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ABSTRACT: Stimuli-responsive polypeptides offer unique advan-
tages for biomedical applications due to their biocompatibility,
degradability, and structural tunability. In this study, we report the
synthesis of innovative redox-responsive polypeptide-based diblock
copolymers consisting of functional disulfide-containing homo-
cysteine derivatives and hydrophobic γ-benzyl-L-glutamate seg-
ments via sequential ring-opening polymerizations. The polymer-
ization kinetics revealed that the polymerizations were well-
controlled with living characteristics, resulting in diblock copoly-
mers PHcy-b-PBLG with narrow molecular weight distributions.
The resulting functional-hydrophobic diblock copolymers were
further converted to a variety of pendant chains via thiol−disulfide
exchange reactions, yielding amphiphilic polymers with tunable
surface charges. These disulfide-linked materials readily self-assembled into nanoparticles in aqueous environments with
hydrophobic PBLG forming the core and redox-sensitive PHcy forming the shell. The redox-responsive nanoparticles displayed a
narrow size distribution, excellent colloidal stability, and excellent biocompatibility. The disulfide bonds within the polymer
backbone confer redox sensitivity, allowing potential cleavage in reducing environments. Owing to their tunable surface functionality,
redox-responsiveness, and biocompatibility, this platform provides a versatile route to engineer responsive nanostructures for
biomedical applications, for example, positively charged nanoparticles toward nucleic acid delivery.

Synthetic polypeptides, derived from naturally occurring
amino acids, have attracted significant attention for their

potential to serve as functional biomaterials, owing to their
biocompatibility, biodegradability, structural versatility, and
capacity for self-assembly into diverse nanostructures.1−4

Similar to proteins, synthetic polypeptides can form secondary
structures, including α-helices and β-sheets, and can be
engineered for specific biological interactions while maintain-
ing tunable physicochemical properties.5−7 By leveraging the
structural diversity of amino acids, these materials exhibit
tunable hydrophilicity, redox, pH- and temperature-sensitive
behaviors, and functional adaptability for various biomedical
applications.8−10 In particular, diblock copolypeptides com-
posed of two different types of amino acids are fully degradable
and offer unique advantages in material design, enabling
precise control over composition, responsiveness to environ-
mental stimuli, and enhanced biocompatibility.11−13 For
example, amphiphilic block polypeptides can self-assemble
into micelles and other types of nanoparticles, with the
hydrophobic segments forming the core to encapsulate
hydrophobic drugs, while the hydrophilic segments form the
shell of the nanoparticle.14,15

Stimuli-responsive materials have attracted extensive atten-
tion for their promising potential in biomedical applica-
tions.16−19 Among them, disulfide-containing polypeptides are
highly sought after due to their dynamic covalent disulfide
bonds, which are redox-responsive and can be cleaved by free
thiols, including glutathione (GSH), a naturally occurring
tripeptide that is overexpressed in many diseased tissues within
the biological system.20−23 For example, polycysteines (PCys)
have been widely utilized for a range of biomedical
applications, such as tissue engineering, drug delivery, and
gene delivery.24−26 However, PCys tend to form β-sheet
structures, which promote gelation and typically result in short
polymer chains with fewer than 20 repeating units.27 Barz and
colleagues synthesized activated PCys with low dispersity (Đ <
1.2) using an S-ethylsulfonyl protecting group. However, the
polymer length was still limited due to the formation of β-sheet
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structures, leading to gelation and precipitation, thereby
restricting the degree of polymerization to less than 30.28 In
contrast to PCys, polyhomocysteines derivative (PHD) with a
much higher degree of polymerization (>100), which was
polymerized from monomers derived from homocysteine,
could be facilely synthesized due to the absence of β-sheet
structure.27 Structurally analogous to cysteine, homocysteine
features a similar terminal thiol group, differentiated by an
additional carbon atom, which allows for the formation of a
redox-responsive disulfide bond. Therefore, PHDs provide
exceptional synthetic tunability for designing redox-responsive
biocompatible materials suitable for biomedical applications.

In this work, we have developed facile synthesis of redox-
responsive polyhomocysteine-based fully degradable diblock
copolymers by sequential ring-opening polymerizations
(ROPs) of N-carboxyanhydrides (NCAs) of homocysteine
and glutamate derivatives (Scheme 1). The polymerizations
were investigated in detail, displaying well-controlled first-
order polymerization kinetics. Following deprotection, free
thiols in the pendant chains could be converted to a range of
functional moieties by highly efficient thiol exchange reactions.
As a proof of concept, cationic, anionic, and zwitterionic side
chains were introduced to the disulfide containing diblock
copolymers, resulting in nanoparticles with tunable surface
charges and sizes after self-assembly, where hydrophobic
poly(γ-benzyl L-glutamate) (PBLG) forms the core of the
nanoparticle while disulfide containing PHD serves as the shell.

Polypeptides are commonly synthesized from the NCA of
amino acids, a highly reactive five-membered cyclic monomers
due to the simplicity and high efficiency of ROPs under mild
reaction conditions.1,29 In this study, we have designed
sequential ROPs to afford fully degradable diblock polypep-
tides. Neopentylamine was employed as the initiator to
polymerize the NCA of homocysteine derivative (Hcy-NCA)
and benzyl protected L-glutamate (BLG-NCA) sequentially,
resulting in block copolymer PHcy-b-PBLG. Benzyl mercaptan
was used to protect the thiol group of homocysteine by
forming a less reactive disulfide bond. Hcy-NCA was obtained
with high yield (>70%) after ring closing by diphosgene.
Polymerization reactions were conducted in anhydrous N,N-
dimethylformamide (DMF) with a constant monomer
concentration of 0.5 M for both Hcy-NCA and BLG-NCA.
The polymerization reaction of Hcy-NCA proceeded in a

Schlenk flask under a continuous nitrogen flow of 100 mL/
min, maintained at 0 °C for 24 h at a monomer-to-initiator
molar ratio ([M]0/[I]0) of 20. Complete polymerization of
Hcy-NCA was confirmed by 1H NMR (Figures S1−S3) and
size-exclusion chromatography (SEC). Subsequently, BLG-
NCA in DMF (12 equiv to initiator) was added dropwise to
the reaction mixture, which was further cooled to −20 °C in an
ice-salt bath for better control of polymerization kinetics,
better control of the polymerization kinetics, and achieved
lower dispersity in the resulting block copolymer. The reaction
mixture was stirred at this temperature for an additional 48 h.
After complete polymerization of the BLG-NCA as verified by
1H NMR, the synthesized PHcy-b-PBLG block copolymer was
purified by precipitating from dichloromethane (DCM) into a
mixture of diethyl ether and hexane. This purification process
was repeated at least three times to ensure the removal of
DMF, potential unreacted monomers, and other impurities.

During the polymerization, aliquots were used to character-
ize the reaction mixture by using 1H NMR and FT-IR
spectroscopy, and SEC traces were performed to monitor the
polymerization progress (Figure 1). In 1H NMR spectra, the
tert-butyl group of the initiator neopentylamine exhibited a
distinct singlet at 0.8 ppm labeled as peak a in Figure 1a, which
served as a reference peak for end group analysis. The methine
proton in the polyhomocysteine backbone, along with benzylic
protons and benzyl aromatic protons in the side chains, labeled
as peaks e, f, and g, respectively, could be used to calculate the
degree of polymerization (DP) of PHcy. A DP of 20 was
determined accordingly, suggesting the complete conversion of
the Hcy-NCA monomer to the polymer. SEC demonstrated
that monomodal distribution of molar mass of PHcy, with a
dispersity (Đ) value of 1.15 (Figure 1b, blue trace). In the 1H
NMR spectra, a new peak at 5.1 ppm, corresponding to the
benzylic protons from the polyglutamate (PBLG), emerged,
indicating the successful chain extension with BLG-NCA
monomers to afford diblock copolymer PHcy-b-PBLG. The
integration value of 24 suggested a nearly complete addition of
the BLG-NCA monomer to the polymer. Furthermore, the
peaks labeled “h and i” at 4.4 ppm, corresponding to the
protons attached to the methine carbons in the polymer
backbone of both PHcy and PBLG blocks, respectively,
appeared broader after the block polymer formation compared
to those in PHcy. The integration value of the “h and i” peak

Scheme 1. Synthesis of Diverse Functional Poly(homocysteine)-Based Diblock Copolymers by Sequential Ring Opening
Polymerizations, Followed Post-Polymerization Modification by Thiol−Disulfide Exchange Reactions
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was calculated to be 32, aligning with the expected proton
integration based on the polymer’s stoichiometry of 20
repeating units of homocysteine and 12 repeating units of
glutamate. Additionally, the decrease in retention time of
PHcy-b-PBLG compared with PHcy in the SEC indicated a
higher molar mass, further demonstrating the successful chain
extension from homopolymer PHcy (Figure 1b). The IR
spectrum of the block polymer displayed several peaks that
corresponded to functional groups in the final polymer
structure.30 The sharp peak seen at 3300 cm−1 represented
the amide N−H in the backbone of the polymer, while in the
sharp peak at 1650 cm−1 indicated the backbone’s amide C�
O bonds. The peaks at 1730 and 1160 cm−1 demonstrated the
presence of ester bonds from polyglutamate PBLG.

Maintaining a low reaction temperature is critical for
achieving controlled ROP of NCA monomers.29 Deming et.
al demonstrated that polymerizations conducted at 0 °C
retained living amine chain-ends in 99% of the chains, which
was essential for the successful synthesis of block copoly-
mers.29 Lower temperatures slow down both the initiation and
propagation steps, enabling better control over polymerization
kinetics and resulting in a narrower molecular weight
distribution.27 Given the high reactivity of NCA monomers,
moderately low temperatures are particularly advantageous, as
they improve monomer conversion while minimizing side
reactions. In this work, the ROP of Hcy-NCA was carried out
at 0 °C (using an ice bath) to preserve the living character of
the chain ends. However, when BLG-NCA was polymerized
using PHcy-NH2 as the macroinitiator, an even lower
temperature (−20 °C, achieved with an ice-salt bath) was
required. This difference in optimal temperatures likely arises

from the higher reactivity of BLG-NCA, necessitating stricter
thermal control to prevent unwanted side reactions and ensure
well-defined block copolymer formation. Worth noting,
switching the polymerization sequence by polymerizing BLG-
NCA first led to a multimodal distribution of molar mass with
large dispersities.

The polymerization kinetics of the ROP of Hcy-NCA and
BLG-NCA were investigated using the same [M]0/[I]0 ratio as
previously discussed, in anhydrous DMF with the same
initiator (Figure 2). The SEC traces (Figure 2a) showed

monomodal peaks that gradually shifted toward shorter elution
times as the polymerization proceeded, indicating increasing
molecular weight and relatively narrow dispersities (Đ ≤ 1.15)
during polymerization of the PHcy block. Linear plots of
ln([M]0/[M]) versus time (Figure 2b) demonstrated first-
order kinetics. The living nature of the polymerization was
further evidenced by the successful chain extension with BLG-
NCA monomers. In this step, the SEC traces (Figure 2c)
continued to display monomodal peaks shifting toward shorter
elution times, with dispersities remaining relatively low (Đ ≤
1.25). The corresponding kinetic plots (Figure 2d) also
showed linearity, confirming first-order kinetics and supporting
a controlled block copolymerization process.23,31

Postpolymerization modifications offer a straightforward and
effective strategy for introducing diverse functional groups into
polymer side chains.1,32 In contrast, directly polymerizing
functional monomers often leads to inefficiencies and poorly
controlled reactions due to incompatibilities between the
functional groups and the polymerization conditions.33,34 In
this study, we successfully conjugated various pendant
functional groups (R groups), including positively charged
cysteamine hydrochloride, 3- mercaptopropionic acid, and
zwitterionic cysteine, onto the PHcy-b-PBLG backbone via
facile thiol−disulfide exchange reactions (Figure 3a). Thiol−

Figure 1. (a) 1H NMR spectra of PHcy-b-PBLG and PHcy, where n
is 20 and m is 12. (b) SEC traces and (c) FT-IR spectra of PHcy
(blue) and PHcy-b-PBLG (red).

Figure 2. Kinetics study of PHcy block and poly(glutamate) block.
(a) GPC traces of neopentylamine-poly(homocysteine) over the first
24 h of polymerization. (b) Monomer conversion ln([M]0/[M]) vs
time calculated from the 1H NMR spectra taken during polymer-
ization of PHcy block. (c) GPC elution of PHcy-b-PBLG over the
first 24 h of polymerization of PBLG block. (d) Monomer conversion
ln([M]0/[M]) vs time calculated from the 1H NMR spectra taken
during polymerization of PBLG block.
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disulfide exchange reactions could be performed under mild
conditions, enabling the responsiveness.35 The disulfide bonds
were first deprotected by excess dithiothreitol (DTT) to
expose free thiol groups in the side chains in PHcy-b-PBLG.
DMF was selected as the optimal solvent due to its excellent
ability to dissolve the polymer. Complete deprotection of the
benzyl mercaptan groups was achieved by using with excess
DTT in anhydrous DMF at 60 °C for 48 h. The product was
purified by precipitating DCM into a mixture of diethyl ether
and hexane. 1H NMR analysis confirmed nearly quantitative
deprotection, as evidenced by the disappearance of methylene
peaks (δ = 3.8, labeled as e in Figure 1a) and significant
reduction of the integration of aromatic proton (δ = 7.5−7.0
ppm, Figure S6). At the same time, thiol containing functional
moieties were activated with dithiodipyridine to form reactive
pyridyl disulfide (RssPy). Subsequently, deprotected polymers
were then functionalized by treating them with excess of RssPy
(5 equiv relative to thiol groups) in anhydrous DMF for 48 h.
The resulting modified polymers, designated as PHcyR-b-
PBLG (R = Cat, Ani, or Zwi), were purified by dialysis against
water for 2 days. Successful functionalization was indicated by
FT-IR (Figure 3b) as evidenced by differences in the
fingerprint region (below 1500 cm−1) and was further
confirmed by 1H NMR (Figures S7−S9).36 High substitutions
of the pendant groups were achieved according to 1H NMR
spectra (Figures S7−S9). After functionalization, the disulfide-
containing polymers could be readily redissolved in DMSO
after storage in a refrigerator for several months, whereas the
deprotected polymer became insoluble within 1 week even
when stored in a nitrogen-filled vial. The ease and flexibility of
modifying pendant chains highlight the strengths of our
approach, where a series of redox-responsive polypeptides
could be obtained from the same parent diblock polypeptides
toward different biomedical applications. Multiple responsive
functionalities could be potentially installed at the same time,

offering precise control over polymer properties and promising
broad applicability in biomedical fields.11,37

The obtained amphiphilic diblock polypeptides were then
self-assembled into nanoparticles (NPs) with diverse proper-
ties, demonstrating their potential for various biomedical
applications.23 Stock solutions of three different polymers were
prepared in DMSO at a concentration of 5 mg/mL,
respectively. Then aliquots of stock solution were added
dropwise into water under stirring, reaching a final
concentration of 50 μg/mL. The hydrophobic PBLG segments
formed the core of the NPs, while the hydrophilic pendant
groups from PHcy constituted the outer shell in the aqueous
media. Surface zeta potential measurements confirmed the
designed surface charges of the NPs (Figure 3c). Specifically,
Amino groups containing PHcyCat-b-PBLG NPs exhibited a
positive zeta potential of +28 ± 2 mV, demonstrating their
potential as carriers for nucleic acids via electrostatic
interactions. Carboxylic acid containing PHcyAni-b-PBLG
NPs exhibited a negative zeta potential of −36 ± 1 mV,
while zwitterionic PHcyZwi-b-PBLG NPs showed a reduced
negative surface charge of −12 ± 4 mV. Dynamic light
scattering (DLS) analysis revealed that the hydrodynamic
diameters of the positively charged PHcyCat-b-PBLG NPs,
negatively charged PHcyAni-b-PBLG NPs, and zwitterionic
PHcyZwi-b-PBLG NPs were approximately 100, 150, and 200
nm, respectively, all with similar polydispersity indies (Figure
3d and Table S1). Circular transmission electron microscopy
(TEM) images showed that the diameters of these NPs were
approximately 30−40 nm (Figure S10). No signs of
aggregation or precipitation were observed after several
months of storage at 4 °C in the refrigerator, indicating the
excellent colloidal and hydrolytic stability of the nanoparticles
(Table S2). The in vitro cytotoxicity of the synthesized
polymers was evaluated by using the 4T1 cell line (Figure 4).

PHcyCat-b-PBLG nanoparticles, which carry a positively
charged surface, maintained over 70% cell viability at
concentrations up to 110 μg/mL, indicating excellent
biocompatibility. This is in contrast to many positively charged
polymers, for example, polyethylene imine had less than 50%
cell viability at ∼10 μg/mL. Furthermore, PHcyAni-b-PBLG
and PHcyZwi-b-PBLG, both exhibiting negative zeta poten-
tials, showed negligible cytotoxicities, demonstrating excellent
compatibility with 4T1 cells. Calcein-AM/PI double staining
of 4T1 cancer cells treated with PHcyR-b-PBLG (R = Cat, Ani,
and Zwi) for 24 h indicated minimal disruption to cell
membrane integrity, with the majority of cells remaining viable,
consistent with the in vitro cytotoxicity results. (Figure S11)

Figure 3. Comparison of PHcyCat-b-PBLG, PHcyAni-b-PBLG, and
PHcyZwi-b-PBLG. (a) The complete block polymer with the various
side chains formed a nanoparticle through self-assembly in water. (b)
FT-IR spectra of each polymer before self-assembly. (c) Zeta potential
measurement and (d) DLS analysis of nanoparticles formed from
PHcyCat-b-PBLG, PHcyAni-b-PBLG, and PHcyZwi-b-PBLG.

Figure 4. In vitro cytotoxicity of PHD-b-PBLG NPs against 4T1 cells
after 24 h incubation at 37 °C and 5% CO2.
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This enhanced biocompatibility is likely due to the absence of
surface positive charge, which reduces interactions with the
negatively charged cell membrane and thereby minimizes
membrane disruption and cellular stress.

In summary, a new class of stimuli-responsive diblock
polypeptides was developed by sequential ROPs of functional
disulfide-containing homocysteine-derived monomers and
hydrophobic glutamate monomers. The polymerization
kinetics revealed that the polymerizations were well-controlled
with living characteristics, resulting diblock copolymers PHcy-
b-PBLG with narrow molecular weight distributions. Post-
polymerization modification via thiol−disulfide exchange
enabled the introduction of diverse functional groups, yielding
amphiphilic polymers with tunable surface charges. These
disulfide-linked materials readily self-assembled into nano-
particles in aqueous media with hydrophobic PBLG forming
the core and redox-sensitive PHcy forming the shell. The
disulfide bonds in the shell confer redox responsiveness,
allowing for triggered cleavage under reductive conditions. The
redox-responsive nanoparticles displayed narrow size distribu-
tion, excellent colloidal stability, and excellent biocompatibility.
Ongoing efforts aim to explore these materials as building
blocks for a wide range of biomedical applications, especially
positively charged nanoparticles for nucleic acid delivery.
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