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Abstract: Selective tumor targeting and drug delivery are
critical for cancer treatment. Stimulus-sensitive nanoparticle
(NP) systems have been designed to specifically respond to
significant abnormalities in the tumor microenvironment,
which could dramatically improve therapeutic performance
in terms of enhanced efficiency, targetability, and reduced side-
effects. We report the development of a novel l-cysteine-based
poly (disulfide amide) (Cys-PDSA) family for fabricating
redox-triggered NPs, with high hydrophobic drug loading
capacity (up to 25 wt % docetaxel) and tunable properties. The
polymers are synthesized through one-step rapid polyconden-
sation of two nontoxic building blocks: l-cystine ester and
versatile fatty diacids, which make the polymer redox respon-
sive and give it a tunable polymer structure, respectively.
Alterations to the diacid structure could rationally tune the
physicochemical properties of the polymers and the corre-
sponding NPs, leading to the control of NP size, hydro-
phobicity, degradation rate, redox response, and secondary

self-assembly after NP reductive dissociation. In vitro and
in vivo results demonstrate these NPsÏ excellent biocompati-
bility, high selectivity of redox-triggered drug release, and
significant anticancer performance. This system provides
a promising strategy for advanced anticancer theranostic
applications.

Since the 1970s, nanoparticle (NP)-based systems could
enhance efficacy, decrease toxicity, and improve the circu-
lation and biodistribution of therapeutic payloads, whether
they are small molecules, proteins, or nucleic acids.[1–8] Owing
to their scale and distinct physicochemical properties as well
as the specific pathophysiological characteristics of tumors,
NPs offer the potential to significantly improve cancer
diagnosis and therapy.[9, 10] Additionally, NPs that are selec-
tively responsive to environmental stimuli offer spatiotem-
poral control of the delivery of anticancer therapeutics.[11] As
previously reported, NPs could increase the local accumu-
lation inside the tumor, improve homogeneous spatial
distribution, and enhance intracellular localization of
drugs.[10] In that regard, multiple NP systems have been
designed to respond to distinct exogenous and endogenous
stimuli like light,[12] magnetic fields,[13, 14] ultrasound,[15]

enzymes,[16] pH,[17, 18] temperature,[19] and altered redox poten-
tial.[20,21] Hypoxia has been recognized as one of the unique
hallmarks of cancer and significantly alters local redox
microenvironments within tumor tissue. The intracellular
levels of glutathione are 100–1000 fold higher in cancer cells
than in normal tissue.[22] This redox-sensitive approach is
particularly promising to enhance the exposure of cancer cells
to therapeutic molecules. Additionally, because hypoxic
characteristics play a critical role in tumor progression as
tumor invasion, metastasis, and therapeutic resistance,[23]

exploiting them to selectively improve the release of payloads
might provide added therapeutic benefits.

Over the years, various disulfide-based NP systems have
been proposed for gene delivery and cancer therapy.[24–26]

They were designed to remain stable in the bloodstream
and protect their therapeutic payloads from extracellular
degradation, while allowing rapid drug release upon reduc-
tion of the disulfide bonds after cell uptake.[26] However, the
applications of disulfide systems are subject to several
limitations, such as complicated synthesis strategy, lack of
tunable properties/functionalities, and lack of biocompatibil-
ity.[26] Despite being the most natural sulfur-containing
materials in body, l-cysteine and its derivatives have rarely
been systematically utilized as building blocks to develop
linear disulfide polymers, especially hydrophobic polymers
for drug delivery.
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Here we report the development of a novel biodegradable
and biocompatible l-cysteine-based poly(disulfide amide)
(Cys-PDSA) that is prepared simply, rapidly, and under mild
reaction conditions (Scheme 1 and Figure S1a). A typical Cys-
PDSA structure includes two nontoxic repeating units: one
disulfide part (l-cystine ester) and one diacid part (aliphatic
dicarboxylic acid). The l-cystine ester provides primitive
redox-responsive characteristics based on its disulfide bond.
With introduction of varied diacid segments, polymer proper-
ties can be finely tuned for rationally designing the NPsÏ
hydrophobicity and redox response. To develop a versatile,
safe, and easy-to-synthesize redox-responsive polymer plat-
form for preparing selectively targeting polymeric NPs, the
direct polycondensation route of cystine esters and diacid
monomers was chosen because it is mild and efficient. To
warrant optimal drug loading capacity and maximal adapt-
ability, it should be able to fine-tune the hydrophobicity and
degradability of the polymer by altering the diacid repeating
unit. Esters of cystine offer simple synthesis routes using
derivatives of a natural amino acid while ensuring sufficient
hydrophobicity to warrant solubility in organic solvents. This
latter characteristic is important for polymer synthesis and NP
preparation and also safeguards increased interactions with
hydrophobic payloads. As a model cystine ester, l-cystine
dimethyl ester was chosen, because it is commercially
available, reasonably stable, and simple in structure. Similarly,
different fatty diacids of variable lengths are also available.
Together, these combinations of monomers allow tuning of
the physicochemical properties of the backbone on two
fronts: hydrophobicity and the density of the disulfide bonds.
A library of polymers with a backbone consisting of

alternating biodegradable
amide and disulfide bonds
can therefore be prepared
using different combinations.

In this report, Cys-PDSA
polymers were prepared
within 5–10 min by one-step
polycondensation of (H-Cys-
OMe)2·2 HCl and dichlorides
or bis-nitrophenol esters of
different fatty diacids (Fig-
ure S1a). The synthesis pro-
tocol of Cys-PDSAs was opti-
mized and the detailed com-
posites and final PDSA struc-
tures are summarized in
Table S1. These prepared
PDSAs are named as Cys-
xE, with x representing the
number of methylene groups
in the diacid repeating unit
and E indicating the methyl
ester of carboxylic acid on the
side chain (see the Support-
ing Information, SI). The
molecular weight and termi-
nal functionality were con-
trolled by varying the ratio

of the two monomers and the optimal synthesis was obtained
after 5–10 min reaction time at 25.0 88C in DMSO (or chloro-
form) with triethylamine as catalyst. Short reaction times
were preferred to prevent unwanted side reactions (i.e.,
production of dark-colored by-products, etc.). Under those
conditions, the polycondensation provided reasonable yields
(> 70%) with typical Mn ranging from 10.0 kgmol¢1 to
20.0 kg mol¢1 and polydispersity indexes of 1.20–1.50.
Although the chain length of the fatty diacid had a distinctive
influence on the physicochemical properties of the material, it
did not appear to significantly affect the molecular weight or
polydispersity of polymers. Differential scanning calorimetry
(DSC) on the polymers showed that only Cys-10E exhibited
a sharp melting point (Tm) around 60 88C, suggesting a semi-
crystalline structure, whereas the other polymers (x = 2–8)
showed amorphous behavior (SI). The glass transition
temperature (Tg) for these polymers ranged from 20–44 88C
(Table S1). For polymers with diacid monomers containing
two, four, and six methylene units, the Tg decreased inversely
to the length of the fatty diacid chain, whereas the Tg returned
to 27 88C for the sebacoyl chloride monomer (Cys-8E)
(Figures S2–S6). The chemical structures of the polymers
were confirmed by 1H NMR spectroscopy (Figures 1A and
S7–S10).

For the preparation of NPs with hydrophobic cores and
high drug loading, the solubility of the polymer in different
environments is important. We deemed a polymer to be
soluble at room temperature if dissolution of � 1.0 mg mL¢1

was possible. The prepared Cys-PDSAs were found to be
insoluble in aqueous solutions and organic solvents with
polarity index below 2.8 (benzene, toluene, and ethyl ether).

Scheme 1. Illustration of l-cysteine-based poly(disulfide amide) and intracellular delivery of docetaxol-loaded
redox-responsive Cys-PDSA NPs.
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In contrast, they were soluble in more polar organic solvents
(DMSO, DMF, THF, chloroform, and dichloromethane). This
extended range of solubility in a variety of water-miscible and
water-immiscible organic solvents is ideal to allow the
preparation of NPs using various methods, but also to simplify
the fabrication of multiple types of matrices from these
polymers. Owing to their broad solubility in various solvents,
NPs containing Cys-PDSAs can be prepared by nanoprecipi-
tation as well as single or double emulsions. Among those
fabrication methods, nanoprecipitation from DMSO offered
the most simplicity and reproducibility and was chosen for
further study. Under a standardized protocol (SI), the differ-
ent polymers produced NPs of different hydrodynamic sizes
(Figure 1B). Polymers with longer fatty diacid chains pro-
vided smaller NPs with possibly more dehydrated and
compact cores due to the increased hydrophobicity. TEM
imaging confirmed the size and spherical morphology of the
NPs (Figure 1D). Different stabilizers were screened to
improve the colloidal stability of the Cys-PDSA NPs, includ-
ing PVA, Tween, Pluronic, PEG, MYRJ, Lipid, and PEGy-
lated-lipids (SI). NPs stabilized with DPSE-mPEG with PEG
chains of 3000 Da showed better colloidal stability after
incubation in PBS or 10% FBS media (Figure S11). The
stabilizer concentration was optimized between 15–30 wt%
of the NPs. It is expected that hybrid NPs consisting of a Cys-
PDSA core surrounded by a monolayer of lipids will self-
assemble upon introduction of the DMSO polymer solution
in water. The zeta potential of the NPs finally ranged from
¢10 to ¢30 mV. Encapsulation of 1 wt % of Nile red, an
environment-dependent fluorescent probe, was used to
ascertain the hydrophobicity of the NPs. Figure 1C shows
that the color intensity of the dye increases with the length of
fatty acid units, suggesting the increasing hydrophobicity in
the core. NPs prepared by poly(disulfide)s with shorter diacid
chains show weaker color intensity, indicating lower hydro-
phobicity.

Disulfide bonds are prone to cleavage in a reductive
environment through the dithiol–disulfide exchange reaction.

Due to the high density and even distribution of disulfide
bonds along the Cys-PDSA polymer chain, the Cys-PDSA
NPs were designed for disassembly/degradation under reduc-
ing environments. The fluorescence of Nile red was used as an
indicator of polymer degradation and NP disassembly.
Although polymer Cys-2E could not be evaluated because
of poor dye encapsulation, the other Cys-PDSA polymers
(x = 4, 6, 8, and 10) were tested. As shown in Figure 2a,

whereas NPs prepared with Cys-4E and Cys-6E appeared to
lose 20–40% of their initial fluorescence over 4 h of
incubation in 37 88C PBS, the fluorescence intensity of NPs
prepared with Cys-8E and Cys-10E did not change. This
suggests that polymers made out of monomers with eight and
ten methylene groups exhibit improved Nile red retention
and slower release rates of their cargo, possibly due to
increased hydrophobic interactions with the dye and denser
packing of the polymer core. 10 mm DTT PBS solution is
widely used to mimic the intracellular redox-environment of
common tumors.[25] Under such conditions,[25] the fluores-
cence rapidly decreased for all NPs. Interestingly, the
susceptibility of the NPs to the reducing agent also appears
to be influenced by the nature of the polymers, with higher
x values exhibiting slower DTT-triggered release of Nile red.
NPs prepared with Cys-4E completely disassembled after
20 min, whereas Cys-6E and Cys-8E NPs needed between 30
and 60 min. For NPs prepared with Cys-10E, the rate of
disassembly was relatively low, and the fluorescence intensity
kept decreasing for about 3 h. Once again, the degradation of
the NPs is consistent with the hydrophobicity of the polymer
and the chain length of the diacid monomers. 10 mm
glutathione (GSH) PBS solution shows similar effects on
the Nile red release profile (SI, Figure S12). GPC results also
confirmed that the molecular weight of Cys-8E shows
significant reduction after GSH treatment (Figure S13).

Figure 1. A) 1HNMR spectrum of Cys-8E. B) Particle size of Cys-xE
NPs (x from 2 to 10). C) Cys-xE NP solutions loaded with 1 wt% Nile
red to demonstrate differences in hydrophobicity (from left to right:
x = 2,4,6,8,10). D) TEM images of Cys-8E NPs (scale bar = 100 nm).

Figure 2. A) Fluorescence intensity changes for different Cys-PDSA
NPs under PBS and 10 mm DTT. B) Fluorescence intensity change for
Cys-8E NPs under different DTT conditions. C) Appearance of Cys-8E
NP solutions after 2 h reduction (from left to right: blank (Cys-8E NP
in distilled water), Cys-8E NP solution with 10 mm DTT, Cys-8E NP
PBS solution with 20 wt % DSPE-mPEG3000, Cys-8E NP PBS solution
with 10 mm DTT and 20 wt% DSPE-mPEG3000. D) Particle size
change for Cys-8E NPs with different DTT concentrations.
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Based on redox-responsive sensitivity, hydrophobicity,
and NP characteristics, the susceptibility of Cys-8E NPs to
different concentrations of reducing agents was studied.
Figure 2b demonstrates that the NP disassembling rate was
accelerated with increasing concentrations of DTT. Although
the Nile red release rates were similar upon incubation with
5.0 and 10.0 mm DTT, no noticeable disassembly was
observed for 0.1 mm DTT over 4 h. These conditions corre-
spond to a redox potential similar to those observed in
extracellular fluids.[25] Interestingly, the pH of the solution
appears also to affect the NP susceptibility to the reducing
agent. At pH 5, 10 mm DTT was not able to trigger
disassembly, suggesting that redox-mediated release of the
payloads might selectively occur in the cytosol instead of the
endosome/lysosome, potentially conferring intracellular tar-
geting properties to the NPs. Furthermore, Figure 2C showed
the effect of NP stabilizer on 10 mm DTT disassembly. After
2 h, unlike Cys-8E NP in distilled water, Cys-8E NP solution
with 10 mm DTT turned from a milky solution to clear,
indicating that the majority of the NPs are degraded.
Compared with the combination of Cys-8E NP PBS solution
and 20 wt % DSPE-mPEG3000, the mixture of Cys-8E NP
PBS solution with 10 mm DTT and 20 wt % DSPE-
mPEG3000 showed slower degradation (from milky to less
milky).

The impact of exposure to the reducing agent on the
hydrodynamic diameter of the NPs was investigated by DLS.
Figure 2d shows that the particle size increased slightly after
the addition of DTT (1 mm and 10 mm). For longer periods,
the size of the NP remained stable and the count rate
decreased with time. To characterize the particlesÏ morphol-
ogy during the disassembling procedure, TEM was utilized to
monitor the structure of the degraded products. TEM imaging
(Figure S14) showed that two types of structures were
formed: degraded, irregularly shaped NP debris from a few
to tens of nm, or spherical shapes ranging from hundreds to
thousands of nm. This spherical structure was observed only
for x = 8 and 10. One possible reason could be the specific
hydrophobic structure of the polymer Cys-8E and Cys-10E,
causing some secondary self-assembly of the degraded
polymer segments during or after the NP disruption. As
shown in Figure 2d, partial degradation under 1 mm DTT
resulted in a stronger secondary assembly and large changes
in size. Therefore, DTT induced NP changes through
degradation and reassembly. This phenomenon inspired that
rapid degradation could trigger pulse-high dosage treatment,
while partial reassembly may locally lead to aggregated
particles and drug sustained-release for long-term therapy.
Although these results are very preliminary, this redox
degradation and secondary self-assembly phenomenon
could be an interesting topic for further investigation. Based
on TEM images and the above discussions, we could draw two
conclusions about the redox degradation of the Cys-PDSA
NPs: 1) all NPs are almost completely degraded within a few
hours, and 2) the secondary self-assembly may happen for
NPs with high hydrophobicity.

To ascertain the biocompatibility of the polymer, the
cytotoxicity of Cys-PDSA NPs coated with 20 wt % DSPE-
mPEG3000 was studied on HeLa cells after 48 h exposure.

None of the NPs appeared to cause any obvious cellular
toxicity (Figure S17). During in vivo evaluation in mice,
weight change (Figure S19) and histopathology of main
organs (Figure S22) also confirmed the good biocompatibility
of Cys-8E NPs. The intracellular redox sensitivity of the NPs
was studied using a co-encapsulated Fçrster resonance energy
transfer (FRET) pair consisting of hydrophobic coumarin 6
(400Ex/510Em) and Nile red (520Ex/590Em). In this experi-
ment, upon excitation of the donor dye (coumarin 6, excited
at 400 nm), the emitted energy is transferred to the acceptor
dye (Nile red) due to its close proximity (< 10 nm), and it is
able to fluoresce (at 590 nm). Upon disassembly of the NPs,
the FRET pair is separated and the normal fluorescence of
the coumarin dye is restored, whereas the Nile red stops
fluorescing. The ratio of Nile red to coumarin 6 has been
optimized at 10:1. As shown in Figure 3, after 0.5 h treatment,

obvious NP uptake and FRET effect were observed inside
A549 cells. After 1 h, the red fluorescence resulting from the
FRET decreases, whereas the green fluorescence of cou-
marin 6 increases. After 4 h, the cells show a dominant green
color, and the red color is difficult to detect. After 18 h, there
was no visible red fluorescence inside the cells. All these
images indicate that these hydrophobic NPs exhibit a rela-
tively fast cellular uptake (within a few hours) and efficient
redox-sensitivity inside tumor cells. When A549 cells were
pretreated with 50 mm N-ethylmaleimide (NEM) for 1 h,[27]

the FRET effect persisted after 4 h treatment with NPs
(Figure S15), indicating that GSH-triggered reduction was
significantly inhibited. These intracellular degradation per-
formances were consistent with previously observed in vitro
disassembly behavior of Nile-red loaded Cys-8E NPs.

Although docetaxel (Dtxl) has undeniable efficacy to
treat various types of cancer, its very low solubility in water
requires the use of toxic solvents in its formulations. This
results in drugs that have greater toxicity and poor tolerance.

Figure 3. FRET effect for Cys-8E/DSPE-mPEG3000 hybrid NPs with
0.1 wt% coumarin 6 and 1 wt% Nile red. A549 cells were used. Cells
with some red or orange color means the NPs are not completely
dissociated; the green color indicates that NPs are completely
dissociated.
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Dtxl therefore offers a broadly used model of hydrophobic
payload for the preclinical development of drug delivery
platforms. Owing to its high hydrophobicity, stability, and
selective redox-sensitivity, Cys-8E was selected for the
preparation of Dtxl-loaded NPs. Figure 4E is the TEM
image of 20 wt% Dtxl-loaded Cys-8E NPs. The loading of
a higher amount of drug did not significantly alter NP
morphology, but may slightly increase NP size. After opti-
mizing, the maximum Dtxl loading efficiency of Cys-8E NPs
could reach 25 wt% of NPs. The Dtxl concentrations of the
Cys-PDSA NPs were quantified by HPLC.

Figure 4F shows the results of the in vitro release experi-
ments conducted with Dtxl-loaded Cys-8E NPs. This panel
shows that in PBS, the NPs release less than 60% of their drug
content over six days. In contrast, upon addition of 1 or 10 mm
DTT, the same quantity was released within 48 and 12 h,
respectively. Compared with the PBS group, the 1 mm DTT
and 10 mm groups showed significantly different Dtxl release
performance, confirming the redox-promoted discharge of
payload. HeLa, MCF-7, A549, and DU145 cells were used for
evaluating the in vitro anticancer performance of Cys-8E NPs
with 10 wt% Dtxl. Figure 4A–D shows the cell viability of
HeLa and DU145 cells under different treatment conditions.
Overall, drug-loaded NPs had anticancer effects similar to
free Dtxl without significant differences, though the thera-
peutic efficacy varied among cell lines. With extension of the
treatment period from 4 h to 48 h, both free drug and NPs
showed dramatic improvement in inhibition of cell growth.
Similar to the cell-uptake results, when HeLa cells were
pretreated with 50 mm NEM for 1 h, Glutathione (GSH)

depletion inhibited intracellular redox-sensitivity, which fur-
ther reduced the anticancer performance of Dtxl-loaded Cys-
8E NPs (Figure S18). These in vitro performances confirm
that Dtxl-loaded NPs could be an interesting platform for
anticancer treatment and warrant further investigation
in vivo.

The antitumor efficacy of 10 wt % Dtxl-loaded Cys-8E
NPs was evaluated in an A549 xenograft mouse model. Prior
to the experiment, the maximum tolerance dosage (MTD) of
free Dtxl was established in normal mice at 5 mg kg¢1.
Furthermore, NPs biodistribution and pharmacokinetics
(PK) are presented in Figures S20 and S21, respectively. The
PK results indicate that docetaxel-loaded Cys-8E NPs and
poly(lactic-co-glycolic acid) (PLGA) NPs have similar t1/2

(around 5.38 h), much better than free Dtxl (around
1.18 h).[28] Although some NPs had been quickly captured
inside liver and spleen after administration, the fluorescence
intensity of tumor kept increasing due to the enhanced
permeation and retention (EPR) effect, indicating improved
drug accumulation for cell inhibition. Then the investigational
treatments were designed as follows: Group A: PBS;
Group B: free Dtxl 5 mgkg¢1 (Taxotere); Group C: PLGA
NPs equivalent to 5 mgkg¢1 of Dtxl; Group D: Cys-8E NPs
equivalent to 5 mgkg¢1 of Dtxl; Group E: Cys-8E NPs
equivalent to 10 mg kg¢1 of Dtxl. All treatments were injected
twice through the lateral tail vein on day 9 and 23 after tumor
inoculation. As shown in Figure 5, the PBS control group
exhibited rapid tumor growth, whereas free Dtxl and Dtxl-
loaded PLGA NPs showed only limited tumor inhibition. In
comparison, 5 mgkg¢1 of Dtxl loaded in NPs suppressed
tumor growth for longer. For comparison purposes, the
volume of tumors in mice injected with 5 mgkg¢1 of Dtxl-
loaded Cys-8E NPs took 35 days to reach that volume at
28 days in mice treated with 5 mgkg¢1 of Dtxl. The encapsu-
lation of Dtxl in Cys-8E NPs allowed increasing the dose
above the 5 mgkg¢1 MTD without significant weight loss in
mice (Figure S19). The more aggressive treatment
(10 mg kg¢1) significantly improved tumor inhibition, with
tumors not reaching the 300 mm3 volume before day 48.
Although tumor growth was observed in all groups, possibly
because the study was designed with only two therapeutic

Figure 4. A–D) In vitro anticancer evaluation for DSPE-PEG-coated
Cys-8E NPs with 10 wt% Dtxl encapsulated. A) and C) HeLa cells were
treated with Dtxl-loaded NPs for 4 h and 48 h, respectively. B) and
D) DU145 cells were treated with Dtxl-loaded NPs for 4 h and 48 h,
respectively. Cells treated with free Dtxl were used as controls. E) TEM
images of Cys-8E NPs loaded with 20 wt % Dtxl (scale bar = 200 nm).
F) Cumulative release of Dtxl from Cys-8E NPs.

Figure 5. Antitumor activity of Dtxl-loaded Cys-8E NPs. Mice were
treated on day 9 and 23 after tumor inoculation. The Dtxl dosage was
5 mgkg¢1 for each injection. Tumor volume is represented as the
mean �SEM (n= 5). Statistical differences among treated groups
were determined by one-way ANOVA assay (*P<0.05)
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doses, Cys-8E greatly reduced the size of tumors, confirming
the potential of redox-responsive polymeric NPs.

In summary, we have developed a new family of
biocompatible, biodegradable, fast redox-responsive, and
hydrophobic l-cysteine-based poly(disulfide amide)s. These
polymers were used to synthesize NPs with great potential for
anticancer applications. Using fatty diacid monomers with
different numbers of methylene groups, the polymers could
be tailored to exhibit distinct properties and kinetics of
degradation. Whereas controlling hydrophobicity could be
exploited to optimize the encapsulation of therapeutic cargos,
the rapid degradation occurring in reducing environments
could selectively increase intracellular drug release. Conceiv-
ably, tuning of these properties could culminate in more
efficient NP systems with improved spatiotemporal delivery
of therapeutic payloads.

Keywords: cysteine · disulfide · hydrophobic ·
polymeric nanoparticle · redox response
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