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Self-Assembly of Amorphous 2D Polymer Nanodiscs with Tuneable
Size, pH-Responsive Degradation and Controlled Drug Release

Haoxiang Zeng+, Ping Zeng+, Jinsu Baek, Byeong-Su Kim,* and Markus Müllner*

Abstract: Amphiphilic bottlebrush block copolymers
(BBCs) with tadpole-like, coil-rod architecture can be
used to self-assemble into functional polymer nanodiscs
directly in water. The hydrophobic segments of the BBC
were tuned via the ratio of ethoxy-ethyl glycidyl ether
(EE) to tetrahydropyranyl glycidyl ether (TP) within the
grafted polymer sidechains. In turn, this variation
controlled the sizes, pH-responsiveness, and drug load-
ing capacity of the self-assembled nanodiscs. Notably, as
EE exhibited faster hydrolysis than TP, the nanodiscs
featured variable degradation rates under mild acidic
conditions, aiding small molecule release and time-
dependent and complete degradation of discs into fully
water-soluble copolymers. The nanodiscs demonstrated
biocompatibility and cellular uptake by breast cancer
cells, underscoring their potential development into
drug delivery systems.

Two-dimensional nanomaterials draw considerable interest
in many fields,[1–5] due to their unique properties attributed
to their morphology, increased surface area and high aspect
ratio, mechanical stability, and conductivity. Applications in
electronics,[6–8] catalysis,[9–11] membranes[12–14] are ubiquitous
and, predominantly, make use of well-established synthesis
protocols for inorganic and hybrid 2D materials. Soft
matter-based 2D nanomaterials are, however, highly desir-

able in nanomedicine and biomedical applications, with one
of the most prominent discoidal nanomaterials being lipid
nanodiscs.[14,15] Polymer nanodiscs in this context are highly
anticipated as their tunable properties and morphology
would bring favorable attributes in terms of in vivo fate, and
targeting and delivery applications.[16–18] The most stubborn
roadblock remains the lack of suitable and reliable fabrica-
tion approaches to yield polymer nanodiscs. Having to
overcome the intrinsic propensity to reduce interfacial
energy, polymer self-assembly rarely leads to shape-aniso-
tropic planar morphologies.[19,20] Early works in this realm
indicated that boosting intermolecular forces between self-
assembled polymers may allow the flattening of
micelles.[21–23] Periodic success has also been seen in multi-
component systems (mostly in organic media),[24] using small
molecules,[25] solvent gradients,[26] or copolymer mixtures[27]

to tune interfacial energies. In recent years, crystallization-
driven self-assembly (CDSA) and, in particular, living
CDSA, have partially addressed the synthetic issue by
providing a reliable workhorse to crystallize block copoly-
mers into 2D materials, such as platelets.[28–30] Living CDSA
allows for precise control over particle size and morphology
through chain extension processes, enabling the generation
of uniform, anisotropic materials with predictable dimen-
sions and exceptional reproducibility.[31,32] Given that CDSA
requires crystalline core-forming domains for it to work and
to impart stability, in the context of nanomedicine, CDSA is
limited to a handful of polymers (mostly PLA and PCL)[33–35]

and typically features an inaccessible crystalline core, thus
presenting a significant hurdle for effective drug delivery
applications.[36–38]

To achieve a 2D assembly using fully amorphous
copolymers, a different driving force is required.[39] Inspired
by how rod-coil polymers can be used to facilitate planar
stacking,[40–42] we have recently shown that polymer topology
can be used to rigidify segments of a block copolymer to
yield polymer nanodiscs directly in water.[43] Herein, we
prove our hypothesis that using a tadpole-like copolymer
architecture can provide a universal approach to self-
assembling polymer nanodiscs. Amphiphilic copolymers
composed of a linear coil-block and a bottlebrush rod-block
can, akin to linear rod-coil copolymers, pack into 2D sheets
(Scheme 1). Thus, we synthesized a series of chemically
distinct poly(ethoxyethyl glycidyl ether-ran-tetrahydropyr-
anyl glycidyl ether)s, P(EE-ran-TP)s, to graft as sidechains
to form a bottlebrush segment with comparable size but
varied chemical properties. As different EE/TP ratios
produce polymers with varied glass transition temperature
(Tg), hydrophobicity, and susceptibility to hydrolysis,[44] we

[*] H. Zeng,+ P. Zeng,+ A/Prof. M. Müllner
Key Centre for Polymers and Colloids, School of Chemistry
The University of Sydney
Sydney, 2006 NSW, Australia
E-mail: markus.muellner@sydney.edu.au

J. Baek, Prof. B.-S. Kim
Department of Chemistry
Yonsei University
Seoul, 03722, Korea
E-mail: bskim19@yonsei.ac.kr

A/Prof. M. Müllner
The University of Sydney Nano Institute (Sydney Nano)
The University of Sydney
Sydney, 2006 NSW, Australia

[+] H. Zeng and P. Zeng contributed equally.

© 2025 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angewandte
ChemieCommunication
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2025, e202424269
doi.org/10.1002/anie.202424269

Angew. Chem. Int. Ed. 2025, e202424269 (1 of 7) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0002-6419-3054
http://orcid.org/0000-0002-0298-554X
https://doi.org/10.1002/anie.202424269
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202424269&domain=pdf&date_stamp=2025-01-21


could systematically influence the outcome of the self-
assembly in terms of particle size (diameter between 0.2–
1.2 μm) and physicochemical properties (particle stability,
degradation, drug release), while guaranteeing to produce
polymer nanodiscs. Additionally, we evaluated the cytotox-
icity and cellular uptake of these nanodiscs using the MDA-
MB-231 breast cancer cell line, a widely used in vitro model
for studying triple-negative breast cancer (TNBC),[45] there-
by highlighting their potential as future drug delivery
systems.

The synthesis of pH-responsive, tadpole-like BBCs was
achieved by selectively grafting poly(glycidyl ether) side-
chains onto one block of a diblock copolymer backbone.
The diblock copolymer polymer backbone PEG114-block-
(PGMA-N3)20 was prepared through reversible addition-
fragmentation chain-transfer (RAFT) polymerization and
subsequent reaction with sodium azide. Detailed synthesis
protocols and characterization can be found in the Support-
ing Information (Schemes S1 and Figures S1–S6). As side-
chains, three copolymer glycidyl ethers with alkyne terminal
groups have been prepared via anionic ring-opening poly-
merization and subsequent post polymerization modification
(Schemes S2–S3), featuring a random distribution of EE and
TP ratios (sidechains SC1: poly(EE24-ran-TP3), SC2:
poly(EE21-ran-TP6), SC3: poly(EE14-ran-TP14)) but compara-
ble overall degree of polymerization (DP~28). The side-
chains were designed to maintain a consistent overall block

length while increasing the fractional content of more
hydrolytically stable TP from 11% in SC1 to 50% in SC3
(Figures S7–S14). To build the final tadpole-like BBCs, SC1,
SC2, or SC3 were clicked onto the (PGMA-N3)20 block of
the backbone (Scheme S4–S5).[46,47] The successful synthesis
of three unique PEG114-block-[(PGMA-N3)20-graft-(P(EE-
ran-TP)28)15] (SC-BBC) was confirmed by 1H nuclear
magnetic resonance (NMR) spectroscopy (Figures S15–S17)
and size exclusion chromatography (SEC) (Figure S18 and
Figure S21) analyses. The grafting efficiency of the click
reaction, as calculated from NMR, was around 75%,
irrespective of sidechain composition. The efficiency is
limited by several factors, including the steric demand of the
sidechains, chain folding within the bottlebrush architecture,
and the inherent bulkiness of the grafted polymers.[48–50]

Given that all three sidechains have nearly identical length,
no significant differences were expected.

The BBCs are amphiphilic and feature a hydrophilic
linear PEG block and a hydrophobic bottlebrush block. The
linear PEG will act like a coil, while the rigidified
bottlebrush will act more like a rod polymer. Linear rod-coil
copolymers have been demonstrated to achieve 2D self-
assembly, for example, via crystallization.[51] Our BBC
design borrows from this concept but achieves the rod-like
character through topology and conformational changes in
the densely grafted bottlebrush segment (75% grafting
efficiency),[52] allowing us to attain rod-coil BBCs capable of

Scheme 1. (A) General synthetic route toward amphiphilic coil-rod BBCs, (B) enabling the self-assembly of amorphous nanodiscs with controllable
core functionality and degradation.
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planar packing not driven by crystallization. This further
allows us to vary the brush composition without affecting
the overall rod-coil architecture. The self-assembly of these
amphiphilic BBCs is then somewhat independent of the
chemistry of the core-forming block (except it needs to be
hydrophobic to promote self-assembly in aqueous solution).
This allows us to study the influence of hydrophobicity
within the core-forming rod segments, as the EE/TP ratio
will determine the overall degree of hydrophobicity of the
sidechains.

We postulated that by designing a specific tadpole-like
polymer architecture, i. e., the ratio of coil and rod segment,
we should be able to achieve 2D self-assembly irrespective
of the nature of the bottlebrush core chemistry. In fact, all
BBCs have self-assembled directly into nanoscale discs in
water (Figure 1 and Figures S22–S23). In comparison, we
have synthesized SC2-BBC with 45% grafting efficiency
(Figures S19–S20) to investigate how molecular architecture

influences the self-assembly process of BBCs. The reduced
grafting efficiency was designed to decrease the rigidity and
bending energy of the bottlebrush segments, which con-
sequently drives the BBCs to self-assemble into vesicles
rather than nanodiscs (Figure S24). Our results underscore
the critical role of the grafting density and block rigidity in
dictating the self-assembly behavior of BBCs, highlighting
how subtle changes in molecular architecture can lead to
distinct nanostructures.

By gradually increasing the hydrophobicity of grafted
poly(EE-ran-TP)s, the self-assembled discs exhibited grow-
ing diameters, with SC1-BBC nanodiscs ~200 nm, SC2-BBC
nanodiscs ~500 nm, and SC3-BBC nanodiscs reached
>1 μm, as summarized in Table 1. The varying diameters of
the nanodiscs can be attributed to the differences in the
hydrophobic interactions among the polymer sidechains,
where a higher TP content correlates with increased hydro-
phobicity, promoting the formation of larger self-assembled
structures due to the enhanced aggregation of hydrophobic
domains. The uniform thickness across all nanodisc variants
(~8 nm) indicated a consistent packing density and polymer
orientations within the nanodisc structure, which remains
relatively unchanged by varying the composition of the
sidechains. However, the ability to adjust the average disc
diameter by varying the EE/TP ratio highlights the impor-
tance of hydrophobicity in the rod segment and, in addition,
enables a simple means to tailor not only the size of discs
but also their functionality. Each poly(glycidyl ether)
copolymer is pH-sensitive and undergoes a hydrophobic-to-
hydrophilic transition in acidic environments. However, the
rate of this change is composition-dependent, with the order
of increasing stability towards acid hydrolysis being SC1<
SC2<SC3, in concert with our recent study.[53] Finally, the
critical disc-formation concentration (CDC) of SC-BBCs
was examined using dynamic light scattering (DLS) and
transmission electron microscopy (TEM) (Figures S25–S27).
For SC1-BBC and SC2-BBC, stable nanodiscs were ob-
served at concentrations above 0.25 mg/mL. SC3-BBC, with
the increased hydrophobicity of the bottlebrush segment,
exhibited a lower CDC, forming stable nanodiscs more
readily at lower concentrations (above 0.1 mg/mL).

To investigate the pH-dependent stability of prepared
nanodiscs, we loaded pyrene as a probe into the core
domain (Figure S28). The fluorescence intensity ratio at
336 nm to 333 nm (I336/I333) of pyrene is solvochromatic and,
hence, can be used to assess microenvironmental
changes,[54,55] and in our case, offer insights into the stability

Figure 1. Atomic force microscopy (AFM) height image of self-
assembled nanodiscs formed by (A) SC1-BBC, (B) SC2-BBC, and
(C) SC3-BBC; (D–F) Zoomed in AFM height images above from (A–C)
including cross-sectional analysis across selected nanodiscs. AFM z-
scale: � 5 to 10 nm.

Table 1: Characterization data on BBCs and their corresponding nanodiscs.

Bottlebrush sidechains BBCs Nanodiscs
Composition
(NMR)[a]

Tg

(°C)
Grafting Efficiency
(%)[a]

Mn,NMR

(kg/mol)[a]
Mn,SEC

(kg/mol)[b]
Đ[b] Disc diameter

(nm)[c]

SC1-BBC P(EE24-ran-TP3) � 57.6 75 70.6 68.4 1.15 193�70
SC2-BBC P(EE21-ran-TP6) � 52.8 75 72.1 57.1 1.17 455�85
SC3-BBC P(EE14-ran-TP14) � 42.5 75 75.1 49.7 1.17 1120�310

[a] Determined by 1H NMR spectroscopy using end group analysis; [b] Determined by DMAc-SEC with PMMA calibrations; [c] Determined by AFM
with the results expressed as means�SD of particles presented in Figure 1A–1C.
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and structural integrity of the nanodiscs. Under neutral
conditions, we attested increased stability to all the nano-
discs as their I336/I333 values remained largely unchanged, in
the case of SC3-BBC even over a 60-day period (Figur-
es S29–S31). In all cases, the nanodisc structure remained
intact for the monitoring period. However, once the nano-
discs were introduced into an acidic environment, a more
pronounced shift in their fluorescence analysis was evident
(Figures S29–S31). This was primarily driven by the accel-
erated hydrolysis of the EE and TP segments, leading to a
significant reduction in their I336/I333 values and indicating
the degradation (i. e., disassembly) of the nanodiscs (Fig-
ure 2). The degradation profile seems to occur in three
distinct stages (Figure 3). Initially (Stage I), their I336/I333

values remained relatively stable, indicating nanodiscs have
preserved their structural integrity in the acidic environ-
ment. Upon further hydrolysis, a gradual decrease in their
I336/I333 values was observed (Stage II), indicating a hydrol-
ysis-induced structural breakdown of nanodiscs, which
consequently exposes pyrene to a more polar environment.
Finally (Stage III), the nanodiscs are no longer stable and
disintegrate, leaving pyrene exposed to water and leading to
a stabilized I336/I333 ratio.

[55] With progressing hydrolysis, the
remaining disc fragments gradually degrade into fully water-
soluble macromolecules: PEG-block-[polyglycidol].

DLS and TEM analyses further corroborate the ex-
pected hydrodynamic size changes and morphology trans-
formations at selected time points (Figure 3 and Figur-
es S32–S37). In all cases, only minor size changes were
observed from their DLS traces during the initial degrada-
tion stage (Stage I), with TEM suggesting that the initial
degradation predominantly stems from the nanodisc periph-
ery. This degradation pattern aligns well with the initial
stability observed in the pyrene fluorescence studies, where
the core environment around the pyrene molecules re-
mained relatively unchanged due to its encapsulation within
the nanodisc cores. As the hydrolysis progressed, the
cumulative degradation reached a threshold where the
nanodiscs could no longer maintain their integrity and
started to disassemble into smaller fragments. This structural
breakdown facilitated a greater influx of the acidic buffer
solution into the core regions, significantly altering the
microenvironment around the pyrene molecules. This alter-
ation was quantitatively evidenced by a marked decline in
their I336/I333 fluorescence intensity ratio, indicating the

Figure 2. (A) Schematic representation of using pyrene to monitor the
degradation process of nanodiscs. Fluorescence intensity ratio at
336 nm to 333 nm (I336/I333) of encapsulated pyrene molecules in
(B) SC1-BBC, (C) SC2-BBC, and (D) SC3-BBC nanodiscs over time
under neutral and acidic conditions. The results were expressed as
means�SD, n=3 independent replicates.

Figure 3. Representative TEM images (negative stain) of nanodiscs at different degradation stages determined from fluorescence kinetic studies
and the DLS measurements of their size distributions: (A–E) SC1-BBC, (F–J) SC2-BBC, (K–O) SC3-BBC.
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increased microenvironment polarity as the degradation
proceeded.

Notably, the degradation kinetics of nanodiscs varied
significantly with different EE/TP compositions; while SC1-
BBC nanodiscs exhibited the fastest degradation, SC3-BBC
experienced the slowest. The variation can be attributed to
their differences in hydrophobicity and particle sizes. SC1-
BBC nanodiscs, with a higher proportion of rapidly hydro-
lyzing EE segments, were more susceptible to acidic
conditions, leading to a faster structural breakdown and
degradation of nanodiscs. In contrast, SC2-BBC and SC3-
BBC nanodiscs, characterized by a larger proportion of
slowly hydrolyzing TP segments, exhibited enhanced resist-
ance to hydrolysis, thus presenting a slower degradation
process. Furthermore, the smallest sizes of SC1-BBC nano-
discs likely contributed to their increased surface-to-volume
ratio, accelerating their hydrolysis and degradation proc-
esses. The degradation kinetics of nanodiscs can be finely
tuned by altering the composition and ratio of EE/TP,
offering insights into the design of responsive nanocarrier
systems.

pH-responsive polymers have been widely explored as
drug carriers due to their unique ability to undergo structure
or property changes in response to the pH variations
typically found between healthy and diseased tissues.[56–58]

We assessed our nanodiscs as potential drug carriers through
the encapsulation and subsequent release of the widely
studied doxorubicin (DOX) (Figure 4 and Figure S38). The
encapsulation efficiency and drug loading content (in wt%),
respectively, were: SC1-BBC (18%, 9%), SC2-BBC (15%,
7.5%), SC3-BBC (11%, 5.5%) (Figure S39). Such loading
capacity matches established systems based on liposomes
and linear polymers.[59,60] Under neutral conditions, stable
nanodiscs showed limited premature drug leakage: 8.8�
0.4 wt% (SC1-BBC), 5.9�0.4 wt% (SC2-BBC), and 1.9�
0.3 wt% (SC3-BBC). The amorphous core acts as a hydro-
phobic depot, whereby the increase in hydrophobicity and
Tg from SC1 to SC3 prevent diffusion additionally. A
marked increase in DOX release was observed in acidic

environment when the acid-labile cores start to switch to
hydrophilic: 69.3�3.7 wt% (SC1-BBC), 54.7�2.7 wt%
(SC2-BBC), 24.5�3.2 wt% (SC3-BBC). The different re-
lease profiles between the nanodiscs stem from the varying
ratios of EE to TP. SC1-BBC contains the highest
proportion of the more rapidly hydrolyzing EE segments,
and hence release DOX fastest during core degradation.
Conversely, SC3-BBC contains the highest proportion of the
slowly hydrolyzing TP segments, hence leading to the
slowest release rate, due to the slow switch toward hydro-
philicity, but also the prolonged stability of the disc itself.

Biocompatibility is a critical factor when considering
materials as drug carriers. To assess the biocompatibility of
our nanodiscs, MTT assays were performed using MDA-
MB-231 cells. The nanodiscs demonstrated biocompatibility,
maintaining cell viability above 80% at all tested concen-
trations after 24 hours of incubation (Figure 5A). Further-
more, cellular uptake studies, conducted with Cy5-labelled
nanodiscs, revealed significant internalization into cells after
6 and 24 hours, as evidenced by fluorescence signals in
Confocal Laser Scanning Microscopy (CLSM) images (Fig-

Figure 4. (A) Schematic representation of the release of encapsulated
DOX molecules from the degradation of polymer nanodiscs; (B–
D) Release profile of encapsulated DOX molecules of SC1-BBC discs,
SC2-BBC discs, and SC3-BBC discs under neutral and acidic (pH 5.0)
conditions. The results were expressed as means�SD, n=3 independ-
ent replicates.

Figure 5. (A) Viability of MDA-MB-231 cells after incubation with Cy5-
labelled nanodiscs at different concentrations at 37 °C for 24 h. Data
are presented as mean�SD, n=3 independent replicates. (B) Flow
cytometry analysis of MDA-MB-231 cells incubated with Cy5-labelled
nanodiscs at 37 °C for 24 h. (C) CLSM images of MDA-MB-231 cells
incubated with Cy5-labelled nanodiscs at 37 °C for 24 h. Scale bar:
20 μm; nucleus: blue; nanodiscs: red.
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ure 5C and Figure S40A). Notably, SC1-BBC and SC2-BBC
exhibited stronger fluorescence compared to SC3-BBC,
likely due to their smaller particle sizes, which enhances
cellular uptake. These findings were further confirmed by
flow cytometry analysis, which exhibited differences in
uptake levels among the nanodisc variants (Figure 5B and
Figure S40B). These results reinforce the potential of our
nanodiscs as a versatile platform for future drug delivery
applications.

In conclusion, this study highlights the benefit of using
bottlebrush copolymers in materials science, which is rapidly
becoming its own field, owing the unique properties of these
highly branched macromolecules. Especially in the context
of self-assembly, molecular bottlebrushes provide fast
assembly kinetics, impart increased stability, and allow for
compartmentalization.[61,62] In our current work, we have
successfully prepared a series of BBCs with unique tadpole-
like architecture by tuning the EE/TP ratio of grafted
polymer sidechains. Through direct self-assembly of such
BBCs in water, polymer nanodiscs with customizable sizes
and degradation kinetics can be prepared, whereby in-
creased levels of EE degraded corresponding nanodiscs
faster. Specifically, the degradation started from the nano-
disc periphery and gradually led to the complete disassembly
of nanodiscs into fully water-soluble copolymers. Addition-
ally, the nanodiscs demonstrated efficient drug encapsula-
tion, pH-responsive release of DOX, exhibited biocompati-
bility and were able to be taken up by cancer cells. We
anticipate the strategy developed in this work will serve as a
functional platform to fabricate polymer nanodiscs with
controllable physiochemical properties and develop ad-
vanced drug delivery systems.

Supporting Information

Materials, methods, and supporting results, including poly-
mer characterisation (NMR, SEC, differential scanning
calorimetry - DSC, Fourier transform infrared spectroscopy
- FTIR, TEM, AFM), hydrolysis studies (DLS, TEM,
fluorescence spectroscopy) and in vitro studies (plate reader,
CLSM, flow cytometry). The authors have cited additional
references within the Supporting Information.[63]
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Self-Assembly of Amorphous 2D Polymer
Nanodiscs with Tuneable Size, pH-Respon-
sive Degradation and Controlled Drug
Release

Tadpole-like amphiphilic bottlebrush
block copolymers (BBCs) with pH-re-
sponsive side chains are synthesized to
prepare self-assembled nanodiscs, with
sizes from 200 nm to over 1 μm con-
trolled by sidechain compositions. These

nanodiscs enter cancer cells, degrade in
acidic conditions, with different hydrol-
ysis kinetics, enabling targeted drug
release, demonstrating significant po-
tential for therapeutic applications.
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