems have been developed to
maximize systemic efficacy in response to various triggers,
such as pH,21–24 elevated temperature,25 redox,26–29

enzyme,30,31 external stimuli32 and combination of multiple
triggers.33–38 Among these triggers, intracellular redox environ-
ment offers an ideal trigger condition for pro-drug design,
which possesses 3 orders of magnitude higher glutathione
level (∼10 mM)39 as compared to extracellular environment
(∼10 μM). Simple disulfide bond or thioester can be cleaved
efficiently by intracellular thiols40,41 and reductase42 while
they are inert to many other reactions and chemical functional
groups, facilitating the easy synthesis and chemical modifi-
cation of disulfide containing materials.

We recently developed a polymeric delivery system termed
as chain-shattering polymeric therapeutics (CSPTs) as an
effective on-demand delivery system.43 Unlike post modified
polymeric drug-conjugate, CSPTs have excellent control over
both composition and structure, and well defined drug distri-
bution among polymer chains. However, the hydrophobic
polymer chain would self-aggregate in aqueous solution
and require the assistance of amphiphilic polymers to form
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nano-sized particles for intracellular and in vivo delivery. The
two-component nanoparticle (NP) formulation is inherently
difficult to control since the particle size and drug loading are
affected by both the polymer ratio and formulation condition.
In this contribution, we report a thiol-responsive, PEGylated
SS-CSPT prepared by ‘graft to’ strategy. The PEGylated SS-CSPT
has a high drug loading (up to 18%) and the particle size can
be controlled simply by tuning the polymer concentration in
organic solvent through nanoprecipitation. Drugs are released
only in the presence of thiol trigger and the NPs show remark-
able efficacy against cancer cells.

We designed a terminal azide group in the SS-CSPT side
chain as a functional site for “Click” modification of PEG
(Scheme 1a). The trigger-responsive domain was linked with a
hydroxylethyl sulfide group, which underwent cyclization
spontaneously to release an aniline structure. The unstable
aniline can self-eliminate to release the conjugated drug mole-
cules in a timely manner.43–45 SN-38, a camptothecin (CPT)
derivative, was used as a model drug in our CSPT design while
the mono-functional camptothecin was used to prepare a
dimeric small molecule conjugate (CPT-SS-CPT) to study the
release mechanism (Scheme 1b). SN-38 has been shown to be
the active metabolite of clinically used irinotecan,46 but is
limitedly used due to its poor water solubility and difficulty
of encapsulation.

Both CPT-SS-CPT and SS-CSPT can be prepared from the
trigger responsive domain in one step (Scheme S1†). Since the
backbone of the SS-CSPT polymer is inherently hydrophobic,
we envisioned that incorporation of hydrophilic PEG chain
into the polymer covalently would convert the polymer to be
amphiphilic and assist the self-assembly thereafter. An arbi-
trary SS-CSPT/PEG weight ratio 2.5 : 1 was used in the copper-
catalyzed azide–alkyne cycloaddition (CuAAC) to facilitate the

further assembly as well as to maintain the high drug loading
capacity. After the copper catalyst was removed by extensive
dialysis in water, the obtained polymer showed bimodal distri-
bution on GPC, which indicated the successful modification of
the mPEG chain onto the polymer as the new peak had a short
elution time compared with both unmodified SS-CSPT and
PEG (Fig. S1†).

The self assembly behavior of the SS-CSPT-PEG was studied
by nanoprecipitation method. Briefly, the SS-CSPT-PEG was
first dissolved in DMF, slowly added into 40-fold water and the
size of the CSPT-PEG NPs was characterized by dynamic light
scattering (DLS) without further purification. As a result, the
SS-CSPT-PEG readily formed NPs without any precipitation
observed and was stable over 24 hours in water (Fig. S2†).
Interestingly, the NP size depended linearly on the original
CSPT concentration in DMF (Fig. 1a), which was similar to a
drug-polylactide conjugate system reported previously.18,47 The
NP size increased from 44 to 89 nm as the SS-CSPT-PEG con-
centration in DMF increased from 1.25 to 20 mg mL−1 while
the polydispersity (PDI) ranged from 0.22 to 0.13. TEM image
of the NPs (Fig. 1b) showed spherical morphology and slightly
smaller size compared to the hydrodynamic volume measured
by DLS. Drug loading of the CSPT NPs were determined to be
18% by HPLC after complete NaOH hydrolysis. For all the
entries, the encapsulation efficiency ranged from 78 to 89%
(Table S1†). Salt effect on the particle formulation was also
investigated using phosphate buffered saline (PBS) to replace
water. Although the CSPT NPs formulated in water was stable
after PBS dilution without significant size change, the particles
formed in PBS directly had a larger size than that in water at
the same SS-CSPT-PEG concentration in DMF solution
(112 nm compared to 65 nm). Similar observations have been
reported in other polymeric NP formulations.18

The release mechanism of the SS-CSPT was first studied
using the dimeric model conjugate (CPT-SS-CPT) because the
model dimeric conjugate and SS-CSPT share the same trigger-
responsive domain and similar chemical structure (Scheme 1a
and b). In the absence of thiol triggers, there was no drug
release observed (Fig. 2a) while the disulfide bond was cleaved
within 5 minutes in the presence of excessive dithiothreitol
(DTT) (Fig. 2b). The intermediate gradually underwent thiol-
cyclization over several hours and presumably yielded an

Scheme 1 Chemical structure of thiol responsive SS-CSPT (a) and
model small molecule CPT-SS-CPT (b). (c) Click PEGylation, self-assem-
bly and triggered release of SS-CSPT.

Fig. 1 (a) Nanoparticle size (hollow square) and size distribution (solid
square) change as a function of SS-CSPT-PEG concentration in original
DMF solution. (b) TEM image of CSPT nanoparticles formulated from
10 mg mL−1 DMF solution.

Communication Biomaterials Science

1062 | Biomater. Sci., 2015, 3, 1061–1065 This journal is © The Royal Society of Chemistry 2015



unstable aniline structure, which was undetectable by HPLC
and instantaneously released the carbonate bonded CPT
through 1,4-self elimination (Fig. 2c). Overall, the original CPT
was released quantitatively from the CPT-SS-CPT conjugate
over 4 h without byproduct production (Fig. 2a).

We next studied the drug release profile of the CSPT NPs
upon thiol triggering. Considering the steric hindrance of the
NPs, the thiol exchange step was limited by the diffusion of
the thiol trigger, hence the first thiol cleavage would be much
slower than that of CPT-SS-CPT, the model conjugate.
Although free SN-38 drug release from the NPs was slower
(Fig. 3a), the majority of the conjugated SN-38 could be
released from CSPT NPs over 48 h indicating that the interior
space of the NPs was accessible and sensitive to external
environments. Notably, negligible SN-38 release was observed
in the absence of trigger, while the release kinetics of the
trigger-responsive CSPT NPs was much faster than the
polymer-drug conjugates based on ester hydrolysis.48–52

The in vitro anticancer effect of the CSPT NPs was next eval-
uated by the standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay to demonstrate the thera-
peutic potential of the delivery system. By incubating HeLa
cells with the CSPT NPs for 72 h, significant cancer cell pro-
liferation inhibition was observed (Fig. 3b). The IC50 value of the
CSPT NPs was 19 nM (equivalent SN-38), while free SN-38 and
irinotecan, a clinically used CPT derivative, showed IC50 values
of 14 nM and 2800 nM, respectively. The significant cytotoxicity
of CSPT NPs indicated that the intracellular thiols and thiol

reductase actively reduced the disulfide bond within the NPs,
releasing SN-38 in a timely manner. We also did preliminary
evaluation of the in vivo anticancer efficacy of the CSPT NPs
against MCF-7 human breast cancer xenografts in athymic nude
mice. MCF-7 cells were subcutaneously injected and three injec-
tions of PBS, irinotecan (50 mg kg−1) and CSPT NPs (equivalent
20 mg kg−1 SN-38) were administered every four days after the
tumor volume reached 100 mm3. Mice were sacrificed 3 days
after the last injection (time course of the in vivo study see
Fig. S4a†) and tumors were collected to assess the antitumor
efficacy of NPs. The apoptotic index of the tumors was analyzed
by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay. CSPT NPs showed equivalent efficacy (8.6% vs.
5.3% of irinotecan) as compared to higher dose of irinotecan
(Fig. 3c and S4c†).

In summary, we report a novel redox trigger-responsive
CSPT. By copper catalyzed “Click” reaction post polymeri-
zation, we were able to introduce hydrophilic PEG chain onto
the hydrophobic CSPT. The amphiphilic polymer could self-
assemble into NPs. The size of CSPT NPs can be precisely con-
trolled by the concentration of the CSPT in DMF prior to nano-
precipitation over a range of 40 to 90 nm; NPs are also very
stable under physiological conditions. The formulated NPs
can efficiently release the conjugated drugs through self elimi-
nation and chain shattering mechanism in the presence of
thiol trigger. As revealed by MTT and TUNEL assay, the NPs
showed cytotoxicity in vitro comparable to SN38 and anticancer
efficacy in vivo over clinically used irinotecan. As the azide
attached polymer side chain can be used via “Click” chemistry,
targeting group can be readily introduced to the CSPT NPs.
Our previous studies using silica NPs showed that ∼50 nm
could be most optimal size of nanomedicine;53,54 it is subject
to further studies to demonstrate whether such size is optimal

Fig. 2 (a) CPT release of CPT-SS-CPT in DMF/PBS triggered by 20 mM
DTT. Data are presented as mean value ± standard deviation of
3 measurements. (b) HPLC trace of DTT treated CPT-SS-CPT, λabs =
369 nm. (c) Proposed release mechanism of DTT triggered drug release.

Fig. 3 (a) SN-38 release from CSPT NPs in the presence of DTT treat-
ment. (b) Cytotoxicity of CSPT NPs in HeLa cells. Standard MTT protocol
was followed by incubating drug solutions with cells for 72 hours. Data
are presented as mean value ± standard deviation of 3 measurements.
(c) Representative images of (TUNEL) assay for apoptotic index analysis.
Apoptotic cells were stained as red and cell nuclei were stained as blue.
Scale bar: 100 µm.
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in other nanomedicine system, such as polymeric nanomedi-
cine. Therefore, CSPT NP not only is a trigger-responsive nano-
medicine for translational applications, but could also be an
excellent system for fundamental studies, such as size-depen-
dent in vitro and in vivo drug delivery, given its controlled size
(Fig. 1a).
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