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ABSTRACT: Polypeptide-based nanoparticles oﬀer unique advantages from a nanomedicine perspective such as biocompatibility,
biodegradability, and stimuli-responsive properties to (patho)physiological conditions. Conventionally, self-assembled polypeptide
nanostructures are prepared by ﬁrst synthesizing their constituent amphiphilic polypeptides followed by postpolymerization selfassembly. Herein, we describe the one-pot synthesis of oxidation-sensitive supramolecular micelles and vesicles. This was achieved
by polymerization-induced self-assembly (PISA) of the N-carboxyanhydride (NCA) precursor of methionine using poly(ethylene
oxide) as a stabilizing and hydrophilic block in dimethyl sulfoxide (DMSO). By adjusting the hydrophobic block length and
concentration, we obtained a range of morphologies from spherical to wormlike micelles, to vesicles. Remarkably, the secondary
structure of polypeptides greatly inﬂuenced the ﬁnal morphology of the assemblies. Surprisingly, wormlike micellar morphologies
were obtained for a wide range of methionine block lengths and solid contents, with spherical micelles restricted to very short
hydrophobic lengths. Wormlike micelles further assembled into oxidation-sensitive, self-standing gels in the reaction pot. Both
vesicles and wormlike micelles obtained using this method demonstrated to degrade under controlled oxidant conditions, which
would expand their biomedical applications such as in sustained drug release or as cellular scaﬀolds in tissue engineering.

■

methionine.3 In addition, custom-built stimuli-responsiveness
is straightforwardly available by conjugating stimulus-speciﬁc
moieties to the polypeptide backbone (i.e., sugars, peptide
sequences, etc.), thus giving access to further triggers.3
Additionally, from a manufacturing perspective, polypeptides
hold attractive self-assembly behaviors owing to a higher
control over intra- and interchain interactions, altogether with
adjustable secondary and tertiary structures, as their protein
analogues.4 Indeed, amphiphilic diblock copolypeptides
comprising hydrophilic and hydrophobic sequences have
been shown to self-assemble in a variety of structures.5 All of
these properties make polypeptides ideal candidates for

INTRODUCTION

Polypeptides are the backbone of biological organization and,
as such, have attracted considerable interest from organic
chemists to synthesize them. The most established approach is
based on solid-phase methods that allow the synthesis of
complex sequences, which are never larger than tens of amino
acids. On the other end, long polypeptides without sequence
control can be made by ring-opening polymerization of Ncarboxyanhydrides (NCAs).1 Additionally, this technique
allows for easy modulation of the macromolecular engineering.2 The most important features of polymeric biomaterials,
i.e., biocompatibility and biodegradability, often provided by
stimuli-responsiveness,1 can be achieved with single amino acid
peptides. Stimuli-responsiveness allows for nanoparticle
disruption/degradation upon speciﬁc physiological conditions
such as pH or redox.3 Indeed, pH sensitivity can be attained
using natural amino acids containing (de)protonable residues
such as glutamic and aspartic acids, lysine, or histidine, while
redox-responsiveness is given by amino acids like cysteine or
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Figure 1. Schematic representation of the “one-pot” synthesis. Synthesis scheme for the ring-opening polymerization (ROP) of activated urethane
of methionine in DMSO as solvent (a). Molecular model of the PEO-PMET diblock copolymer showing the partial folding of the polypeptide (b).
Scheme showing the evolution from spherical micelles to cylindrical micelles to vesicles as a function of the PMET degree of polymerization with
relative transmission electron micrographs (c). Scale bar = 100 nm.

ogy was reported in each of these two investigations, i.e.,
vesicles or needle-like structures. These restrictions might
reduce access to the production of other nanoparticle
morphologies (which can dictate, for example, the rate of
endocytosis) and could represent a potential hurdle for the
scale-up production of peptide-based nanoparticles. Therefore,
new synthetic strategies which allow the translation of
polypeptide-based formulations of well-deﬁned morphologies
from laboratory to market, are strongly desired. Finally,
another key requirement for the translation of synthetic
nanomedicines and biomaterials into clinical use is their ability
to trigger their functional output (e.g., cargo delivery) under
the speciﬁc physiological conditions of the diseased/
malfunctioning site. We propose here the use of reactive
oxygen species (ROS) connected to mitochondria dysfunction.29 Indeed, chronic oxidative stress is linked to many
pathologies including atherosclerosis, neurodegeneration,
arthritis, diabetes, inﬂammation, cancer, and metastasis.30−34
Therefore, the unique redox microenvironment under these
pathological conditions makes the aﬀected regions diﬀerent
from their surroundings. For this reason, the use of building
blocks responsive to ROS has been extensively investigated
and exploited in nanomedicine to speciﬁcally deliver drugs,
bioactive/imaging agents to the disease site as well as in prodrugs.35−37 In addition, ROS-mediated biodegradability under
physiological conditions is also desirable to enhance
biocompatibility of the biomaterials/nanomedicines.
In this work, we present a novel method for the one-pot
production of multiple nanoparticle morphologies by dispersion polymerization of NCA precursors in aprotic solvents.
The proposed methodology eliminates the risk of instability of
NCAs with moisture/water that would otherwise lead to rapid
hydrolysis, and therefore, the methodology presents no limits
in solid content nor hydrophobic block length to obtain welldeﬁned particles. Indeed, by adjusting the degree of polymerization of the hydrophobic block and the solid content, it is
possible to engineer a wide range of structures (Figure 1). The
employed building hydrophobic blocks are based on the ROSresponsive amino acid methionine, as an exemplary hydrophobic block, which makes the nanoparticles oxidationsensitive.38 Remarkably, we also in situ monitored the
degradation of these nanoparticles at the nanoscale via stateof-the-art liquid-phase electron microscopy. Nonetheless, our
methodology could be extended to other amino acids, as

translation in many biological applications ranging from drug/
gene delivery, imaging, or tissue engineering.6−9
Traditionally, self-assembled structures using polypeptides
are prepared by ﬁrst synthesizing their constituent amphiphilic
polypeptides (i.e., unimers), followed by postpolymerization
self-assembly using a variety of techniques such as ﬁlm
rehydration, solvent switch, pH adjustment, nanoprecipitation,
salting-out, electroformation, layer-by-layer assembly, and
microﬂuidic techniques.10,11 However, most of these selfassembly methods only allow for diluted nanoparticle
dispersions (<1% solid content, solid content being an
expression of the polymer concentration at the end of the
reaction). Understandably, limitations in scaling-up processes
and manufacture hamper the clinical translation and
commercial applications of polypeptide-based assemblies.
Consequently, there is a clear need for a suitable and scalable
method of polypeptide nanoparticle production. In this regard,
polymerization-induced block copolymer self-assembly (PISA)
arises as a key solution.12,13 PISA comprises the in situ growth
of a “living” amphiphilic polymer chain and its simultaneous
self-assembly.14 Quite uniquely, PISA allows us to operate at
high solid contents to generate a plethora of homogeneous and
reproducible structures such as spheres, worms, and
vesicles.15,16 For PISA to work, a solvent-soluble macroinitiator
is generally used to polymerize a solvent-soluble monomer,
resulting in a solvent-insoluble polymer block, which drives the
self-assembly process.17 To date, the PISA approach has been
widely explored in the synthesis of polymethacrylate
derivatives using controlled radical polymerization processes
in dispersion or emulsion.18 However, there are only a few
examples in the literature exploiting ring-opening polymerization (ROP)-induced self-assembly.19−24 Toward this aim,
Jiang et al. recently reported the formation of poly(ethylene
oxide)polyphenylalanine vesicles in tetrahydrofuran by what
was referred to as NCA-PISA.25 In a similar manner,
Lecommandoux and Bonduelle reported the formation of
needle-like particles from poly(ethylene oxide)poly(benzylglutamate) by aqueous NCA-PISA, renamed this time
as ROPISA.26 Although undoubtedly novel, both methods
report only a maximum of 40 units of the hydrophobic chain
domain and are limited to the use of diluted polymer
concentrations of maximum 13% solid content, probably due
to the well-known sensitivity of the NCA monomers to
hydrolysis.27,28 In addition, one single nanoparticle morphol5053
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(MALS, PN3621), and ultraviolet−visible (UV−vis) (PN3211)
detectors. A working ﬂow rate of 0.7 mL/min at 25 °C was employed
with one Novema Max 100A Column equipped with a Novema Max
Guard Column (PSS Polymer, Germany). Refractive index and
multiangle light scattering were used for detection and molecular
weight determination. Calibration of both RI and MALS detectors
was achieved with well-deﬁned Pullulan (50 kDa) and validation with
poly(ethylene glycol) (21 kDa) standards. A polymer solution (50 μL,
3 mg/mL) was injected each time.
Transmission Electron Microscopy (STEM). The morphology
and size of the structures were imaged using a JEOL 100CX (Japan)
microscope (100 kV) equipped with a Gatan camera ERLANGSHEN
ES500W Model 782. We decided to use a low-voltage microscope due
to the beam sensitivity of polypeptide samples. Prior to TEM imaging,
the samples were stained with 0.5% (w/v) phosphotungstic acid
(PTA) (Sigma-Aldrich, Dorset, U.K.41). Brieﬂy, carbon-coated 400
mesh copper grids (Agar Scientiﬁc, Essex, U.K.), were glowdischarged for 40 s to render them hydrophilic. Next, 5 μL of the
sample dispersions, which were diluted ﬁvefold to a concentration of
0.5 mg/mL, were deposited on the grids for 1 min, followed by
removal of the excess of sample using a ﬁlter paper. The specimens
were positively stained by immersion into a 0.5% PTA solution for 4 s.
The grids were blotted again and dried under vacuum for 1 min.
Conventional Scanning Transmission Electron Microscopy
(STEM). Conventional STEM imaging was performed using a JEOL
JEM-2200FS TEM equipped with a ﬁeld emission gun (FEG) at 200
kV, and an in-column Omega (Ω) ﬁlter. STEM mode imaging was
performed using a HAADF detector and a dwelling time of 13 μs.
Liquid Scanning Transmission Electron Microscopy (Liquid
STEM). The liquid holder Ocean from DENS solutions was used for
imaging the dynamics of the vesicle and gel specimens. The liquid
samples were encased into two silicon nitride (SixNy) chips. These
chips had a 50 nm thick SixNy electron-transparent window of
dimensions 10 μm × 200 μm. One of these chips had a 200 nm spacer
to keep the liquid thickness constant in the experiments. The chips
were cleaned in HPLC-grade acetone followed by isopropanol for 5
min each, to remove their protective layer made of poly(methyl
methacrylate) (PMMA). Afterward, the chips were plasma-cleaned for
13 min to increase their hydrophilicity. Specimen (1.5 μL), vesicles
(PEO125-PMET80), and worm micelle-based gel-like structures
(PEO125-PMET40), at 2.5 mg/mL in water, were deposited on the
previously prepared 200 nm spacer chip. The drop-cast specimen was
enclosed by the spacer-less chip; right after, the liquid holder was
closed, to seal the liquid chamber. The sample solution (300 μL, 2.5
mg/mL) was ﬂushed in the liquid holder at 20 μL/min with a syringe
pump to ensure the liquid cell inlet and outlet pipes were ﬁlled out
with solution. The liquid holder was introduced in the transmission
electron microscope (TEM). Imaging was performed under static
conditions, i.e., not in ﬂow.
The soft polymer nanoparticles were imaged and recorded using a
JEOL JEM-2200FS transmission electron microscope (TEM)
equipped with an Omega (Ω) ﬁlter and a ﬁeld emission gun (FEG)
at 200 kV. Imaging was performed in STEM mode HAADF to control
the amount of energy induced to the specimen. The imaging was
performed with a built-in Hamamatsu camera. The videos were
recorded with the MOVAVI screen recorder software (version 9.5).
The images recorded via liquid scanning transmission electron
microscopy (liquid TEM) were corrupted by noise, which
signiﬁcantly reduced the quality of the images, complicating any
further analysis. Therefore, the Noise2Void (N2V) machine learningbased approach was adopted to overcome this problem.42 Unlike the
conventional machine learning-based approach, N2V reduces the
noise of an image without any need of the corresponding noiseless
image. This requirement makes N2V perfect to process LP EM
images, as noiseless images in liquid TEM are impossible to record.
However, N2V requires a big dataset (also known as training set) to
fulﬁll its task, a common requirement to machine learning-based
approaches. Conventionally, the training set has to contain thousands
of hundreds of images recorded with the same imaging settings, to
produce high-quality estimation of the noise distribution. Unfortu-

shown in experiments involving phenylalanine as the hydrophobic block, thus proving its versatility. Finally, our synthetic
approach can also be engineered to generate supramolecular
hydrogels in the reaction pot, with potential future in
biomedical applications such as wound healing, tissue
regeneration, cell matrix mimics, and therapeutics in tissue
engineering, biosensors, as well as in sustained drug release or
antibacterial applications.39

■

Article

EXPERIMENTAL SECTION

Materials. All chemicals were of reagent grade, obtained from
Sigma-Aldrich (Dorset, U.K.), and used without further puriﬁcation
unless otherwise indicated. All solvents were obtained from SigmaAldrich (Dorset, U.K.). Those used in puriﬁcations were of analytical
grade and used without further modiﬁcations except for anhydrous
dimethyl sulfoxide used in the synthesis. Deuterated triﬂuoroacetic
acid (TFA-d) was purchased from Fluorochem (U.K.). Methoxypoly(ethylene glycol)amine MW 5 kDa was obtained from Iris
Biotech GmbH (Marktredwitz, Germany). Dialysis was performed
using Spectra/Por 6 Dialysis Tubing, 3.5 kDa MWCO, 45 mm Flatwidth from Fisher Scientiﬁc (U.K.).
Polymerization-Induced Self-Assembly in Aprotic Solvent.
The hydrophobic monomer precursor exemplary used in this study
was an active urethane derivative precursor of the methionine amino
acid, which cyclizes in situ to form an NCA reagent with increasing
temperature. Such a precursor was synthesized in a previous step
according to Yamada et al.40 Next, the monomer and the hydrophilic
macroinitiator methoxy-poly(ethylene glycol)amine were weighed in
a Schlenk ﬂask provided with a stirrer bar and a sub-seal stopper. The
mixture was subjected to three high-vacuum/argon cycles to remove
any residual moisture. The feed ratio of initiator/monomer depended
on the desired hydrophobic/hydrophilic ratio in the ﬁnal synthesized
polymer, being typically, 1 the initiator, and x the equivalents of
monomer according to the desired hydrophobic length. The reaction
was performed using Schlenk techniques under argon atmosphere.
The corresponding amount of the aprotic polar solvent (DMSO)
according to the desired percentage of solid content (% w) was then
added. The reaction was left to proceed at 60 °C under vigorous
stirring and argon atmosphere with an outlet for CO2 removal for the
desired time depending on the targeted length of the hydrophobic
block. The ﬁnal self-assembled product was dialyzed against DMSO
using Spectra/Por 6 Dialysis Tubing, 3.5 kDa MWCO, 45 mm ﬂatwidth. To isolate the polymer for characterization, an aliquot was
precipitated in diethyl ether, washed three times with diethyl ether,
dried, and analyzed using 1H-nuclear magnetic resonance (NMR) for
DP calculation and gel permeation chromatography (GPC) for MW
estimation. The diﬀerent assemblies were transferred to aqueous
solutions by means of dialysis against water using Spectra/Por 6
Dialysis Tubing, 3.5 kDa MWCO, 45 mm ﬂat-width. PEO-PPhe
polymers were obtained following the same procedure.
1
H-Nuclear Magnetic Resonance (NMR). NMR spectra were
recorded at 27 °C (300 K) on a Bruker Avance III 600 spectrometer.
Data were processed with the software Mestrenova 9.0. Samples were
prepared at a 10 mg/mL concentration in deuterated triﬂuoroacetic
acid (TFA-d).
Gel Permeation Chromatography (GPC). GPC measurements
were performed in aqueous media due to the insolubility of PEOPMet chains in any organic solvent suitable for GPC in organics. For
GPC measurements in aqueous media, the polymers were subjected
to a previous oxidation step to poly(ethylene oxide)-b-poly(Lmethionine sulfoxide) using 1.1 equiv of H2O2 in methanol, at
room temperature and under vigorous stirring for 24 h.40 The
oxidized polymers were subjected to dialysis (MWCO 35 kDa) and
isolated by lyophilization. GPC measurements in aqueous media
containing 0.1 M of NaNO3 as an additive were performed in an
AF2000 system from Postnova Analytics (Landsberg, Germany). The
system was conﬁgured to work on GPC mode with an isocratic pump
(PN1130) and an autosampler (PN5300). As detectors, we used a
refractive index (RI, PN3150), 21 angle-multiangle light scattering
5054
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Figure 2. Phase diagram of polypeptide nanoparticle morphologies. Morphological phase diagram (top graph) showing the PEO125-PMETx
nanoparticle morphologies in aqueous dispersion after solvent displacement by dialysis, for polymerization reactions conducted under various solid
contents (expressed in w/w %) and degrees of polymerization (DP) of the polymethionine (PMET) block. Symbol legend: purple triangle =
spheres (i.e., spherical micelles) (S); blue hexagon = spheres + worms (i.e., wormlike micelles) (S + W); yellow trapeze = worms (W); green
diamond = worms + vesicles (W + V); pink circle = vesicles (V). The TEM micrographs of stained PEO125-PMETx structures in aqueous
dispersion (0.5 mg/mL) after solvent displacement by dialysis show examples of the relative structures. Scale bar = 100 nm.
The ﬁnal spectra were produced by combining 10 individual spectra
and then expressed in molar ellipticity.

nately, in our case, only single videos (image sequence) recorded at
diﬀerent imaging conditions were available. Therefore, the training set
was created by sampling the image sequence every two frames, in
order not to bias the training process of the N2V. The remaining half
of the image sequence has been processed and used to derive the
presented results.
To train the N2V, 3050 frames were selected, extracting 128
diﬀerent nonoverlapping squared patches (i.e., portions of the pixels
of the image) of 64 × 64 pixels from each of them. Moreover, N2V
was trained for 100 epochs, with a batch size of 128. These values
produced the best results in a short processing time. Results of this
noise reduction procedure are displayed in Figure S12.
Oxidation Kinetics. For oxidation kinetics, samples of either
vesicles or worms were prepared at 1 mg/mL. Samples were then
incubated at 37 °C with diﬀerent H2O2 concentrations ranging from
0.1 to 10 mM for 24 h. Absorbance measurements at 450 nm were
performed at each time point using a UV-2401 PC Shimadzu
spectrophotometer (Japan) at room temperature, a scan speed of 40
nm/min, an integration time of 2 s, and a bandwidth of 1 nm. Due to
their nanometric size, the nanoparticles are expected to scatter light at
the incident wavelength, and therefore, the detected signal can be
considered as an indication of the turbidity of the samples.
Circular Dichroism (CD). CD spectroscopy was performed with a
J-715 CD spectrometer (JASCO Corporation, Japan) using a Peltier
thermostated cell holder (PTC-423, JASCO Corporation) with a
recirculating cooler (JULABO F250, JASCO Corporation). Nitrogen
ﬂow (∼2.7 L/min) was led through the spectrometer and controlled
with a nitrogen ﬂow monitor (Afriso Euro-Index). The samples were
measured in double-distilled water (Milli-Q H2O) at 1 mg/mL. The
samples were measured repeatedly (n = 3) in a quartz cuvette with d =
0.1 mm. Spectra were recorded at 25 °C from 300 to 180 nm using a
data pitch, a bandwidth of 0.2 nm, and a scan speed of 50 nm/min.

■

RESULTS AND DISCUSSION
Polypeptide-based block copolymers were synthesized using a
variation of the ROP of NCA method based on the synthesis
of urethane derivatives of amino acids, as more stable and less
moisture-sensitive monomers than NCA monomers.43 Such
active urethane derivatives are known to be susceptible to
cyclization to form NCAs under mild temperature conditions,
which can further polymerize depending on the solvent
nature.44,45 Speciﬁcally, hydrophobic blocks of the ROSsensitive activated urethane of methionine were polymerized
at 60 °C in the polar aprotic solvent dimethyl sulfoxide
(DMSO) using the hydrophilic block methoxy-poly(ethylene
glycol)amine (mPEO125-NH2) as both macroinitiator and
stabilizer block (Figure 1a). Although DMSO was a good
solvent for the chosen monomer, the reaction mixture became
turbid as the reaction progressed, suggesting that the
polypeptide was not soluble. The growing solvent-phobic
chain established the condition for self-assembly, and the ﬁnal
structures were controlled by the polypeptide degree of
polymerization as well as by the solid content in the reaction
mixture, the latter deﬁned as the copolymer weight fraction at
the end of the reaction, as typically done in the PISA literature
(Figure 1c). We tested the strength of our methodology for
producing diﬀerent nanoparticle morphologies by controlling
the degree of polymerization (DP) of the methionine block
from 5 to 120 units and by varying the total solid content from
8 to 45% (Figure 1c).
5055
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8% solid content, resulted in a mixture of mostly linear
wormlike micelles and some remaining spherical micelles. A
sole population of wormlike micelles was obtained at DPs of
40−60 when keeping the solid content at 8%. Higher DPs
produced a mixture of worms and intermediate structures
including branched worms, partially coalesced worms, nascent
bilayers.15 Finally, a vesicle phase was observed with diameters
ranging between 100 and 200 nm, with PEO125-PMET120, at
8% solid content. A similar trend was observed at 15% solid
content (Figures S3 and S4) when increasing the methionine
degree of polymerization from 5 to 120. Wormlike micelles
and vesicle-enriched samples became more predominant for
the highest solid contents, i.e., 30 or 45%, above 10 methionine
units in both cases (Figures 2 and S6). Remarkably, batch-tobatch reproducibility was consistent between diﬀerent
polymerization batches of the one-pot method (n = 2−3
depending on the sample) in terms of polymer characterization
and obtained nanostructures. It is worth noticing that
wormlike micelles obtained for PEO125-PMET40 further
assembled into organogels during polymerization, whose
formation was highly dependent on the solid content (Figure
S7). Most importantly, like for any of the other assemblies, also
the gels were preserved upon dialysis and replacement of
DMSO with water (Figures S7 and S8). Both types of gels, i.e.,
organo- and hydrogels, were self-standing and stayed at the
bottom of the vials when these were turned upside down, as
shown in Figures S7 and S8. The gel-like behavior of PEO125PMET40 was conﬁrmed by a larger value of storage modulus,
G′ (connected to the storage of elastic energy of the sample
and, thus, to its solidlike behavior), compared to the loss
modulus, G″ (related to the dissipation of viscous energy
under shear, i.e., to a liquid-like behavior) when the sample
was subjected to a small oscillatory strain over time, as seen in
Figure S9a. The values of G′ (2890 ± 50 Pa) and G″ (321 ±
18 Pa) were comparable to those of soft tissues in the liver or
the brain.46 However, the gels could also be injected using a
syringe, as shown in Supporting Information Video S1. To
mimic injection in oscillatory strain tests, we applied a strong
shear rate (500 s−1) for a short period of time (60 s), which led
to a sharp decrease of both G′ and G″, with G″ values very
close (almost coincident) to those of G′. Indeed, when G″ >
G′, the internal gel network is lost, i.e., shear thinning behavior,
which enables injection.47 The shear thinning behavior of the
polypeptide was more pronounced than for a 15 wt %.
Pluronic F127 gel under the same shear conditions (at 37 °C),
which is well known for its thermosensitive response and
injectability48 (Figure S9b). Signiﬁcantly, the sample gradually
recovered consistency after time (G′ > G″) once the strong
shear rate was stopped, indicating a self-healing behavior.
The phase diagram in Figure 2 is dominated by cylindrical
micellar and vesicular arrangements. While the latter might be
consistent with the hydrophobic/hydrophilic ratios of the
copolymer, the extent of formation of the former is surprisingly
wide. As the hydrophobic segment increases in mass and size,
one should expect a natural evolution from spherical micelles
to worms to vesicles. However, we observed spherical
arrangements only at very short PMET chains and at a low
concentration. A potential explanation for such discrepancy for
amphiphilic polypeptides can be attributed to the peptide
secondary structure.38 Thus, we assessed the secondary
structure for the diﬀerent assemblies using circular dichroism
(CD) spectroscopy. The CD spectra collected for all of the
diﬀerent PMET degrees of polymerization are shown in Figure

Due to the high insolubility of the large polymers obtained
(i.e., DPs above 40 units) in the common solvents for GPC
analysis, the molecular mass and polydispersity (Đ) of the
generated block copolymers were estimated by gel permeation
chromatography (GPC) under aqueous conditions by
previously oxidizing the methionine block selectively into
methionine sulfoxide (see the Experimental Section (Figure
S1a and Table S1)). All of the resulting block copolymers
conforming the assembled nanostructures were characterized
by nuclear magnetic resonance (NMR) in deuterated triﬂuoroacetic acid (TFA-d) after polymer isolation (Figure S1b). We
obtained the expected molecular masses according to the feed
monomer/initiator ratios (by NMR and GPC) and estimated
that polydispersity, Đ, was below 1.3 (Table S1), except for
PEO125-PMET120, which was close to 1.5. Especially in the case
of smaller polymers, the GPC trace shows a small overlap of
the copolymer and the initiator (PEO) traces (Figure S1),
which might be explained by the presence of impurities,
unreacted monomer, or a small fraction of homopolymers
resulting from residual unwanted reactions. The reaction was
completed in 6 h for the longest hydrophobic block of PEO125PMET120 and a solid content of 8% w/w, as demonstrated by
negligible changes in composition according to NMR after that
time (Figure S2). There was also a nonsigniﬁcant change of
nanoparticle size measured by dynamic light scattering (DLS)
after the 6 h, indicating reaction completion (Figure S2).
Increasing the initial monomer concentration resulted in
increased viscosities, which led to longer reaction times (Table
S2). We obtained deﬁned particles with solid contents as high
as 45%, in contrast to the previously reported investigation,25,26 demonstrating the strong potential of our method for
large-scale production. The polypeptide polymerization and
concomitant self-assembly were performed in DMSO. The
reaction mixtures were imaged by transmission electron
microscopy (TEM), and a variety of assemblies such as
micelles, worms, and vesicles were displayed depending on the
reaction conditions, and resulting degree of polymerization as
well as solid content (Figure S3). Most notably, the generated
morphologies were preserved without visible structural
changes after transfer to aqueous media (Figures 2, S4, and
S5) displacing DMSO via dialysis (MW cutoﬀ = 3.5 kDa).
Such a structural continuity is critical in biological applications,
where an aqueous environment is usually preferred. We
observed the additional formation of larger aggregates that led
to partial sedimentation after solvent displacement (not
observed in DMSO), only in samples with the highest
concentration (45% solid content). The sedimentation in
these particular cases was reduced by diluting the sample prior
to solvent displacement.
We then sought to investigate the impact of the degree of
polymerization (as the hydrophobic block length) and the
copolymer concentration (i.e., solid concentration) on the
morphology of the self-assembled nanostructures. Extensive
TEM analysis allowed us to generate a phase diagram for
PMET degree of polymerization vs solid content, as shown in
Figure 2. Only for the smallest targeted DP yielding PEO125PMET5, and a solid content of 8% we observed small spherical
aggregates with diameter around 10−15 nm. Increasing the
solid content and keeping this particular hydrophobic length
ﬁxed at ﬁve units of methionine progressively led to a mixture
of spherical and wormlike micelles of thickness ca. 20 nm.
Further increases of the hydrophobic block length from 5 to
10−20 methionine units, at the lowest concentration tested of
5056
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Figure 3. Secondary structure eﬀect on self-assembly. (a) Circular dichroism spectra in water as a function of the polymethionine (PMET) degree
of polymerization at 15% solid content. (b) Scaling analysis between the micelle radius or the vesicle membrane thickness (measured from TEM
images) as a function of the PMET degree of polymerization (left y-axis, red, yellow-ﬁlled circles) plotted alongside two scaling laws:
supersegregated copolymers (d = 0.25N2/3) and assuming a perfect α-helix conformation (d = 0.157N). The ratio between the two α-helix
characteristic peaks at wavelengths 222 and 208 nm vs degree of polymerization is also plotted (right y-axis, blue circles).

ing to rather twisted structures in helix-like patterns instead of
smooth straight worms as seen in Figure 4a. We also analyzed
the same gels formed in the PEO125-PMET40 sample using
liquid-phase scanning electron microscopy (LSTEM), and
here, the same structure was observed in water, suggesting that
the twisted arrangement was not an artifact from the water
removal in dry-state imaging (Figure 4b). Both ultrastructure
analyses suggested that the PMET chains folded into α-helices
and these assembled forming a staggered coiled-coil conﬁguration as shown in Figure 4c. Such an arrangement only
allows one direction for growth, and hence, the copolymers
form wormlike micelles even though the hydrophilic/hydrophobic ratio would be more optimal for spherical packing.
Remarkably, the same sample can however show both
wormlike micellar and membrane vesicular morphologies (as
shown in Figure 4d), and such this eclectic nature can be easily
explained by invoking the staggering of the helices during the
formation of the coiled-coil complexes. As we propose in
Figure 4e, the parallel arrangement will only allow for
membrane packing. Finally, for longer hydrophobic blocks
such as PMET80 or PMET120, their ability to form vesicles is
demonstrated in liquid-phase STEM micrograph in Figure 4f,
and here, we propose a mixed helix and random coil
conﬁguration as shown in Figure 4g in agreement with both
CD and scaling analyses.
Overall, the novelty of our strategy lies in the production of
a variety of morphologies obtained mostly by tuning the
targeted length of the hydrophobic blocks, which is controlled
by the synthetic procedure. Indeed, NCA polymerization,
polymer isolation, and postpolymerization assembly, apart
from involving multiple additional steps of puriﬁcation, did not
allow us to obtain the same morphologies. For instance,
solvent-switch methods that rely on the use of water-miscible
solvents to ﬁrst dissolve the polymer, which is then transferred
to an aqueous solution for self-assembly, could not be used for
the whole range of hydrophobic lengths synthesized here. This
is the case of large PEO125-PMET80−120 polymers rendering
vesicular morphologies, which turned out to be insoluble in
any known water-miscible solvent. In the particular case of
PEO125-PMET40, solvent-switch methods did not yield wormlike micellar hydrogels in any of our attempts. We have also
employed time-consuming ﬁlm-hydration protocols using
water-immiscible solvents such as chloroform to dissolve the
polymer. Using this method, a minimum of 6−7 weeks was

3a. With the exception of PEO125-PMET5, and in agreement
with the reported propensity of methionine to form helix-like
structures,49 all spectra showed evidence of α-helix conformation with the typical positive peak for wavelengths lower
than 190 nm and negative peaks between 190 and 260 nm.
These peaks were particularly intense for PMET degrees of
polymerization between 10 and 80, showing a nonmonotonic
trend with the most negative value obtained for PMET40.
Indeed, if we plot the ratio between the two α-helix
characteristic peaks at wavelengths 222 and 208 nm,
respectively (Figure 3b), we see that this is about 1.6−1.8
for DP = 10, 20, 40, and 80 and it decreases to almost 1 for
PMET120. The largest polypeptide synthesized in this study
also shows the least intense peaks suggesting a mixture of helix
and coil conformations. The rest of the polypeptides show
more helical arrangements (estimated by a decreased peak
intensity at 222 nm), and their higher 222/208 ratio suggests
interaction between the helices typical of coiled-coil complex
formation.50 The ellipticity ratio 222/208 is plotted in Figure
3b alongside the micelle radius and the vesicle membrane
thickness as a function of the PMET degree of polymerization.
Both radius and thickness were measured from TEM images
(see the Experimental Section for details) and no evident
scaling law with the polymerization degree was observed. If we
assumed a perfect α-helix conformation, where each
methionine unit corresponds to a helix with a = 0.157 nm,
then the PMET end-to-end distance (d) would scale linearly
with the degree of polymerization (N) with d = aN, while if we
assumed a typical supersegregated regime for amphiphilic
copolymers, then the expected scaling would be d = 0.25N2/3
with 0.25 being the monomer length.51 Both trends are plotted
in Figure 3b revealing that the PMET scaling falls within the
two, indicating a mixed behavior, with the secondary structure
of short PMET more in line with α-helix conformations, while
longer polypeptides showed a mixed conformation with
random coils.
To gain additional information on the secondary structure of
the wormlike micelles, the hydrogels formed by a network of
these were imaged by scanning transmission electron
microscopy (STEM). The high-angle annular dark-ﬁeld
imaging mode (HAADF) in STEM provides enhanced image
contrast and reveals spatial features in certain morphologies
that are not easily observed in bright/dark-ﬁeld TEM. STEM
images in dark-ﬁeld mode revealed a morphology correspond5057
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Figure 4. Supramolecular architecture. High-angle annular dark-ﬁeld scanning transmission electron microscopy imaging (HAADF-STEM) (a) and
liquid-phase scanning transmission electron microscopy (LSTEM) imaging (b) of the of PEO125-PMET40 wormlike micellar gels at diﬀerent
magniﬁcations. Model of the polypeptide assembly showing the PEO125-PMET40 helices staggered (c). Transmission electron microscopy (d) of
PEO125-PMET40 wormlike micelles coexisting with vesicles (scale bar = 100 nm). The membrane arrangement is possible with parallel coiled-coil
helices (e). Liquid-phase STEM of PEO125-PMET120 vesicles (f) and our proposed model of mixed coil and helix conformation (g). Note that the
peptide secondary structures are represented showing both the molecule electron density colored as a function of its hydrophobicity as well as with
the relevant helices depicted as a cartoon ribbon. Dwelling time for (b): 13 s. e− doses for (b): 0.008 e−/A2 for top left, 0.19 e−/A2 for top right,
3.11 e−/A2 for centered, and 19.45 e−/A2 for bottom. Scale bar for (f): 100 nm. Dwelling time for (f): 3 s. e− doses for (f): 47.59 e−/A2.

needed to obtain much more polydisperse spherical vesicles
requiring additional steps of size-exclusion chromatography

puriﬁcation and with yields below 40%. Hydrogels were not
obtained using this technique either. Overall, our strategy of
5058
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Figure 5. ROS-sensitive disassembly of PEO125-PMETx nanostructures. (a) Temporal evolution of the light intensity scattered by PEO125-PMET40
worms, as a function of time upon the addition of H2O2 in three diﬀerent concentrations (0.1, 1, and 10 mM). (b) Time series snapshots of the
acquired Video S6 of PEO125-PMET40 gel via liquid STEM showing the in situ electron beam-induced degradation occurring progressively in the
spherical aggregates located within the gel micron-sized structure. Scale bar = 200 nm. e− dose rate: 33.3 e−/A2/s, total dose: 40 626 e−/A2. Liquid
STEM videos provided in the SI. (c) Magniﬁcation showing the closely packed worms inside the globular gels. (d) Temporal evolution of the light
intensity scattered by vesicles, as a function of time upon the addition of H2O2 in three diﬀerent concentrations (0.1, 1, and 10 mM). (e) Liquid
STEM micrographs showing disassembly of a vesicle in real time by the oxidation of the PMET block as a consequence of electron beam irradiation
in the aqueous media. The series starts at 0 s when the polymer vesicle is intact; after 14 s, the polymer vesicle membrane shows initial changes in
the form of spikes protruding out of the membrane; the vesicle disassembly process progresses by growing tentacle-like branches; at 48 s, a ﬁnal
hyperbranched structure with an inhomogeneous spherical core is reached. Dwelling time = 13 μs. Scale bar = 100 nm. Dose rate: 47.6 e−/A2/s,
total dose: 2284.8 e−/A2. (f) Magniﬁcation of the ﬁnal hyperbranched structure obtained in (e).
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closely packed worms in their interior. Upon electron beam
irradiation, the degradation displayed as progressive conformational changes due to the change in hydrophobicity of the
PMET block. Speciﬁcally, these globular aggregates of the gel
sample seemed to swell and open up to release wormlike
micelles (Figures 5c and S12) in a timescale of ca. 20 min
(Figure 5b). The formerly amphiphilic worms that were
packed within the globular structures would have become fully
hydrophilic upon oxidation. To maximize contact with the
outer solvent, the hydrophilic worms were released from the
globules and slowly untangled to be fully exposed to the bulk
media. Ultimately, the worm structures changed shape and
degraded as seen in Figures 5b,c, S13, and Videos S4 and S6.
These observations suggest that the tightly packed network of
worms observed in dry TEM/STEM would have been further
enclosed within the gel globular structures when the system
was in a fully hydrated state. From the contrast oﬀered by the
liquid STEM images (Figure 5b,c and Videos S2−S8), it could
be hypothesized that the interior of the globular gel structures
was ﬁlled with a more dense and viscous ﬂuid than the
surrounding bulk media. Whether the worms coiled up inside
the globular gels in an attempt to minimize contact with the
bulk due to their amphiphilic nature or the whole structure
simply did not disperse well is unknown. The slow degradation
of the wormlike micelle samples could be attributed to the
tendency of these structures to form gels.
On the contrary, for vesicles (Figure 5d), the scattering
intensity in UV−vis spectrophotometry experiments was
reduced from 100 to 0% after 24 h, suggesting nearly complete
degradation of the nanoparticles for all of the H 2 O 2
concentrations used. About 50% of the scattered intensity
was lost in the vesicle sample after 6 h of exposure to H2O2
regardless of its concentration. Further conﬁrmation of
nanoparticle disassembly upon oxidation with H2O2 was
obtained by dynamic light scattering techniques, where the
lack of a good correlation function for the scattered intensity
indicated vesicle disassembly (Figure S14a−c). Moreover, 1HNMR in TFA-d before and after the oxidation process with
H2O2 (24 h) revealed the complete oxidation of methionine
(Figure S14d). These results were in good agreement with
previous studies reported by Deming and co-workers in
polypeptide-based vesicles bearing a reduction-sensitive poly(methionine sulfoxide) block.38 Indeed, Deming et al. explored
payload release from vesicles upon membrane disruption due
to the enzymatic reduction of methionine sulfoxide into
methionine. According to the authors, oxidation produced a
conformational change in the inherent secondary structure of
the polypeptide block, from α-helix in poly(methionine) to a
water-soluble disordered conformation in poly(methionine
sulfoxide), and ﬁnally to a slightly water-soluble form
composed of essentially α-helix in poly(methionine sulfone).
CD measurements of completely oxidized worms and vesicles
can be found in Figure S14e, showing the conformational
changes described by Deming et al. We observed that upon
oxidation, a sample of PEO125-PMET(Ox)40 (worms before
oxidation) preserved the α-helix conformation, while the coil−
coil conformation was lost. In the case of PEO125-PMET(Ox)120 (vesicles before oxidation), the oxidation resulted in a
loss of the secondary structure with CD showing random coil
conﬁguration, conﬁrming that high hydrophobic block lengths
do not favor α-helix conﬁguration. In the present study and in
the case of vesicle samples, we did not observe remarkable
diﬀerences in degradation for all of the H2O2 concentrations

self-assembly during polymerization is governed by coil−coil
interactions that occur during polymerization, therefore
leading to diﬀerent morphologies compared to conventional
methods, also in high yields. Additionally, the versatility of this
strategy has been successfully extended to the PISA of other
hydrophobic amino acid, phenylalanine. Figure S10 shows
TEM micrographs depicting how diﬀerent morphologies
ranging from micelles (DP = 5) to wormlike hydrogels (DP
= 40), up to vesicular hydrogels (DP = 80), can be obtained by
tuning the hydrophobic block (polyphenylalanine) length at a
constant polymer concentration of 8% solid content. The
vesicular hydrogel phase formation was previously reported for
amphiphilic copolymers at a high solid content.52−54 Therefore, we envisage that nanoassemblies based on any hydrophobic amino acid (or amino acid mixtures), soluble in DMSO
and insoluble when polymerized, could be potentially obtained
following this methodology.
Finally, we investigated the potential stimuli-responsiveness
of the assemblies against reactive oxygen species (ROS). For
exemplary purposes, we used H2O2, one of the main species
found in the human body, although not the only one. While
still controversial due to the variability of results reported in
the literature, the absolute H2O2 concentration in the blood is
thought to be in the range of 1−5 × 10−3 mM under healthy
conditions and 30−50 × 10−3 mM during chronic inﬂammation.55 However, local H2O2 concentrations generated by
activated macrophages in disease conditions may reach up to
0.01−1 mM.56 Thus, if properly targeted, this distinctive local
redox environment in pathological vs healthy regions oﬀers a
great opportunity for disease diagnosis and/or therapy.
Methionine possesses a thioether moiety that is well known
to undergo oxidation under the exposure to common oxidants
(including H2O2), yielding ﬁrst methionine sulfoxide under
mild oxidation, and ﬁnally methionine sulfone, under further
oxidation.57 Both species are hydrophilic, and therefore, the
hydrophobic-to-hydrophilic transition of methionine allows for
the design of ROS-responsive nanostructures. We designed a
series of UV−vis spectrophotometry experiments to assess the
sample turbidity as a measure of the scattering eﬀect of the
nanoparticles on light upon addition of hydrogen peroxide
(H2O2). We found that the wormlike micelle-containing
samples remained roughly stable when applying the lowest,
and physiologically relevant, H2O2 concentrations tested of 0.1
and 1 mM, displaying only about 20% decrease in the
scattering signal after 24 h of incubation (Figure 5a).
Nevertheless, wormlike micelle samples were found almost
completely degraded when subjected to the highest H2O2
concentration of the study at 10 mM. Thus, the degradation
rate of the wormlike micelle gels was clearly dependent on the
ROS concentration, making these materials promising
candidates, for instance, as drug delivery depots in ROSrelated diseases. Our results agree with previous reports by Xu
et al., who showed a slow and sustained ROS-dependent
degradation of similar hydrogels at 1 mM H2O2 over 19 days of
incubation, and a fast hydrogel disruption in 3 days at 10 mM
H2O2.58 Reactive radical species have been reported to form in
aqueous media upon electron beam irradiation,59,60 which
allowed us to use liquid EM imaging as a tool to monitor in
real time the polymer degradation by a diﬀerent oxidation
process. Liquid STEM (Videos S2−S8) disclosed that the
worm-based gels seemed to be compartmentalized into large
micron-sized globular structures (Figures 5b and S11) with
diﬀerent densities at the core and outer regions, conﬁning
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biodegradable, and stimuli-responsive polypeptides can have
a myriad of applications in the healthcare sector. We envisage
the design of biodegradable wormlike micelle-based amphiphilic hydrogels as biomaterial scaﬀolds for cellular matrixes,
including the option of sustained release of therapeutics.
Indeed, the values of the storage and loss moduli were the
same order of magnitude as those of soft tissues in the liver or
the brain for PEO-PMET40 hydrogel. Additionally, oxidationsensitive vesicles can be optimized for the encapsulation of key
therapeutic agents for pathological conditions involving ROS
overproduction, such as stroke, arthritis, and overall,
inﬂammation processes.

tested. When investigated in hydrated state under liquid
STEM, the oxidation-sensitive polymer vesicles were observed
to progressively change their morphology from membranebound spherical to irregular, hyperbranched structures upon
electron beam irradiation (Figures 5e,f and S15). Indeed, the
methionine → methionine sulfoxide → methionine sulfone
progressive switch from hydrophobic to hydrophilic generated
an escape of the initially hydrophobic block from the vesicle
inner membrane to the outside media with the aim of
maximizing hydration. This progressive oxidation reaction was
monitored in situ as conformational changes, i.e., vesicle
degradation, took place in 1 min (Figure 5e).
Altogether, these results suggest diﬀerent kinetics of
structural change for the two morphologies investigated, i.e.,
vesicles and wormlike micelles. It seems probable that both
transitions, i.e., change of hydrophilicity and conformation,
caused a disruption of the structure and further enlargement of
the curvature at the hydrophobic−hydrophilic interface,
therefore triggering morphological transformations.
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CONCLUSIONS
The preparation of self-assembled polypeptide-based nanoparticles following ring-opening polymerization-induced selfassembly (ROPISA) at relatively high solid content was
successfully achieved in a one-pot reaction. The proposed
method is based on the ROPISA of low moisture-sensitive
urethane derivative NCA precursors with the ability to
generate in situ NCAs in polar aprotic solvents such as
DMSO, followed by transfer to water via dialysis without the
need of an additional self-assembly step. We have applied this
method to the hydrophobic and redox stimuli-responsive
amino acid methionine in conjunction with hydrophilic
poly(ethylene oxide) as macroinitiator and stabilizer block
during ROPISA. Additionally, the presented approach has
been further extended to the hydrophobic amino acid
phenylalanine, proving its versatility. Our strategy allows us
to work at high concentrations (up to 45% solid contents) and
aiming for various hydrophobic block lengths (up to 120
units). The control over both parameters allows us to ﬁnely
tune the system for engineering a wide range of structures from
spherical to wormlike micelles and vesicular structures.
However, we could not ﬁnd spherical micelles for methionine
block lengths higher than ﬁve units and our phase diagram was
dominated by cylindrical arrangements. We propose that this is
the result of the methionine tendency to form α-helices and
how these interact with one another. Indeed, we observed the
formation of rather twisted structures conforming helix-like
patterns instead of smooth linear worms. Remarkably,
wormlike micelles further assemble into self-standing gels
conﬁned in globular structures, which further expands the
spectrum of obtained formulations. Moreover, because of the
ROS-responsive methionine block, the nanostructures can be
degraded under controlled oxidant conditions, such as
exposure to hydrogen peroxide, or induced by an electron
beam and monitored in situ when imaged by liquid
transmission electron microscopy. The one-pot nature of the
reaction, the use of DMSO as reaction solvent (deﬁned as
Class 3 solvent with low toxic potential by the European
Medicines Agency, EMA and the Food and Drug Administration, FDA), and the easy scalation of dialysis procedures
by, i.e., ﬂow dialysis, make our strategy amenable for potential
scale-up processes. Finally, the control over the synthesis of
deﬁned nanoparticle morphologies using biocompatible,
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