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ABSTRACT: The preparation of stable filomicelles or
nanoparticles with similar morphology to certain wormshaped bacteria, viruses, and fungi found in nature has
opened the doors to many applications including, but not
limited to, tissue engineering and nanomedicines. However,
the facile synthesis of filomicelles with high stability in water
and variable core properties still remains a major challenge.
Herein we report a novel library of highly stable worm-like
nanoparticles comprising either styrene or various
methacrylate cores. This library is prepared directly in
aqueous solution via reversible addition fragmentation chain
transfer (RAFT)-mediated emulsion polymerization and
temperature-induced
morphological
transformation
(TIMT). The filomicelle products demonstrate reproducibly
uniform morphology while exhibiting a broad range of glass
transition temperatures, high stability in buffer, and the
ability to form smart reversible thermoresponsive gels. The
broad-ranging properties of these filomicelles promise a
diverse range of industrial and biomedical applications.

Advances in the preparation of stable filomicelles or wormlike nanoparticles (WLN) in water have opened the doors to a
variety of novel applications ranging from templated fabrication
of nanodevices, formation of three-dimensional superstructures,
viscosity modification, nanoreactor assembly, through to tissue
engineering and nanomedicine.1 Significantly, recent studies
into nanoscale drug delivery using filomicelles as nanocarriers
have demonstrated that synthetic worm-like nanoparticles
(WLN) exhibit similar pharmacokinetics compared to certain
worm-shaped bacteria, viruses, and fungi found in nature.2 On a
different note, synthetic WLN can form reversible gels via
topological interactions, which represents a useful alternative to
traditional permanently-crosslinked gels.3 The unique features of
worm-like morphology have been stimulating efforts to develop
facile and versatile approaches for producing stable filomicelles
in water with greater control over length, surface chemistry, and
core properties, thereby enabling their use in a wider array of
applications.4
The physical properties (e.g., flexibility) of filomicelle cores
play an important role in their fragmentation, pharmacokinetics,
interactions with biological systems, and as a result, their likely
utility.5 As such, producing stable WLN in water with a variety
of core properties would be very useful for a number of potential
applications.6 To date, only a limited number of monomers have

been employed to prepare the hydrophobic core of worm-like
micelles via RAFT-mediated polymerization in aqueous
solution.7 In particular, only styrene (STY) has been successfully
applied for the production of WLN in water by both the
polymerization-induced self-assembly (PISA) and temperatureinduced morphological transformation (TIMT) techniques.8
Aside from styrene, 2-hydroxypropyl methacrylate (HPMA) was
the first and the only methacrylate monomer utilized for the
efficient synthesis of filamentous micelles in aqueous solution
via the PISA mechanism.9 This pioneering work by Armes and
coworkers has created a novel paradigm for the production of
worm-like micelles directly in water, which is particularly
promising for a number of biomedical applications. That said,
the synthesis of filomicelles with various methacrylic cores in
water by the aqueous RAFT-mediated polymerization remains a
long-standing challenge, hampering the broad deployment of this
synthesis technique.10
In this study, we aim to overcome this synthesis challenge by
using the RAFT-mediated emulsion polymerization of a set of
methacrylate monomers followed by the TIMT approach to
provide, for the first time, an extensive library of filamentous
micelles in water with various cores. Initially, the kinetics of
RAFT-mediated emulsion polymerization of benzyl
methacrylate in aqueous solution were studied to examine
whether poly((di(ethylene glycol) methyl ether methacrylate)30co-N-(2-hydroxypropyl) methacrylamide)7) (P(DEGMA30-coHPMA7)-SC(=S)SC2H5) was a suitable macro-CTA for
controlling the polymerization of methacrylate monomers (see
Scheme S1 and Figures S1-S2). The cloud point temperature
(Tcp) of this macro-CTA was 41 °C and was chosen such that the
P(DEGMA30-co-HPMA7) would provide a water-soluble corona
stabilizing methacrylate WLN at 37 °C (i.e., human body
temperature). The conversion of the emulsion polymerization
rapidly reached 94% after polymerizing at 60 °C for 3.5 h (see
Figure S3A), which reflects a very high rate of polymerization
due to the compartmentalization of hydrophobic methacrylate
monomer inside the core of the formed nanoaggregates.11
Importantly, SEC analysis revealed a linear increase in numberaverage molecular weight (Mn) with increasing conversion,
indicating the success of the chain extension reaction (see Figure
S3B). Further, the low dispersities (Đ ≤ 1.2, see Figure S3B) and
symmetric molecular weight distributions (MWDs, see Figure
S3C) of the formed diblock copolymers suggest a “wellcontrolled” polymerization proceeding under the RAFT
mechanism. Altogether, this kinetic study confirms the
successful synthesis of a well-defined PBzMA diblock
copolymer by RAFT-mediated emulsion polymerization.

After the polymerization of BzMA, the hot white suspension
or latex of the well-defined PBzMA diblock copolymer was then
used for the systematic TIMT study to determine whether wormlike morphology of PBzMA nanoaggregates could be obtained
by this technique. Specifically, hot latex at 60 °C was cooled to
room temperature (23 °C) in the presence and absence of added
benzyl methacrylate monomer (20 μL, 40 μL, and 80 μL per 1
mL of latex). The transmission electron microscopy (TEM)
image in Figure 1A shows large spherical aggregates when
cooling from 60 °C to room temperature (i.e., from above to
below the Tcp of P(DEGMA30-co-HPMA7)) without adding
BzMA. This morphology was identical to that of PBzMA
diblock copolymer at 60 °C (see Figure S4). These results
demonstrated that with only the small amount of unreacted
BzMA monomer (i.e., ~ 2 μL per 1 mL of latex), no morphology
transformation occurred. In contrast, when cooling from 60 °C
to 23 °C in the presence of various amounts of added benzyl
methacrylate, the morphology of the PBzMA aggregates
transformed from large sphere (~1.3 µm) to (i) small sphere (~
35 nm, with 20 μL mL-1 of added BzMA, see Figure 1B), (ii)
filamentous micelle (with 40 μL mL-1 of added BzMA, see
Figure 1C), or (iii) large vesicle (with 80 μL mL-1 of added
BzMA, see Figure 1D). In the presence of added BzMA, the
morphological transformations observed in Figure 1 were
induced by the change in amphiphilicity of the thermoresponsive
block from hydrophobic to hydrophilic (or from water-insoluble
to water-soluble) when cooling from above to below the Tcp of
the macro-CTA (see Scheme 1).7b However, when BzMA was
not added, the change in amphiphilicity was not sufficient to
restructure the kinetically-frozen PBzMA core at room
temperature (the Tg of the PBzMA core is 51 °C). It is interesting
to note that the added BzMA not only functions as a plasticizer
for the PBzMA core (i.e., an additive that can increase the chain
flexibility of the PBzMA core), but also serves to increase the
volume of the hydrophobic chain (ν, see equation 1), enabling
the formation of the various morphologies of PBzMA
nanoaggregates observed in Figure 2.12 The trend in the observed
morphological transformation can be explained using the
packing parameter (p) theory described by equation 1:13

p = ν/al (1)
where p is the packing parameter; ν is the volume of
hydrophobic chains; a is the effective interfacial area at the
hydrophobic–water interface; and l is the length of the
hydrophobic chains.

Figure 1. Representative TEM images of the latexes of PBzMA
diblock copolymer in water after: 3.5 h of polymerization at 60
°C, subsequent addition of different amounts of benzyl
methacrylate (A) 0 μL/mL, (B) 20 μL/mL, (C) 40 μL/mL, (D) 80
μL/mL, and cooling to room temperature (23 °C) overnight. All
samples were negatively stained with uranyl formate solution (2
wt% in MilliQ water).

Scheme 1. 3D cartoon representing the formation of
PBzMA nanoaggregates with different morphologies in
water
via
temperature-induced
morphological
transformation (TIMT).

From the packing parameter theory, the increased ν caused by
the addition of BzMA results in an increased value of p and the
corresponding morphological transformation from sphere to
cylinder and then to vesicle.6b,14 It is important to note that the
conversion of the polymerization affects both the length of the
hydrophobic chain (l) and the volume of hydrophobic chains (ν),
and as such the formed morphologies. Therefore, similar and
high conversions (i.e., >90%) should be reached to reproducibly
obtain uniform morphologies. In summary, PBzMA
nanoaggregates with various shapes (including filomicelle) have
been successfully prepared for the first time in aqueous solution
at relatively high solid content (i.e., ~7.5 wt %) via the RAFTmediated polymerization followed by the application of TIMT.
To expand the scope of this technique, a series of methacrylate
monomers that have never been used for the preparation of
filomicelles in water including methyl methacrylate (MMA),
ethyl methacrylate (EMA), propyl methacrylate (PMA), and
butyl methacrylate (BMA) was chosen for a further study (see
scheme S2A). These monomers represent a wide range of
hydrophobicity (due to the increasing length of hydrocarbon side
chain) and, if successful, would form novel WLN with different
core physical properties (i.e., Tg). Importantly, the RAFTmediated emulsion polymerization of BzMA followed by TIMT
was repeated (without taking samples for kinetics) to study the
reproducibility of both polymer synthesis and filomicelle
preparation. Styrene was also investigated as a hydrophobic
monomer in this study to target the first library of worm-like
micelles with both methacrylic and styrenic cores and to
compare the final worm-like morphology obtained with that of
filomicelles with methacrylic cores (see Scheme S2B).
Altogether, six hydrophobic monomers were used for the
emulsion polymerizations in this study (see Table S1).
Importantly, the same volume of monomers and the same
amount of macro-CTA were used for the polymerizations of each
methacrylate (see details of experimental in SI). The difference
in the feed ratio of monomer to macro-CTA, and the final degree
of polymerization (DP), is the result of the variation in density
and molecular mass of the monomer investigated. The increase
in Mn after all polymerizations (compared to the Mn of the macroCTA, see Table S1 and Figures S5-S10) and the presence of
signals corresponding to the protons of the hydrophobic
components in the 1H NMR spectra of purified products (see
Figures S11-S16) indicate that all chain extension
polymerizations were successful. In addition, the Mn and Đ of
the PBzMA diblock copolymer (P4) is similar to that obtained in
the previous polymerization performed for kinetic study (17,600
g/mol and 1.19, respectively). This result attests to the
reproducibility of the RAFT-mediated polymerizations reported
here.
After polymerization, each hot latexes was cooled to room
temperature (23 °C) in the presence of a suitable plasticizer (40

μL mL-1) to study the formation of WLN via TIMT (see Scheme
2). We found that the suitable plasticizer for each
polymethacrylate latexes was the monomer used for its
polymerization, while toluene was used as the plasticizer for the
PSTY latex.7b Importantly, TEM images (see Figure 2A-E) show
the formation of filomicelle morphology for not only PSTY and
PBzMA but also for PMMA, PEMA, and PPMA cores. It is
worth noting that filomicelles with MMA, EMA, and PMA cores
have never been synthesized by any other method. These results
attest to the reproducibility and the versatility of the TIMT
approach. However, in the case of PBMA, only spherical
morphology was observed (see Figure S16). All further attempts
to change the volume of added plasticizer (i.e., the amount of
added BMA), the feed ratios (to target different Mn of PBMA
diblock copolymers), and the transformation temperature
(cooled to, and incubated at 4 °C) still resulted in a spherical
shape for PBMA nanoaggregates (similar to the spherical
morphology in Figure S16, data not shown). We attribute the
spherical morphology observed for PBMA nanoparticles to the
low rigidity (i.e., low Tg, see Table 1) of the PBMA core, though
further studies are needed to fully understand the relationship
between core properties (i.e., rigidity) and the final morphology.
The packing parameter theory alone does not give an adequate
account of this relationship. That said, those polymers with Tgs
from 31 °C to 101 °C (see Table 1) can form stable cores of WLN
independently of the specific chemistry of the cores (i.e., styrene
or methacrylate). This broad range of Tg choices provides a
useful handle for producing filomicelles with various core
properties. Given the variety of methacrylate monomers that
have Tg higher than 31 °C, using the RAFT-mediated
polymerization and TIMT approach reported here would
dramatically expand the current library of possible filomicelle
cores. Moreover, we found that when heating the purified WLN
(e.g., PPMA WLN purified by dialysis to remove PMA and SDS,
see SI for more details) to 50 °C (a temperature above the Tcp of
the P(DEGMA30-co-HPMA7)), a stable free-standing gel was
formed (e.g., see Figure 2F). This reversible gelling is attributed
to the topological interactions of filomicelles.3c The worm-like
morphology of the nanoaggregates retains after the heating and
cooling cycle (e.g., see Figure S18) suggesting the potential
utility of these reversible, thermoresponsive gels for tissue
engineering applications.15 In addition, because of the glassy
cores and anti-fouling components of the corona (i.e., HPMA
and DEGMA), these filomicelles are also stable in phosphate
buffered saline for at least a week (see Figure S19), thereby
demonstrating considerable potential for use in nanomedicines
as nanocarriers.16

Figure 2. Representative TEM images of the dried latexes of (A)
P1, (B) P2, (C) P3, (D) P4, and (E) P5 in water after: emulsion
polymerization, subsequent addition of 40 μL/mL of (A) methyl
methacrylate, (B) toluene, (C) ethyl methacrylate, (D), benzyl
methacrylate and (E) propyl methacrylate, then cooling to room
temperature (23 °C) overnight, and finally dialyzing against
MilliQ water for 72 h. Samples for (A) P1, (C) P3, (D) P4, and
(E) P5 were negatively stained with uranyl formate solution (2
wt% in MilliQ water). (F) Digital photograph recorded for the
latex of (E) P4 after dialysis and heating to 50 °C for 1 min.

Scheme 2. A 3D cartoon representing the formation of
worm-like nanoparticles in water with different cores via
temperature-induced morphological transformation
(TIMT).

Table 1. Summary of thermoresponsive diblock
copolymers synthesized via RAFT-mediated emulsion
polymerization in water using AIBN as initiator and
P(DEGMA7-co-HPMA30)-SC(=S)SC2H5 as macro-CTA.
1H

Copolymer

Monomer

DPa

NMR

DSC
b

(n)

Mn
(g/mol)

Tgc
(°C)

P1

MMA

99

17,321

101

P2

STY

56

10,128

95

P3

EMA

85

14,565

61

P4

BzMA

61

10,897

51

P5

PMA

75

12,777

31

P6

BMA

68

11,664

14

a Degree of polymerization of styrene was calculated by
comparing the 1H NMR intensity of 90 protons of -O-CH3 of the
DEGMA component (Ij) to the protons of phenyl rings (IS) using
the following equation: nSTY = IS / Ij * 90 / 5 . Degree of
polymerization of MMA was calculated by comparing the 1H
NMR intensity of 90 protons of -O-CH3 of the DEGMA
component (Ii) to the protons of -C(=O)-O-CH3 of methacrylate
blocks (It) using the following equation: n = It / Ii * 90 / 3. Degree
of polymerization (DP) of EMA, BzMA, PMA, and BMA were
calculated by comparing the 1H NMR intensity of 90 protons of
-O-CH3 of the DEGMA component (Ii) to the protons of -C(=O)O-CH2- of methacrylate blocks (Ij) using the following equation:
n = Ij / Ii * 90 / 2. b Mn were calculated using the following
equation: Mn = n x Mmonomer + 6087. c Glass transition
temperatures (Tg) were determined by identifying the inflection
points in final DSC heating curves using Pyris software.

In conclusion, the first extensive library of filomicelles that
exhibit a range of core properties has been successfully prepared
in water. The filomicelle products are uniform, highly stable in
water or buffer, and able to form useful thermoresponsive gels.
This work has overcome the long-standing synthesis challenge
of producing novel filomicelle nanomaterials by using the
RAFT-mediated emulsion polymerization followed by the
temperature-induced morphological transformation. The
synthesis technique is rapid, reproducible, facile, and suitable for
styrene as well as a broad range of methacrylate monomers,
opening the doors to the possible synthesis of materially complex
and chemically functional WLN. The formed diblock
copolymers have unimodal molecular weight distributions, low
dispersity even at high conversion, and the ability to form
different morphologies. This novel class of worm-like
nanomaterials with a broad range of glass transition temperature
have potential utility for a variety of industrial and biomedical
applications.
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