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Polymer nanoparticles based on molecular polymer brushes allow
precise and independent tailoring of nanoparticle characteristics.
This enables the synthesis of soft hydrophilic polymer particles with
matching composition and surface chemistry where only the
aspect-ratio is varied. PEGylated brush nanoparticles revealed that
brush nanorods exhibit higher association and penetration into
multicellular tumour spheroids compared to their spherical or
filamentous counterparts.
Nanoparticle-based carrier systems are expected to overcome
many limitations of traditional delivery strategies for
therapeutics and imaging diagnostics.1 In particular, polymer
nanoparticles are highly anticipated candidates for biomedical
applications due to their flexible syntheses, avenues to various
architectures and ease of incorporating specific functionalities.
The past decades of research have established design guidelines
regarding suitable particle properties (especially for size and
surface chemistry) for in vivo applications. Closer investigation
of nanoparticles at the interface with biological barriers has
revealed the importance of shape on particle interaction and
transport in cell tissues and tumours. 2 Cylindrical, in particular
rod-like particles, have emerged as a new paradigm in
nanomedicine. Rod- and worm-shaped nanomaterials have
repeatedly demonstrated their potential to compete and
outperform its spherical analogues.2b Most recently, rodshaped amphiphilic block copolymer nanoparticles highlighted
that particle shape may be used as a promising design criterion
for polymeric drug delivery carriers.3 In particular, their nonspherical shape (i.e. shape anisotropy) granted the
nanoparticles exclusive access to cell nuclei. Dextran-coated
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magnetic nano-worms showed enhanced cell attachment and
higher tumour targeting compared to spherical counterparts. 4
The shape effect is also evident in the observation that
polyethylene glycol-block-polycaprolactone worm-like micelles
exhibited different cellular interaction compared to spherical
micelles of the same copolymer5 and enhanced tumour
shrinkage.6 Virus nanoparticles have been reported for rodshaped particles which have superior diffusion rates in spheroid
models.7 Nano-sized polystyrene rods showed faster cellular
uptake kinetics compared to nanospheres of the same volume, 8
while PRINT® polymer nanogels of different shapes have shown
favoured uptake for short rod-like particle geometries.9 Similar
trends are frequently observed for inorganic particles.10
Although shape anisotropy is often presented as an
advantage in drug delivery applications, more studies are
needed to affirm this assertion, as there are also a number of
comparison studies ascribing benefits to spherical particles. 2b
This divergence in findings arises partially from the fact that
some studies preclude direct comparison with polymer nanosystems as the investigation may have been performed using
different types of cells or particles, or material composition. 11
Similarly, materials where multiple design parameters have
been altered are difficult to interpret. For example, the
production of differently-shaped gold nanomaterials can result
in changes of both shape as well as surface chemistry. 12 While
the ‘shape effect’ is acknowledged, its correlation to biological
effects must be studied in more rigorous systematic studies to
increase predictability and sustained development. A relatively
small number of studies have explored shape-anisotropic
polymeric nanomaterials as they remain challenging to
produce. The effect of nanoparticle aspect ratio and topology
on polymer particles is difficult to investigate due to the
synthetic challenges in producing uniform nanomaterials with a
defined aspect ratio and equal surface chemistry. A direct
comparison between nanoparticle systems requires that ideally
only one parameter is changed. To investigate and address this
limitation, we used molecular polymer brushes (MPBs) to
produce shape-anisotropic polymer nanoparticles and study
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Figure 1. (Top) Molecular polymer brushes (MPBs) with different topology are produced
via atom transfer radical polymerisation (ARTP) using the grafting-from approach on (A)
a polyinitiator backbone with different molecular weights (x=repeat unit). (B) Postfunctionalisation of the MPBs using fluorescent tags enabled to study the penetration of
MPBs into multicellular tumour spheroids. (Bottom) Synthetic procedure to produce
MPBs.

their association with multicellular tumour spheroids (MCS)
(Figure 1). MPBs enable alteration of one parameter at a time
while keeping other chemical or structural properties identical.
In this way, it is possible to change the nanoparticle topology,
shape or aspect ratio without affecting the chemical identity,
such as composition, grafting density or surface properties.
MPBs made from polyethylene glycol methyl ether
methacrylate PEGMA were previously found to yield biologically
relevant circulation half-lives and tumour accumulation in
rodents.13
MPBs with different topology were prepared by varying the
backbone length of MPBs while keeping side chain lengths the
same. Recently, Cho et al. elegantly varied the topology of
molecular brushes through the grafting through method at high
pressures using PEGMA as macromonomers.14 We opted to use
‘grafting-from’ to synthesise MPBs where the side chains are
made from PEGMA. The synthetic strategy also eases the
introduction of functionality into the side chains via
copolymerisation.13, 15 Different MPB topologies were obtained
using poly(2-(2-bromoisobutyryloxy) ethyl methacrylate)
(PBIEM) polyinitiator backbones of different degree of
polymerisation (DP) to graft side chain of comparable DP. A
detailed synthesis protocol for the PBIEM backbones has been
previously described.16 Copolymer brush side chains of PEGMA
and glycidyl methacrylate (GMA) were grafted using atom
transfer radical polymerisation (ATRP). The side chain length
was calculated using proton nuclear magnetic resonance
(1HNMR), the monomer conversions and the reported grafting
efficiency for PEGMA (~300 g·mol-1). ‘Grafting-from’ typically
compromises the grafting efficiency from PBIEM backbones due
to the bulkiness of monomers and has been reported
extensively.17 We synthesised the following set of MPBs (Figure
1 and Table 1): spherical / ellipsoidal PBIEM56-co-PBIEM56-graft[PEGMA128-co-GMA19] (MPB-sphere); rod-like PBIEM1350-coPBIEM1350-graft-[PEGMA90-co-GMA12] (MPB-rod); and filamentlike PBIEM3750-co-PBIEM3750-graft-[PEGMA95-co-GMA12] (MPB-

filament). Cryogenic transmission electron microscopy (cryoTEM) of the MPBs in water highlighted the transition from
spherical/ellipsoidal to rod- and filament-like MPBs (Figure S1).
The purified copolymer MPBs verified the incorporation of GMA
into the brush structure (Figure S2). Reacting the epoxy ring of
GMA with sodium azide was used to introduce further
functionality into the brush architecture for subsequent coppercatalysed azide-alkyne cycloaddition (Cu-AAC). We used size
exclusion chromatography (SEC) to investigate for brush-brush
coupling. SEC revealed no intermolecular brush crosslinking
after modification with sodium azide, as evident in the narrow
distributions in the elution traces (Figure S3). As in our previous
studies, we have used click chemistry to attach fluorescent tags
to MPBs.13 The successful attachment of Atto 488-alkyne was
confirmed using fluorescence spectroscopy. Click chemistry
allowed labelling the MPBs with similar amounts of
fluorophores, confirmed by similar emission intensities of
matching concentrations of aqueous brush solutions (1 g·L -1)
(Figure S4).
Table 1. Summary of PBIEMx/2-co-PBIEMx/2-graft-[PEGMAy-coGMAz]x/2 MPBs, including their observed topology and
backbone length distribution.
Backbone
MPB
Topology
length[b]
composition[a]
[nm]
PBIEM56-co-PBIEM56-graft[PEGMA128-co-GMA19]

[a]

spherical/
ellipsoidal

40 ± 10

PBIEM1350-co-PBIEM1350-graft[PEGMA90-co-GMA12]

rod-like

200 ± 60

PBIEM3750-co-PBIEM3750-graft[PEGMA95-co-GMA12]

filamentous

1110 ± 210

Calculated from 1H NMR using 50% grafting eﬃciency of PEGMA from PBIEM

backbones17e; [b] Determined from AFM height images using the FiberApp18

AFM confirmed the presence of individual polymer brush
nanoparticles (Figure 2) and the morphology of the individual
MPB systems. Keeping the length of the side chains similar and
only varying the backbone length resulted in MPBs with altered

Figure 2. AFM height images of (A/D) MPB-sphere, (B/E) MPB-rod and (C/F) MPBfilament on freshly cleaved mica. Z-value is ± 3 nm in all images.
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topology. The shortest MPB was sphere-like, as the side chains
had a similar DP to the backbone (Figure 2A/D). Increasing the
backbone length transitioned the MPBs into nanorods (Figure
2B/E) and filaments (Figure 2C/F). Cross-sectional analyses
(dashed lines in Figure 2) confirmed comparable heights across
the different MPB systems (Figure S5). Molecular brushes
typically flatten on substrates during drying, resulting in side
chains spreading and a decrease in height to only a few
nanometres. All MPBs showed matching heights and
comparable width in AFM, due to the identical synthesis
protocol and homogeneous brushes, built-up via the ‘gratingfrom’ method. However, it is important to note that the real
diameter of the brushes is difficult to estimate from AFM due to
the flattening and tip convolution phenomena.
To assess the effects of polymer nanoparticle topology on
the association and penetration of artificial tumours, we studied
the interaction of MPBs with multicellular tumour spheroids
(MCS) in 3D cell culture. Through the use of 3D cell cultures it is
possible to mimic the complexity and heterogeneity of
cancerous tumours more realistically in vitro.19 MCS made from
cancer cells are able to develop tumour characteristics, such as
cell-cell interaction,20 and establishing hypoxic regions21 and an
extracellular
matrix.22
We
used
DLD-1
colorectal
adenocarcinoma cells, which yield uniform spherical MCSs
(Figure 3A-C) and are a recommended epithelial cancer cell line
adequate for future drug screening purposes.23
We used large MCS formed from 1×10 4 DLD-1 cells to study
the topology-dependent association. Therefore, we incubated
various concentrations of 488-labelled MPBs (0.1 – 10 g·L-1) with
MCS for one day. Confocal laser scanning microscopy (CLSM)
was used to generate z-stacks after imaging through individual
MCS. Figure 3D-F depict an overlay of z-stacks of spheroids
treated with MPB-spheres (D), MPB-rods (E) and MPB-filaments
(F). The brighter the green colour, the more MPBs have
associated with the individual MCS. Since the z-stack slice
thickness, the incubation concentration, time, and the
fluorophore content on the MPBs were kept constant, it was
possible to directly compare the overlays. The rod-shaped MPBs
associated to a higher extent with the spheroid surface
compared to the sphere- and filament-like nanoparticles.
A similar trend was observed for the penetration into the
spheroid (Figure 3G-I). An image slice through the centre of the
MCS was used to qualitatively assess the ability of the various
MPBs to penetrate the 3D cell tissue. We believe that the large
MPB-filaments are too bulky to penetrate the spheroid. In
contrast, rod-like MPBs could penetrate the spheroid tissue
more effectively. We used ImageJ surface plots to highlight the
homogenous penetration of rod-like MPBs comparted to their
spherical and filamentous counterparts (Figure S6). Additional
analysis using smaller MCS (formed from 5×10 3 DLD-1 cells)
have confirmed this trend (Figure S7). While observations of the
cellular interaction of nanoparticles differ in the literature (as
described above), our results highlight the importance of shape
(and aspect ratio) on the penetration of dense cellular
aggregates, such as spheroids. Studying the interaction of the
brush particles with DLD-1 in (2D) monolayers showed minimal
association due to their PEGylated nature (Figure S8). Similar

Figure 3. DIC images of DLD-1 MCS (A-C). CLSM z-stack (D-F) and mid-plane cross-section
(G-I) to study the association and penetration of fluorescently labelled MPBs (green
colour): (D/G) MPB-sphere, (E/H) MPB-rod and (F/I) MPB-filament. Details: MCS formed
from 10,000 cells over 3 days; MPB concentration = 1.0 g·L -1; incubation time ~ 24 h.

trends have been observed using a macrophage cell line. 13a
Given the generically low cell association of PEGMA-based
particles with cells, we assume that the spheroid penetration is
largely dependent on diffusion processes. This in turn would
explain the favourable penetration of rod-shaped particles,
which has previously been reported for other nanorod
systems.24 Given that our MCS where incubated with identical
MPB concentration also means that the individual MPB particle
number in the MCS incubation is decreasing with increasing
aspect ratio (i.e. increasing MPB molecular weight). We
therefore ascribe the higher penetration of MPB-rods to a
shape effect, as the same MCS (e.g. exposed to ~4 times higher
number of MPB-spheres under identical conditions) showed
much less penetration by the other MPB systems. Recently,
favorable tumor penetration of MPBs and their advanced
performance in the photothermal treatment of MCF-7 tumours
in vivo25 has been reported which further emphasises the
importance of developing shape-anisotropic polymer
nanoparticle systems.
Focussing on only rod-like MPBs, we studied the
concentration dependence of the brush–spheroid interaction
(Figure S9). Incubation with low concentrations of MPBs (0.25
g·L-1) resulted in low spheroid association and very limited
penetration. With increasing concentration (0.5 and 1.0 g·L -1;
i.e. increasing MPB particle number), the association also
increased, and the penetration improved. The ability to finely
tailor nanoparticle properties to affect their penetration
capability, in combination with the shape effect and
advantageous behaviour of non-spherical nanoparticles (e.g.
margination, retention), may lead to new nanomedicines for in
vivo applications, where the performance is not purely dictated
by the surface chemistry of the drug carrier.
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Conclusions
In summary, MPBs offer a straightforward methodology to
produce polymer nanoparticles in which only one parameter is
changed, independently. In the present study, the aspect ratio
of the nanoparticles has been changed, allowing a direct
comparison of the shape effect and investigating particles with
identical composition and chemistries. An aspect ratio of ~4-5
gave rise to higher association to MCS and improved the
penetration capabilities of the nanoparticles into the centre of
the spheroid. To assess opportunities to translate our findings
to drug delivery, we are currently studying the mechanism by
which the particles penetrate and diffuse into the MCS. Recent
studies highlighted the preferential association and penetration
of, for example, rod-like virus particles,26 elongated micelles,5
and inorganic nanorods.24 Here we have shown that MPBs are
following this trend and anticipate that the ability to alter the
particle design parameter independently will provide the
opportunity to better correlate the shape effect to the
nanoparticle performance, and contribute to the development
of advanced drug carrier systems.
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