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Amphiphilic block copolymers poly(ethylene glycol)-block-poly(N-3-(methylthio)propyl glycine) (PEG-
b-PMeSPG) were synthesized via ring-opening polymerization of N-3-(methylthio)propyl glycine N-
thiocarboxyanhydride (MeSPG-NTA) initiated by amino-terminated PEG. The self-assemblies of three
PEG-b-PMeSPG copolymers with different PMeSPG block lengths were first prepared by nano-

precipitation method using THF and DMF, respectively, as the organic solvent, and their morphologies
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situ by GOx/glucose.

were studied by Cryo-EM and DLS. To prepare polymersomes loaded with glucose oxidase (GOx), double
emulsion method followed by extrusion treatment was employed. The oxidation-responsive disruption
of polymersomes was achieved upon the introduction of glucose because of the oxidants generated in-
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Polypeptoids are polymers composed of N-substituted amino
acids [1-3]. With polyglycine backbones which are similar to
polypeptides, polypeptoids exhibit excellent biocompatibility and
biodegradability [4-6]. Meanwhile, the side chains substituting the
hydrogen on the nitrogen atom of amides avoid the formation of
intra- and intermolecular hydrogen bonds. Consequently, poly-
peptoids exhibit much better solubility in common organic
solvents than polypeptides. Various N-substituting side groups
can be utilized to tailor the physicochemical and biological
properties of the polypeptoids, which endows polypeptoids with
various functions [7-10].

The self-assembly of amphiphilic block copolymers in water can
form a variety of nanostructures, including micelles, vesicles and
lamellae [11]. Recently, self-assembled nanostructures based on
polypeptoids have received increasing interests [8,12-18]. For
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example, Zhang et al. designed a series of ABC block copolypeptoids
composed of hydrophilic, hydrophobic and thermo-responsive
segments, which formed spherical and short cylindrical micelles in
aqueous solutions at low temperature (T < T.), and underwent
reversible sol-to-gel transition at high temperature (T > T.). They
applied this thermo-sensitive transition to chondrogenesis experi-
ments of cells and encapsulation of enzymes [15]. The same group
also reported highly efficient gene-transfection polyplexes by
introducing cationic side groups [16] and redox-responsive
micelles [17] by adding disulfide linkages in the N-substituents.
Our group reported micelles and polymersomes with aggregation-
induced emission (AIE) made from the amphiphilic diblock
copolypeptoids of polysarcosine (PSar) and tetraphenylethylene
(TPE)-modified poly(N-allyl glycine) [18]. These AIE nanoparticles
showed strong fluorescence emission and non-cytotoxicity, which
suggested promising applications in biomedical fields.

Among the various nanostructures formed by amphiphilic
block copolymers, polymer vesicles, also called as polymersomes,
which can be disrupted upon external stimuli, and then release
encapsulated substances, are especially interesting and have been
developed as attractive nanocarriers for drug delivery applications
[19-23]. Here we are interested in the polypeptoid vesicles
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sensitive to oxidation stimuli. Since reactive oxygen species (ROS)
and redox reactions are widely present in human body, oxidation-
sensitive nanoparticles have been frequently reported as smart
drug carriers [24-26]. In a previous work, we synthesized a
thioether-bearing polypeptoid, poly(N-3-(methylthio)propyl gly-
cine) (PMeSPG), and prepared polymersomes from PMeSPG-b-PSar
block copolymers [27]. As the hydrophobic thioethers can be
oxidized into hydrophilic sulfoxides, the obtained polymersomes
showed oxidation-responsive bursting in the presence of hydrogen
peroxide (H,0,). However, the H,0, used as external stimulus in
the study had much higher concentration than the micromolar
H,0, level in vivo, which limited its realistic use. The production of
H,0, in-situ in the target site by oxidant-generating enzymes and
corresponding substrates is considered to be a more practical way
[28]. In this work, we report on polymersomes made of poly-
(ethylene glycol)-b-poly(N-3-(methylthio)propyl glycine) (PEG-b-
PMeSPG), which can encapsulate glucose oxidase (GOx), an
enzyme which can oxidize glucose and generate H,0,. We
demonstrate the disruption of polymersomes after the incubation
with p-glucose. PEG-b-PMeSPG block copolymers with different
PMeSPG chain lengths were synthesized by ring-opening poly-
merization (ROP) of N-3-(methylthio)propyl glycine N-thiocarbox-
yanhydride (MeSPG-NTA) initiated by amino-terminated PEG
[29,30]. Their self-assembly was performed by nanoprecipitation
and double emulsion method. The influence of the organic
cosolvent in nanoprecipitation on the nanostructures was dis-
cussed in detail. PEG-b-PMeSPG polymersomes loaded with GOx
were prepared by double emulsion method followed by extrusion
treatment. Finally, the oxidation-responsive disruption of poly-
mersomes was achieved after the incubation with p-glucose with
the in-situ production of H,0,.

The monomer MeSPG-NTA was prepared as described in our
previous work [27]. The synthesis of PEG-b-PMeSPG was
performed through the ROP of MeSPG-NTA using amino-termi-
nated PEG with molecular weight (MW) of 2000 Da (PEG45-NH>) as
a macromolecular initiator (Fig. 1). With various feeding ratios of
monomers to initiator, three amphiphilic block copolymers PEG-b-
PMeSPG, EM1 (PEG45—b-PMeSPGl7), EM2 (pEG45—b-PMeSPG40) and
EM3 (PEG45-b-PMeSPG~1), were obtained with different MWSs and
hydrophilic/hydrophobic ratios (Table 1). The MW distributions
(D) of the copolymers were controlled within 1.2. The composi-
tions of blocks were determined by the characteristic signals in 'H
NMR spectrum (Fig. S1A for spectrum of EM3 and calculation in
Supporting information). The SEC traces (Fig. S1B in Supporting
information) exhibited monomodal MW distributions for all three
copolymers, which shifted from right to left as the degree of
polymerization (DP) of PMeSPG block increased. These results
suggested good controllability of the polymerization.

As the most common approach for self-assembly of block
copolymers, nanoprecipitation was first employed to prepare PEG-
b-PMeSPG nanoparticles dispersed in water. N,N-dimethylforma-
mide (DMF) and tetrahydrofuran (THF) were chosen as the organic
cosolvents, respectively, to dissolve the copolymers at a concen-
tration of 5 g/L. Then water (2 mL) was added to the solution (1 mL)
at the rate of 0.2 mL/h, driving the hydrophobic blocks to assemble
together to avoid their contact with water and form finally
nanostructures. The organic solvent was removed at the end by
dialysis against water, leading to aqueous dispersions of polymer
nanoparticles. The morphologies were analyzed by cryogenic
electronic microscopy (Cryo-EM).

We discuss first the polymer nanoparticles formed using DMF
as the nonselective cosolvent. As revealed by Cryo-EM images (Fig.
2A and Figs. S2A-C in Supporting information), nanospheres with
diameters around 20 — 90 nm were obtained from EM1 with the
hydrophilic ratio of 45%. Along with the spheres, a few unilamellar
vesicles were also observed (Figs. S2B and C) with diameters
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Fig. 1. Synthesis of PEG-b-PMeSPG by ROP of MeSPG-NTA.

around 50 — 130 nm, and membrane thickness around 9 nm. EM2
with hydrophilic ratio of 26% formed spherical and worm-like
micelles, whose diameters were around 18 — 21 nm (Fig. 2C and
Figs. S2D-F in Supporting information). EM3 with hydrophilic ratio
of 16% and the largest MW (12,300 Da) in these three copolymers
self-assembled into polymersomes with broad size distribution
(diameters=50 — 550nm) and membrane thickness around
12 —14nm (Figs. 2E and S2G-I in Supporting information).
Simultaneously, lamellae were observed together with vesicles,
and many of them were in disk-like shapes (Figs. S2H and I in
Supporting information). Lamellae also had a diversity of size in
the range of 250 — 2000 nm. Their thickness could be measured in
the folded region of lamellae, which was found to be around 12 nm,
similar to that of the vesicular membrane. As a widely accepted
mechanism, vesicles were formed by the closure of open lamellae,
when the edge energy of the lamellae meets with the bending
energy for closed vesicles [31]. Intermediate structures are often
observed in the self-assembly of polymers as “frozen” metastable
states, because of the relatively high molecular weights of
polymers. Therefore, the coexistence of folded lamellae, incom-
plete vesicles and closed vesicles in Fig. S2I could be considered as
an evidence for the above mechanism of vesicle formation.

When THF was used as the organic cosolvent instead of DMF in
nanoprecipitation, the morphologies of the nanostructures self-
assembled from the three copolymers were totally different. EM1
formed many long fibers and ribbons (Figs. 2B and S3A-C in
Supporting information). Fibers had the width around 5 — 6 nm,
ribbons around 21 — 23 nm. EM2 formed lamellae with irregular
and fragmented shapes (Fig. 2D and Figs. S3D-F in Supporting
information), of which the membrane thickness was measured to
be around 10— 11 nm. For EM3 (Fig. 2F and Figs. S3G-I in
Supporting information), lamellae with large area (over 2 pm)
were observed predominantly, with the membrane thickness
around 14 — 16 nm. The self-assembled nanostructures and their
sizes discussed above were summarized in Table S1 (Supporting
information).

The overall morphology of nanoparticles self-assembled by
amphiphiles in water depends firstly on their packing parameter p
[11,32]. p is a geometric parameter, p = V/apl, where V is the volume
of the hydrophobic part, [ its length, and ag the equilibrium area at
the core/corona interface. As p increases from below 1/3 to
equaling to 1, the preferred morphology changes from sphere, to
cylinder, vesicle, and finally flat lamella. In the case of amphiphilic
block copolymers, p is strongly related to the ratio of hydrophilic/
hydrophobic blocks. For the copolymers PEG4s-b-PMeSPG,, p
increases when DP of the hydrophobic block PMeSPG increases.
Indeed, the copolymers EM1, EM2 and EM3 showed a typical
morphological change of “spheres — cylinders — vesicles” with
DMF as the organic cosolvent.

From the same copolymer, different morphologies of self-
assemblies were obtained by choosing different organic solvents. It
indicated the effect of solvent on copolymer self-assembly. This
observation can be explained by the different polymer — solvent
interactions. The solubility parameter § is an important parameter
to characterize the polymer — solvent interactions. § is contributed
by three components, as presented by Eq. 1, where §4 represents
the dispersion force, §, the polar interaction, and &, the hydrogen



Y. Deng et al./Chinese Chemical Letters 31 (2020) 1931-1935 1933
Table 1
Syntheses of PEG-b-PMeSPG copolymers.
Copolymers [M]/[1] Yield DPytespc/DPec” freGwt” My, nvRY M, sec” b
EM1 14 91.1% 17/45 45% 4500 3600 114
EM2 39 83.2% 40/45 26% 7800 4900 119
EM3 82 82.5% 71/45 16% 12300 7700 115

2 DP, MW and PEG weight ratio (fpec.wt) Were calculated from the integrals of characteristic signals in 'H NMR spectra (Supporting information).
b Determined by SEC calibrated with PEG standards (eluent: 0.01 mol/L LiBr/DMF at the rate of 1 mL/min).

Fig. 2. Cryo-EM images of self-assemblies obtained by nanoprecipitation from EM1
(A, B), EM2 (C, D) and EM3 (E, F). DMF (A, C and E) and THF (B, D and F) were chosen
as the organic cosolvents in nanoprecipitation experiments, respectively.

bonding. The miscibility between polymer and solvent can be
predicted by the solubility parameter difference Adp_s [33,34], as
calculated by Eq. 2.

8 =872 +8,"+8,° (1)

Abp_s = ((8ap — 8as)* + (8pp — 8ps)* + (Snp — Sns)*)'/? (2)

The solubility parameters and their components of the DMF, THF,
PEG and PMeSPG were listed in Table S2 (Supporting information).
Among them the values of DMF and THF were reported by Hansen
etal. [33], while the values of PEG and PMeSPG were calculated by a
group contribution method (Hoy’s method) [34-36]. By putting
these values into Eq. 2, we were able to obtain the differences
between the solubility parameters of polymer and solvent Adp.s.
Generally, a smaller Adp_s indicates a better miscibility between
polymer and solvent [34]. For PEG, ASpecpmr = 4.46 MPa'/? and

ASPEG—THF = 454 MP&1/2, while for PMeSPG, AapMepG_DMF =
6.89 MPa'? and ASpmespc-tur = 7.43 MPa'/2. The relatively low
values of Adpec_pmr and ASpgg-tyr suggest DMF and THF are both
good solvents for PEG with nearly equivalent miscibility. By
comparing Adpmepc-pmr and Adpvespc-THr it can be concluded that
the miscibility between PMeSPG and DMF is better than that
between PMeSPG and THF. During the nanoprecipitation proce-
dure, when water (a poor solvent for PMeSPG) was added into the
system, the hydrophobic blocks self-assembled together to avoid
their exposure to water. In the hydrophobic regions, organic
solvents still coexisted during the water addition, and more solvent
molecules remained in the copolymer aggregates in the case of
DMF/water system than in the case of THF/water system. This
difference in solvent content may further result in different self-
assembled morphologies. Take EM3 for example, when water was
added into the EM3/DMF solution, some DMF molecules stayed in
the bilayer membranes formed by copolymers, and played the role
of plasticizers. Consequently, the membrane was flexible and had
low bending modulus, which could close like a pulled bag to form
vesicles. However, when the nanoprecipitation of EM3 was
proceeded in EMB3/THF solution, the self-assembled bilayer
membranes involved fewer solvent molecules than in EM3/DMF,
and the relatively low flexibility of the membrane did not allow the
formation of closed vesicles. (Figs. 2E and F)

The solubility behavior of copolymers in self-assembly experi-
ments was in accordance with the calculated results. When the
PEG-b-PMeSPG copolymers were dissolved in organic cosolvents
for nanoprecipitation, we did find that all the copolymers dissolved
easily in DMF, while much longer time was taken for the
copolymers to be dissolved in THF, especially for EM3, heating
was necessary for dissolution. Similar cases were reported on the
solubility of other polypeptoids. PSar, also called as poly(N-methyl
glycine), was soluble in DMF, but insoluble in THF [2]. Schlaad et al.
also found that polypeptoids including poly(N-allyl glycine) and
poly(N-3-(glycerolthio)propyl glycine) had obviously poorer solu-
bility in THF than in DMF [37]. Especially poly(N-3-(glycerolthio)
propyl glycine), which was synthesized from thiol-ene coupling
between poly(N-allyl glycine) and 1-thiolglycerol, had thioether-
containing sidechains like PMeSPG, and was hardly dissolved in
THF but well dissolved in DMF. In general, there was no
polypeptoid reported, which exhibited better solubility in THF
than in DMF.

Besides nanoprecipitation, double emulsion method is another
interesting approach to prepare polymersomes with the advantage
of high yield, where the bilayer vesicles were formed from water-
in-oil-in-water (W/O/W) double emulsions [38,39]. In the previous
work, we used this method successfully to prepare polypeptoid
vesicles [27]. Here we prepared EM2 polymersomes by double
emulsion method (experimental details in Supporting informa-
tion). Giant vesicles were first obtained with the diameter of
2 —10 wm, as observed by confocal laser scanning microscopy
(CLSM), where the vesicles were visualized by Nile Red loaded in
the membrane (Fig. 3A). Extrusion treatment was employed on the
giant vesicle dispersion [40], using a mini lipid extruder (Avanti®
Mini-Extruder, Avanti Polar Lipids, USA) with 200 nm polycarbon-
ate membranes, which yielded nano-polymersomes (Fig. 3C). The
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Fig. 3. (A) CLSM image and (B) DLS distribution curve of giant polymersomes EM2
from double emulsion; (C) Cryo-EM image and (D) DLS distribution curve of the
EM2 self-assemblies obtained using double emulsion method followed by extrusion
treatment. In CLSM image, Nile Red was loaded in the membrane for visualization.

change in sizes and distributions were analyzed by dynamic light
scattering (DLS), which revealed a multi-peak distribution curve
(Fig. 3B) transforming into a nearly monomodal curve, with a main
peak around 160 nm (Fig. 3D).

Since the pendant thioether groups on hydrophobic blocks of
PEG-b-PMeSPG can be oxidized into hydrophilic sulfoxide groups,
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the PEG-b-PMeSPG polymersomes have the potential to be
disrupted under the action of oxidation stimuli. The GOx-
encapsulated polymersomes were then prepared by adding
GOx/PBS to EM2/chloroform solution when performing the double
emulsion (See Supporting information for detailed procedure).
After extrusion treatment, nano-polymersomes were obtained
with the concentration of 0.5g/L for both polymer and GOx.
p-Glucose (25 mmol/L) was then introduced to the dispersion of
GOx-loaded EM2 nano-polymersomes. DLS was performed to
monitor the change in the polymersomes in the following 240 min
at 37 °C. The loaded glycoprotein enzyme GOx is a dimer consisting
of 2 equal subunits with a molecular mass of 80 kDa each. Each
subunit contains one flavin adenine dinucleotide (FAD, a cofactor)
moiety and one iron. FAD works as the initial electron acceptor in
redox reaction and can be reduced into FADH,. During the
oxidation of p-glucose into gluconolactone by the catalysis of GOx,
H,0, is generated in presence of dissolved oxygen. It is H,O, that
transfers the hydrophobic thioether groups of PMeSPG into
hydrophilic sulfoxides [27], eventually inducing the destabiliza-
tion of polymersomes (Fig. 4A). In DLS, the count rates represented
the scattering intensity and indicated the size and/or concentra-
tion of particles. As revealed in Fig. 4B, the count rates decreased
mildly in the first 60 min, afterwards from 60 min to 140 min, the
count rates dropped abruptly from around 900 kcps to 200 kcps.
The count rates decreased slightly after 140 min, and fell to 110
kcps at 240 min. The size and size distribution were also assessed
during the incubation with p-glucose. As shown in Fig. 4C, the
hydrodynamic diameter of the polymersomes kept stable at
around 145 nm in the first 60 min, and then decreased significantly
from 145 nm to around 70 nm during 80-160 min. The diameter
kept around 70nm steadily until 240 min. Meanwhile, the
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Fig.4. (A) Schematic illustration of the GOx-catalyzed conversion of p-glucose into gluconolactone with production of H,05, transferring the pendant hydrophobic thioether
groups of EM2 into hydrophilic sulfoxides; the evolution of (B) count rates, (C) hydrodynamic diameter (Z-average diameter) and (D) size distribution (PDI) of GOx-loaded
EM2 polymersomes (0.5 mg copolymer, 0.5 mg GOy in 1 mL PBS) as a function of time of incubation with 25 mmol/L glucose at 37 °C.
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polydispersity index (PDI, Fig. 4D) kept stable at around 0.2 in
the first 60 min, and then started to increase, from 0.2 to around
0.5 from 80 min to 160 min. The PDI reached to 0.58 at 240 min.
Note that from the time t=180min, the PDI value fluctuated
intensely. As visualized by Cryo-EM (Fig. S4 in Supporting
information), micelles and aggregates with various shapes and
sizes below 100 nm took the majority in the sample after the
incubation.

The evolution of GOx-loaded polymersomes observed in DLS
as a function of the incubation time with p-glucose observed
could be explained as follows. The glass transition temperature
(Tg) of PMeSPG was dertermined by differential scanning
calorimetry (DSC) analyses (PMeSPG,s and PMeSPGgs, Fig. S5 in
Supporting information). A rather low T, around 20-30°C was
measured, which was below both the body temperature and the
temperature of incubation here. Therefore, hydrophobic blocks
PMeSPG in the vesicle membrane had good mobility at 37 °C,
which might favor the diffusion of glucose across the membrane
and got involved in the oxidation process to eventually induce
polymersome disruption [41]. When the vesicles were dissembled
and GOy was released, the free enzymes had lower concentration
than that of the encapsulated enzymes [41], therefore the redox
reaction slowed down. Finally, the system contained smaller but
more stable micelles composed of incompletely oxidized copoly-
mers.

In conclusion, we present here the synthesis and self-assembly
of the amphiphilic block copolymers PEG-b-PMeSPG, with three
different chain lengths of the hydrophobic block PMeSPG. Nano-
precipitation with DMF and THF as the organic cosolvents was used
first to prepare the polypeptoid nanoparticles. Various morphol-
ogies such as spheres, fibers, lamellae and vesicles were observed
for different copolymers depending on the hydrophilic/hydropho-
bic ratio and the cosolvent. Double emulsion method followed by
extrusion treatment was employed then to prepare EM2 polymer-
somes and GOx-loaded EM2 polymersomes. GOx-loaded polymer-
somes could be disrupted under the action of oxidants generated
in-situ in the presence of p-glucose. These polymersomes may find
applications in drug delivery and can also be used for the design of
micro/nano-reactors, biosensors and biodetectors.
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