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ABSTRACT

We describe the creation of an amphiphilic triblock copolymer that drives lateral phase separation within micelle coronas. The
design combines a hydrophobic poly(lactide) (PLA) core-forming block with two distinct hydrophilic segments: poly(ethylene
glycol) (PEG) and poly(N-vinylpyrrolidone) (PVP). In water, the copolymer assembles into spherical micelles, confirmed
by cryogenic TEM and multi-angle light scattering. Selective end-labelling of PVP with an electron-dense iridium complex

enabled unstained TEM imaging, revealing clear contrast asymmetry that locates PVP to a single hemisphere of the corona.
Complementary 2D 'H-Nuclear Overhauser Effect Spectroscopy (‘H-NOESY) NMR confirmed this Janus-type segregation of

PEG and PVP. These results demonstrate how molecular architecture can encode asymmetry into soft nanostructures, offering

a versatile route to polymer-based Janus nanoparticles with dual surface functionality and broad technological potential.

Polymeric Janus nanoparticles are self-assembled structures
characterized by two chemically distinct faces. These anisotropic
architectures have emerged as powerful platforms in materials
science, with potential applications ranging from photonics to
targeted biomedical delivery [1, 2]. Among various preparatory
strategies, Janus micelles (JMc) may be formed from ABC triblock
copolymers, wherein the central B block is insoluble in a specified
solvent, while the terminal A and C blocks are soluble. However,
achieving a well-defined lateral phase separation of the corona
into distinct domains remains a major challenge, regardless of the
preparation method [2]. Such a challenge stems from the incom-
plete phase separation between the corona blocks, resulting in
patchy or mixed surface topologies [3]. Lateral segregation of the
A and C blocks typically requires that the repulsive interaction,

quantified by the Flory-Huggins interaction parameter, yc,
exceeds a critical threshold. Only when this enthalpy driving force
sufficiently outweighs the entropic cost of mixing can distinct
Janus-like phase separation in the corona be reliably achieved
[4]. Such strong repulsive interactions between corona blocks are
readily achieved when one block is hydrophilic and the other
hydrophobic, as in the case of amphiphilic Janus micelles. In
contrast, Janus micelles with fully hydrophilic coronas, where
lateral phase separation occurs between two water-soluble blocks,
remain scarcely reported [3, 5]. Herein, we describe the synthe-
sis of an ABC triblock copolymer composed of poly(ethylene
oxide)-block-poly(lactide)-block-poly(N-vinylpyrrolidone) (PEG-
b-PLA-b-PVP) and its solvent-switch-driven self-assembly into
well-defined Janus micelles. Remarkably, the two hydrophilic
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SCHEME 1 | Schematic representation of the self-assembled nanos-
tructure formed by the PEG-PLA-PVP triblock copolymer. Lateral phase
separation of the PEG and PVP corona blocks gives rise to hydrophilic
Janus nanoparticles with potential for bifunctional surface design.

blocks, PEG and PVP, undergo lateral phase separation in the
micellar corona, giving rise to hydrophilic Janus micelles with
a chemically asymmetrical surface. This asymmetry introduces
unique potential for the design of bifunctional nanoparticles, as
illustrated in Scheme 1.

For the synthesis of the triblock, we devised a synthetic route
consisting of two steps (Scheme 2). The first step involved
the preparation of a poly(ethylene glycol)-block-poly(lactide)
(PEG-PLA-Br) macroinitiator 3. This was achieved via ring-
opening polymerization (ROP) of DL-lactide 1 using a-methoxy-
w-hydroxy poly(ethylene glycol) 2 as the initiator, in the
presence of DBU as catalyst. Subsequently, the hydroxyl end-
group of the resulting diblock copolymer was esterified with
a-bromo-isobutyryl bromide to introduce an atom transfer rad-
ical polymerization (ATRP) initiating group. In the second
step, N-vinylpyrrolidone (NVP) monomer 4 was polymerized
using the w-bromo-functionalized PEG-b-PLA macroinitiator 3.
This polymerization was carried out using an in situ gener-
ated copper (I) complex with 5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane (Me,;Cyclam) as the ligand. The result-
ing PEGy,4-b-PLA5-b-PVP,, triblock copolymer 5 was character-
ized by gel permeation chromatography (GPC), which revealed a
successful chain extension of the PEG;,,-b-PLA 4 starting polymer
(Figure 1B). 'H-NMR spectroscopy, supported by heteronuclear
single quantum coherence spectroscopy (HSQC) correlation,
confirmed the presence of all three block segments and the full
characterization of the triblock copolymer structure (Figure 1A).
Furthermore, diffusion-ordered spectroscopy (DOSY) revealed
a single diffusion coefficient for all resonances (Figure 1C),
verifying that the three blocks are covalently linked and exist as a
single macromolecular species.

A triblock copolymer functionalized with an iridium(III) complex
10 was also synthesized as a structural probe to assess the
compositional asymmetry of the assembled JNPs (scheme 3). The
synthesis began with the preparation of the alkyne-functionalized
iridium(II) complex 8. Starting from the u-chloro-bridged
diiridium precursor 6 [6], the compound was reacted with
1,10-phenanthrolin-4-ol in a mixture of dichloromethane and
methanol under an inert atmosphere. These conditions promoted
dimer cleavage and ligand substitution, yielding the mononuclear
Ir(IIT) complex 7. Subsequent alkylation of the phenanthroline
hydroxyl group with 3-bromo-1-propyne afforded the alkyne-
functionalized complex 8. In parallel, the bromine-terminated

triblock copolymer 5 was converted into its azide derivative
9 by treatment with sodium azide in dimethylformamide at
room temperature for 48 h [7]. Without further purification, the
resulting azide-functionalized polymer was reacted with complex
8 via copper-catalyzed azide-alkyne cycloaddition (CuAAC) [8],
yielding a yellow iridium-conjugated triblock copolymer 10.
Structure characterization and conjugation efficacy were deter-
mined by '"H-NMR (5 = 52%) and GPC. Once both the unmodified
and Ir-conjugated triblock copolymer structures were fully char-
acterized, we evaluated their ability to self-assemble into micelles
and examined their morphology. Micelles made of PEG,,-b-
PLA,, diblock copolymer were used as a control of spherical
morphology, as they share the same hydrophilic-to-hydrophobic
ratio as the triblock systems. For all samples, micelle formation
was induced by solvent switch [9], in which copolymers were
dissolved in DMF and then gradually injected into water with
a syringe pump at a constant rate. The organic solvent was
subsequently removed by dialysis against water to yield the final
micellar dispersions.

Dynamic light scattering (DLS) measurements revealed the
formation of narrowly dispersed nanoparticles (Figure 2A).
The unmodified and Ir-conjugated triblock micelles exhibited
average hydrodynamic radii (R,) of 152 + 6.6 and 21.0 +
7.8 nm, respectively, indicating that Ir-conjugation had
only a modest effect on particle size. In contrast, PEG;,-
b-PLA,, micelles displayed a significantly smaller average
hydrodynamic radius of 7.2 + 2.1 nm. A quantitative TEM
analysis based on statistically meaningful particle counts
(Figure S8) confirms a substantially larger characteristic size for
triblock micelles while also revealing a broad size distribution
consistent with anisotropic, non-spherical assemblies. Notably,
PEG and PVP create two distinct sides on the hydrophobic
corona of the micelle, which only allows a bridge-like
conformation for the PLA. Similar arrangements have been
observed in polymersomes made of poly(ethylene glycol)-block-
poly(2-(diisopropylamino)ethyl methacrylate)-block-poly(2-met
hacryloyloxyethyl phosphorylcholine) (PEG-b-PDPA-b-
PMPC) [10] and poly(2-methacryloyloxyethyl phosphoryl
choline)-block-poly(2-(diisopropylamino)ethyl ~ methacrylate)-
block-poly(N,N’-dimethyl acrylamide) (PMPC-b-PDPA-b-PDMA)
and partially in poly(ethylene glycol)-b-polybutylene glygcol)-
b-poly(ethylene glycol) (PEG-b-PBG-PEG) triblock copolymers
[11] (add ref 12). To further investigate micelle morphology, we
employed multi-angle light scattering (MALS) to determine
micelle aggregation number and analyzed the angular
dependence of the scattering intensity using Guinier plots.
From these, we can calculate the aggregation numbers of the two
micelle types: ~77 chains per micelle for the triblock and ~89
for the diblock. This near-invariant behavior is consistent with
previous observations in PEG-b-PLA micelle libraries prepared
via solvent switch, where maintaining a constant hydrophilic-
to-hydrophobic block ratio leads to essentially unchanged
aggregation numbers [13]. As shown in Figure 2B, diblock
and triblock copolymer micelles exhibit distinct scattering
trends at comparable scattering vectors. The Guinier plot for
the diblock micelle is highly linear, consistent with isotropic
scattering from a compact, spherical morphology [14, 15].
The triblock micelle shows a clear deviation from linearity
at higher g2, suggesting anisotropic scattering likely due to a
more complex morphology. The radius of gyration (R,) was
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SCHEME 2 | Synthesis pathway of PEG-b-PLA-b-PVP triblock copolymer. The synthesis involves two steps: (1) ring-opening polymerization (ROP)
of DL-lactide initiated by poly(ethylene glycol) (PEG), followed by esterification to obtain the PEG-b-PLA-Br macroinitiator; (2) atom transfer radical
polymerization (ATRP) of N-vinylpyrrolidone (NVP) to yield the final PEG-b-PLA-b-PVP triblock copolymer.
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FIGURE 1 | Structural characterization of PEG-PLA-PVP triblock copolymer. (A) Heteronuclear single quantum coherence (HSQC) NMR spectrum

of PEG-PLA-PVP. Red signals correspond to methine and methyl groups, while blue signals indicate methylene protons. (B) Gel permeation

chromatography (GPC) traces showing the molecular weight distribution of PEG-PLA diblock and the final PEG-PLA-PVP triblock copolymer,

confirming successful chain extension. (C) Diffusion-ordered spectroscopy (DOSY) NMR demonstrating a single diffusion coefficient for all three

segments, supporting the covalent linkage of PEG, PLA, and PVP blocks within the triblock copolymer.
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SCHEME 3 | (Above)Synthesis of the Ir(IIT)-alkyne complex. (Below) One-pot azide functionalization of the PEG-b-PLA-b-PVP triblock copolymer,
followed by conjugation with the Ir(IIT)-alkyne complex via copper-catalyzed cycloaddition.

determined from the linear regions of Guinier plots for both a considerably higher R,/R, ratio of 2.0, markedly exceeding
triblock and diblock micelles. The resulting shape factors (R,/R,) ~ previously reported values [17], suggesting a highly asymmetric
for the PEG,,-b-PLA,, diblock micelles were 0.72, in close structure. Cryogenic transmission electron microscopy (Cryo-
agreement with the expected value of 0.775 for compact, densely = TEM) confirmed the self-assembly of the PEG-PLA diblock
packed spherical structures [16]. The triblock micelles displayed copolymer into spherical micelles (Figure 2C). The triblock
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Characterization of PEG-b-PLA-b-PVP triblock copolymer self-assemblies. (A) Dynamic light scattering (DLS) measurements

comparing the hydrodynamic sizes of PEG-b-PLA diblock and both PEG-b-PLA-b-PVP 5 and PEG-b-PLA-b-PVP-Ir(I1I) triblock micelles 10. (B) Guinier
plots of control diblock and triblock micelles. The absence of linearity across the scattering vector range of the triblock micelle suggests an anisotropic
scattering behavior. (C) Cryogenic transmission electron micrographs of unstained PEG-b-PLA and PEG-b-PLA-b-PVP micelles. Scale bars are 30 nm.

copolymer 5 forms distinctly asymmetric nanostructures, as
shown by cryoTEM. Taken together with the comparable
aggregation numbers, these results indicate that the diblock
copolymer adopts a more compact, coiled PLA conformation
within the core, whereas the triblock requires a more extended
PLA configuration to incorporate a similar number of chains.
The asymmetry observed in the triblock micelles likely arises
from the unequal lengths of the two hydrophilic blocks. However,
the exact spatial distribution of PEG and PVP within the corona
remains undetermined. A multicompartmental organization of
the hydrophilic domains may also contribute to the observed
asymmetry, giving rise to morphologies that resemble Janus
micelles in shape but differ substantially in their internal
composition.

Three-dimensional spatial correlations between protons within
the triblock copolymer 5 in the self-assembled micelle can offer

valuable insight into the degree of segregation between the
hydrophilic blocks in the micelle corona. To evaluate whether
the corona-forming polymers adopt a mixed configuration, that
is, are in close spatial proximity (<0.5 nm), two-dimensional 'H-
Nuclear Overhauser Effect Spectroscopy (2D 'H-NOESY) was
employed. Symmetric off-diagonal cross-peaks between protons
from different blocks would indicate dipolar interactions arising
from spatial proximity, consistent with a partially or fully mixed
corona [18,19]. As illustrated in Figure 3A, several cross-peaks are
observed, including intramolecular correlations (green and blue)
that correspond to dipolar interactions between protons within
the same polymer block, as well as intermolecular correlations
(purple), which indicate close spatial contacts between protons
of different blocks. The cross-peaks encircled in green originate
from intramolecular correlations between methine and methy-
lene protons within the PLA block. Conversely, the blue-encircled
cross-peaks represent intramolecular interactions within the PVP
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FIGURE 3 | Characterization of lateral phase segregation of PEG-PLA-PVP triblock copolymer micelles. (A) Two-dimensional 'H-Nuclear
Overhauser Effect Spectroscopy (2D 'H-NOESY) of micelles formed by the self-assembly of PEG-PLA-PVP 5 in D,0. The absence of cross-peaks between
PEG and PVP proton signals indicates minimal spatial proximity between the two blocks, suggesting a high degree of lateral phase segregation within

the micellar corona. (B) Transmission electron and (C) cryogenic transmission micrographs of unstained the iridium-conjugated PEG-PLA-PVP triblock
10 micelles. The observed contrast asymmetry along the micelle periphery suggests a laterally segregated corona arising from spatial separation of the

hydrophilic PEG and PVP blocks. Scale bars are 30 nm.

block, involving methylene protons of the pyrrolidone ring and
potentially contacts with protons along the polymer backbone. In
contrast, the purple-encircled cross-peaks denote intermolecular
correlations between PEG and PLA blocks, suggesting close
spatial proximity at the micelle interface. Significantly, no cross-
peaks are observed between the PVP and PLA blocks, indicating
a reduced interfacial contact. This observation supports a model
in which PEG chains adopt a more coiled conformation near the
micelle interface, consistent with previous molecular dynamics
simulations of PEG-b-PLGA [20] and PEG-b-PLA micelles [13]. In
contrast, PVP chains, likely due to their shorter length and steric
hindrance from the pyrrolidone rings, adopt a more extended
conformation. The absence of cross-peaks between the two
hydrophilic blocks, PEG and PVP, further suggests a high degree
of phase segregation between them.

Transmission electron microscopy (TEM) and cryo-TEM analyses
were performed on unstained micelles formed from the Ir-
conjugated triblock copolymer 10. As shown in Figure 3B, the
micelles exhibit pronounced contrast asymmetry, with one hemi-
sphere appearing significantly darker. This differential contrast
arises from the electron-dense iridium label, which is selectively
positioned at the PVP chain end, providing direct visual evidence
for the spatial confinement of the PVP block to one side of the
micelle surface. Complementary cryo-TEM images (Figure 3C)
offer a more faithful representation of the micelle morphology
in solution. The apparent difference in the extent of Ir(III)-rich
regions between Figure 3B,C can be attributed to differences
in micelle orientation relative to the electron beam and to
beam-induced effects. In Figure 3B, the micelles are primarily
oriented face-on, causing multiple Ir-tagged pop chain ends to
overlap in projection; combined with a higher electron dose, this
produces a broad dark region surrounding a brighter, partially
eroded center. In contrast, micelles in Figure 3C are viewed
at an angle and imaged at a lower dose, resulting in discrete,
smaller dark spots corresponding to individual Ir-labeled chain
ends.

Furthermore, the variation in the size of the dark regions
observed across the micrographs in Figure 2C is consistent with
the conjugation efficiency of the Ir(III) tag (~52%), meaning that
uniform Ir(IIT) labeling across all micelles is not expected. The
consistent localization of contrast across both TEM and cryo-
TEM strongly supports a laterally segregated corona architecture.
This observation is consistent with the absence of NOE cross-
peaks between PEG and PVP domains, indicating minimal spatial
overlap between the two hydrophilic blocks. In addition, the
similar morphologies observed by cryoTEM for both Ir(IIl)-
tagged and untagged micelles confirm that the Ir(IIT) end group
does not significantly influence polymer self-assembly. Taken
together, these complementary findings support the formation of
a Janus-type micelle, characterized by a phase-separated corona
in which PEG and PVP are compartmentalized into distinct
hemispherical regions.

In our recent study [13], we systematically investigated a library
of PEG-b-PLA diblock copolymers with a fixed hydrophilic-
to-hydrophobic ratio and demonstrated that the PLA block in
diblock micelles adopts a compact conformation consistent with
a worm-like chain in the flexible regime. As a consequence,
the micelle radius shows a markedly weaker dependence on
molecular weight than predicted by classical core-shell models
that assume a fully stretched hydrophobic core, leading to
diblock micelles that are significantly smaller than expected. In
contrast, the PEG-b-PLA-b-PVP triblock architecture imposes a
fundamentally different topological constraint. In this case, the
PLA block is confined between two hydrophilic domains and
must span the micellar interior, effectively bridging the PEG- and
PVP-rich hemispheres. This constraint suppresses chain coiling
and biases PLA toward a more extended configuration. As a
result, the characteristic dimensions of the hydrophobic domain,
and consequently of the micelle, are substantially increased
relative to the diblock case, even though the aggregation numbers
remain comparable. Importantly, the pronounced size difference
between diblock and triblock micelles cannot be rationalized in
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terms of differences in chain packing density alone. Rather, it
originates from a topology-induced change in the conformational
statistics of the PLA block. This interpretation is fully consistent
with the scattering-derived shape descriptors, the quantitative
TEM analysis, and the theoretical framework linking aggregation
number, chain conformation, and micelle dimensions, as detailed
in the Supporting Information. In this work, we successfully
synthesized a novel amphiphilic triblock copolymer designed
to promote lateral phase separation within the micelle corona.
The triblock structure was thoroughly characterized in solution
using gel permeation chromatography and multidimensional
NMR, confirming block composition and connectivity. Upon
self-assembly in aqueous solution, micelle morphology was
investigated by cryogenic transmission microscopy (cryoTEM),
dynamic light scattering (DLS), and Guinier analysis from multi-
angle light scattering, confirming the formation of asymmetrical
micelles with a low degree of polydispersity. To probe the spatial
arrangement of the hydrophilic blocks within the corona, we
employed unstained TEM and an iridium-labeled PVP chain
end. The resulting micelles exhibited clear contrast asymme-
try, directly visualizing the confinement of the PVP block to
one hemisphere. Complementary 2D 'H-NOESY experiments
revealed an absence of cross-peaks between PEG and PVP
segments, supporting a laterally segregated corona structure.
Together, these findings provide strong evidence for the forma-
tion of Janus-type micelles and pave the way for further research
toward the development of hydrophilic, biocompatible, polymer-
based Janus nanoparticles with dual functionality and broad
application potential, ranging from advanced catalysis to targeted
nanomedicine.
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