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Self-assembly and dis-assembly of stimuli responsive tadpole-like
single chain nanoparticles using a switchable
hydrophilic/hydrophobic boronic acid cross-linker
a
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Junliang Zhang, Joji Tanaka, Pratik Gurnani, Paul Wilson, Matthias Hartlieb and Sébastien
a,b,c
Perrier*
Living systems are driven by molecular machines that are composed of folded polypeptide chains, which are assembled
together to form a multimeric complex. Although replicating this type of systems is a long standing goal in polymer
science, the complexity of the structures imposes is synthetically very challenging, and generating synthetic polymers to
mimic the process of these assemblies appears to be a more appealing approach. To this end, we report a linear polymer
programmable for stepwise folding and assembly to higher-order structures. To achieve this, a diblock copolymer
composed of 4-Acryloylmorpholine and glycerol acrylate was synthesised with high precision via reversible addition
fragmentation chain transfer polymerisation (Ð < 1.22). Both intramolecular folding and intermolecular assembly was
driven by pH responsive cross-linker, benzene-1,4-diboronic acid. The resulting intramolecular folded single chain
nanoparticles were well defined (Ð < 1.16) and successfully assembled into a multimeric structure (Dh = 245 nm) at neutral
pH with no chain entanglement. The assembled multimer was observed with a spherical morphology as confirmed by TEM
and AFM. These structures were capable of unfolding and disassembling either at low pH or in the presence of sugar. This
work
offers
new
perspective
for
the
generation
of
adaptive
smart
materials.

Introduction
Nature uses the sophisticated machinery of the cell to confer
precision on its biopolymers (e.g. proteins) in one-dimension
through their primary sequences, and in three-dimensions (3D) via
their subsequent secondary and tertiary structures, as well as their
molecular organisation into multimeric complexes, all of which are
imperative for the polymers to perform their specific biological
functions. The 3D architectures of proteins originate from the
controlled dynamic folding process of a single-stranded polypeptide
chain and further self-assembling into selectively tailored molecular
assemblies and interfaces which interact and respond to their
1-4
environment. Folding a single linear polymer chain into a single
chain nanoparticle (SCNP) has been utilized as a versatile way of
constructing polymeric nanoparticles to copy nature’s ability to
form well-defined structures and is a rapidly expanding research
5-30
area in polymer science.
SCNPs can not only mimic the delicate
controlled folding process of proteins with controlled size and
31-33
morphology,
but can also self-assemble into more complexed
34
3D structures.
Furthermore stimuli-responsive polymeric
nanoparticles, also called “smart” or “intelligent” nanoparticles that

are capable of conformational and chemical changes by adapting
35, 36
the external stimuli
have increasingly attracted interest due to
their diverse range of applications in delivery and release of
37, 38
39
40
drugs,
diagnostics, sensors. Dynamic covalent chemistry is a
very suitable candidate for building intelligent materials which can
be responsive to the environmental changes, such as pH or input
33, 41-44
stimuli.
Boronic acid containing macromolecules have been
widely utilized as an effective route toward bioresponsive
45-51
architectures and a large body of research has been carried out.
Boronic acid derivatives reversibly react with 1,2- and 1,3-diols (i.e.
saccharides) to form boronic or boronate ester depending on the
52
environmental pH. At high pH, the anionic boronate ester is
hydrophilic (Scheme 1a). Upon acidification the boronate moieties
53, 54
will be converted to neutral/hydrophobic groups (Scheme 1b).
Sumerlin et al. reported a novel example of boronic acid containing
triply-responsive “schizophrenic” diblock copolymers which
displayed self-assembly in response to changes in temperature, pH,
52
and the concentration of diol.
The self-assembly of amphiphilic diblock copolymers have
attracted considerable interest to generate stimuli responsive
35, 55-57
nanoparticles with tailored structures.
The structures and
properties of superparticles formed by self-assembled SCNPs have
been proved to be entirely different from traditional block
58
59
58
copolymer micelles. Zhao et al. and Chen et al. reported the
first examples of self-assembly and disassembly of diblock single
chain Janus nanoparticles (SCJNPs). However, these self-assemblies
were obtained either in organic solvent or requiring the
involvement of organic solvent to assist the solubility of the
hydrophobic part, which will limit the application in physiological
conditions. Besides, the disassembly was achieved
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Scheme 1. a) Equilibrium formation of boronate esters from 1,2-diols at high pH in water; b) Equilibrium formation of boronic esters from 1,2-diols at neutural pH in water; c)
Schematic representation of the synthesis of hydrophilic diblock copolymers of AB1 and AB2 by RAFT polymerization. d) Schematic representation of the synthesis of tadpole-like
SCNPs.

by utilizing the ultra-sonication which will also circumvent its wide
60
use due to the destructive effect of sonication.
Herein, we report a novel synthesis of completely water soluble
SCNPs from a 1,2-diol pendant linear precursor polymer, using a
boronic acid cross linker and utilising the aforementioned pH
dependency of boronate esters to promote self-assembly. In
contrast to the studies of Zhao et al. and Chen et al., we
investigated self-assembly without the need for switching solvents
and also new to this field we investigated the dis-assembly of the
SCNPs back to the linear precursor using pH and sugars as chemical
stimuli.

Results and discussion
In the present contribution, 4-Acryloylmorpholine (NAM) and
glycerol acrylate (GLA, synthesized by adapting to the published
61
procedure, Scheme S1, Figure S1 and S2) were used as monomers
to fabricate water soluble, 1,2-diol-containing copolymers. Two
diblock copolymers were designed with an initial hydrophilic block
of poly(NAM) (Block A), comprising 100 units, to impart water
solubility for the later self-assembled structure followed by a
statistical hydrophilic segment of NAM/GLA (Block B, 100 units in
total) able to react with a suitable diboronic acid cross-linker to
form tadpole-like SCNPs.
In order to investigate the effect of the relative molar fractions of
the hydrophobic block for self-assembly behaviour of the SCNPs,
two different compositions of B block copolymers were

synthesized: PolyNAM100-b-Poly(NAM80-stat-GLA20) (AB1) and
PolyNAM100-b-Poly(NAM20-stat-GLA80) (AB2). As illustrated in
Scheme 1c, optimized RAFT conditions as previously described for
the synthesis of water soluble multiblock copolymers (azoinitiator:
62
VA-044 at 70 °C in H2O), were applied to provide a fast (within 2
hours) and quantitative monomer conversion while maintaining
high control over molar mass, narrow dispersity, and high
theoretical livingness. 2-[(Butylthio-carbonothioyl)thio]propanoic
acid [called (propanoic acid)yl butyl trithiocarbonate (PABTC) in this
paper]
and
2,
2ʹ-azobis[2-(2-imidazolin-2yl)propane]dihydrochloride (VA-044) were used as the chain
transfer agent (CTA) and the initiator respectively. After 2 h of
polymerization of each block (See the Supporting Information for a
detailed procedure), near quantitative monomer conversion (>
1
99%) was obtained and confirmed by H NMR spectroscopy analysis
1
for both diblock copolymers (Figures S3 and S4). H NMR
spectroscopy of both diblock copolymer confirmed the presence of
the peaks associated with each segment, especially the presence of
the diol functional group at 4.81 and 4.64 ppm (Figures S3 and S4,
signals a and a’). Size exclusion chromatography (SEC) in DMF
revealed a monomodal distribution and a shift towards higher
molar mass confirming the successful chain extension after
polymerization (Figures S5 and S6). While a narrow dispersity was
detected for both copolymers [PNAM100-b-(PNAM80-GLA20), AB1, Ð =
1.14; PNAM100-b-(PNAM20-GLA80), AB2, Ð = 1.22, Table 1), it needs
to be noted that, for the AB2 copolymer, a low molar mass tail was
observed
in
the
chromatogram
(Figure
S6).
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Table 1. Characterization of the linear copolymers, SCNPs by H NMR spectroscopy, DMF-SEC, DLS and DSC.

Mn,th

a

Mp,SEC

b

Mn,SEC

b

Ð

b

<G>

c

Dh

d

PDI

d

Tg

e

Sample

Composition

A

PNAM100

14400

14800

14100

1.07

-

-

-

159.2

AB1

PNAM100-b-P(NAM80-stat-GLA20)

28600

27200

23700

1.14

-

7.7

0.07

147.9

-

24400

19900

1.17

0.90

6.1

0.05

172.4

28900

27700

22100

1.22

-

6.5

0.08

95.8

-

23700

1.16

0.86

5.0

0.08

172.6

AB1

SCNP

AB2
AB2

SCNP

PNAM100-b-[P(NAM80-stat-GLA20)]

g mol

SCNP

PNAM100-b-P(NAM20-stat-GLA80)
PNAM100-b-[P(NAM20-stat-GLA80)]

SCNP

-1

g mol

-1

g mol

-1

20300

nm

°C

a

Mn,th = [M]0 × p × MM/[CTA]0 + MCTA, p is the monomer conversion determined by 1H NMR spectroscopy.

b

Determined by SEC in DMF with PMMA used as molecular weight standards, Mp represents the maximum peak value of the size-exclusion chromatogram.

c

Compaction parameter <G> = Mp,SCNP/Mp,linear, the molecular weight variation caused by the cross-linking reaction (e.g. the increased DBA units) was not taken into
account.
d

Hydrodynamic diameter (Dh) and size distributions were measured by dynamic light scattering (DLS) in H2O. See ESI for experimental details.

e

Glass transition temperature: determined by the second heating curve of DSC.

This is due to low re-initiation efficiency of a polyacrylamide
macroCTA towards acrylate monomer considering the large amount
63
of the acrylate monomer in the second block. The high molecular
weight shoulder evident in the SEC trace of AB2 copolymer (Figure
S6) is likely associated to the copolymerization of macromonomer
formed by the propagating radical undergoing backbiting β-scission
64, 65
during the radical polymerization of acrylates,
which will not
affect the following cross-linking reaction.
As shown in Scheme 1d, the intramolecular cross-linking of the
linear polymer chains was realized by the reaction of the pendent
diol groups along the polymer backbone with a cross-linker. In
order to reduce the competing intermolecular cross linking, the
-5
-6
reaction is usually carried out at high dilutions (~10 – 10 mol·L
1 31
).
However, even in dilute conditions, intermolecular cross
66
linking is still unavoidable. In order to solve this problem, Hawker
et al. developed a continuous addition method (by adding the
solution of one reactant dropwise to the solution of the other
31
reactant). In this work, the synthesis of the tadpole-like SCNPs
was carried out applying the continuous addition method. For the
presented system, the solution of cross-linker Benzene-1,4diboronic acid (DBA, 0.5 equivalent per diol group) was added dropwise (i.e. 15 minutes for AB1, 30 minutes for AB2, see the Supporting
Information for a detailed procedure) into a premade basic aqueous
solution (pH = 10) of the linear polymer precursor to fold the

Figure 1. SEC chromatograms (RI traces) obtained in DMF for: (a) AB1 and AB1

SCNP

second block. In order to investigate whether the single chain
folding was successful, SEC, dynamic light scattering (DLS), and
differential scanning calorimetry (DSC) analysis were performed.
SEC is an ideal technique to monitor any changes in the
hydrodynamic volume of a polymer chain allowing to distinguish
between linear precursors, SCNP and intermolecular cross linked
67-70
species.
Comparing the SEC chromatograms of the obtained
materials with their parent linear copolymers, a shift towards lower
molar mass (i.e. smaller hydrodynamic volume, Figure 1) was
observed for both cross-linking reactions, suggesting the successful
SCNP
formation of single chain polymeric nanoparticles AB1
and
SCNP
AB2 . These results are consistent with previous literature about
33, 43, 66, 71the intramolecular cross linking of a single polymer chain.
74
The compaction parameter <G> calculated according to the
67
method of Lutz et al., by comparison of the maximum peak values
of the linear precursor and the compacted polymer chains, was
SCNP
SCNP
obtained to be 0.90 and 0.86 for AB1
and AB2 , respectively
(Table 1). These values closely match those of tadpole-like (P67
shaped) macromolecules reported by Lutz et al.. The relatively
SCNP
smaller <G> value of AB2
is likely due to the more significant
extent of folding of AB2 given the relative more amount of crosslinkable units.

; (b) AB2 and AB2

SCNP

.
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Figure 2. Hydrodynamic size distributions obtained by DLS in H2O for (a) AB1 and AB1

SCNP

DLS measurements revealed a characteristic decrease in
SCNP
SCNP
hydrodynamic diameter (Dh) of AB1
and AB2
compared to
the corresponding linear precursor, which further indicates the
intramolecular collapse and the formation of SCNPs (Figure 2). The
average hydrodynamic diameter decreased from 7.7 nm for AB1 to
SCNP
SCNP
6.1 nm for AB1
and from 6.5 nm for AB2 to 5.0 nm for AB2
(Table 1).
DSC analysis was also conducted to demonstrate the successful
formation of SCNPs. Compared to the linear polymer, the chain
mobility of SCNPs will decrease, resulting in an increased glass
31, 75-77
SCNP
transition temperature (Tg) value.
The Tg value of the AB1
increased significantly to 172.4 °C from the initial value of 147.9 °C
for linear polymer AB1 (Table 1, Figure S7, the value at around 90 °C
was identified as measurement artefact, see Figure S8 and the ESI
for the detailed explanation). On the other hand, the linear
copolymer AB2 contains a larger fraction of GLA in the second block
(B2) which leads to a broader glass transition process and a
decreased Tg (95.8 °C, Table 1, Figure S9) compared to AB1 (147.9
°C). The disappearance of the Tg value at 95.8 °C and the
characteristic glass transition process with the Tg value of 172.6 °C
(Figure S9) indicate the successful compaction of AB2 leading to the
SCNP
SCNP
formation of AB2 . The more dramatic change of Tg for AB2
should be caused by the higher degree of compaction which is
consistent with the SEC results.
Due to the wide pH ranges present in biological and physiological
systems the application of pH-responsive polymeric nanoparticles
78
for controlled encapsulation and release is of great interest. The
self-assembly behaviour of the tadpole-like SCNPs was investigated
by varying the environmental pH. At high pH, the cross-linker exists
52, 79
as hydrophilic anionic boronate esters (Scheme 1a and 1d),
therefore both segments of the diblock copolymers are hydrophilic.
As the pH is lowered to neutral (pH ≈ 7.5), the majority of the crosslinker will become neutral, hydrophobic boronic esters, causing the
tadpole-like SCNPs to be amphiphilic. This in turn will result in a
phase segregation of the hydrophobic cross linked “head” block to
form the core of a micellar assembly whereas the hydrophilic “tail”
segment of NAM constitutes the shell. If the pH is further lowered
to acidic condition, the boronic esters will be hydrolysed to yield
79
free boronic acids and diols (Scheme 1b).
The self-assembly behaviour of tadpole-like SCNPs adapting the
pH changes was monitored by DLS analysis. When the pH of the
SCNP
aqueous solution of the AB1
was gradually lowered from basic

(pH = 10.02); (b) AB2 and AB2

SCNP

(pH = 10.20).

(pH = 10.02) to acidic (pH = 2.36), the particles displayed similar
sizes across the whole range and no self-assembly was observed
(Table S1 and Figure S10). On the other hand, when the pH of the
SCNP
aqueous solution of the AB2
was lowered from basic to neutral,
multimolecular aggregates were observed which indicated the
occurrence of self-assembly. The hydrodynamic diameters of
SCNP
AB2
increased from 5.0 nm (at pH 10.20) to 111 nm and 245 nm
at pH 8.00 and 7.60, respectively (Table S2, Figures 3 and S11),
revealing the aggregate size could vary depending on the pH. Upon
further lowering the pH to acidic, DLS displayed the dissociation of
the aggregates and hydrolysis of the boronic esters leading to the
SCNP
formation of polymers with slightly bigger sizes than AB2
at
basic condition (Table S2, Figure S11). This phenomena is consistent
with the assumption that assembled micellar structures were
formed, composed of a hydrophilic polyNAM shell and a
hydrophobic core, the size of which gradually increases when the
pH was decreased as the anionic/hydrophilic boronate esters
groups were converted to neutral/hydrophobic boronic esters
groups. Once the pH-value reached to a critical level, the hydrolysis
of boronic esters started occurring and led the dissociation of the
SCNP
micelles. It is noteworthy that at acidic condition (pH ≈ 2), AB1
SCNP
still displays a similar size as basic condition, whereas AB2
shows
1
an increased size value. H NMR and SEC studies were utilized to
investigate the transition further.

Figure 3. Hydrodynamic size distributions obtained by DLS in H2O for: AB2, AB2
SCNP
=
10.20,
and
AB2
self-assembly
at
pH
=

4 | J. Name., 2012, 00, 1-3

SCNP

at pH
7.60.
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Figure 4. H NMR spectra (300MHz, DMSO-d6) of: (from bottom to top) linear copolymer AB1, folded copolymer AB1
linear copolymer AB1 mixed with free DBA cross-linker in DMSO-d6.

In order to be able to monitor the hydrolysis of boronic esters,
DMSO-d6 was used to observe the appearance of OH groups of GLA
1
SCNP
unit. H NMR spectroscopy investigation of AB1 and AB1
in
DMSO-d6 was examined first (Figure 4, the integral of the peaks
between δ = 1.90 and 1.30 ppm was used as internal reference, see
the methods part in the ESI for how to integrate these peaks). The
SCNP
spectrum of AB1
at pH 10.02 revealed the appearance of signals
associated with cross linked DBA (peak b; for a comparison with
free DBA mixed with free linear polymer AB1, see the top spectrum
in Figure 4; for a comparison with free DBA and free DBA at pH ≈
10, see Figures S12 and S13, respectively). The spectrum displayed
the signals of unreacted diol groups (peaks a and a’) which is
probably due to the high steric hindrance after the folding of the
70, 71
1
SCNP
polymer.
The H NMR spectroscopy of AB1
in acidic
condition (pH = 2.36) revealed that the integral of the signals
associated with the free diol (peaks a and a’) increased to 26.01
from 14.09 (for pH = 10.02), indicating 46 % [(26.01-14.09) ÷ (40.0014.09) = 46%, see the ESI for a detailed explanation] hydrolysis of
the total number of boronic esters. Similarly the integration of
aromatic protons (peaks b + b’) and OH groups (peak c)
corresponding to DBA cross-linker also demonstrates equivalent
value for hydrolysis. This equates to a value between 100% and 53%
of the cross-linker still being attached to the polymer backbone
depending on the number of DBA existing as a mono-boronic ester
(100%, meaning all the DBA units were attached to the polymer
backbone by one side) and di-boronic ester [53%, in this case all the
OH groups (peak c) corresponding to DBA cross-linker belong to
free DBA units, therefore the amount of the cross-linker still being
attached to the polymer backbone is 28.32 – 13.45 = 14.87. The
percentage of the attached DBA is therefore calculated to be 14.87
÷ 28.32 = 53%] respectively. It is noteworthy the signals of aromatic
protons (peak b) corresponding to the DBA cross-linker attached to
the polymer chain shifted downfield at lower pH. This is consistent
with the fact that boronate esters are negatively charged at high pH
causing a rich electron environment (low chemical shift) around the

SCNP

at pH = 10.02, folded copolymer AB1

SCNP

at pH = 2.36, and

aromatic ring and poor electron environment (high chemical shift)
when uncharged at low pH.
SCNP

We found AB2
to be insoluble in the NMR solvent we used for
this investigation, due to the high density of anionic boronate ester
formed (see Figure S14 for DBA at pH ≈ 10 in DMSO-d6). However,
1
SCNP
the H NMR spectrum of AB2
in acidic condition (pH = 2.50,
SCNP
Figure S15) also displays similar profile to that of AB1 , revealing
between 84% and 42% (see the ESI for the detailed method of
calculation) of DBA cross-linker still attached to the polymer
backbone.
SCNP

SEC analysis of the AB1
at acidic condition (pH = 2.36)
displays slightly smaller hydrodynamic volume compared to linear
precursor AB1 (<G> = 0.96, Figure S16) but higher hydrodynamic
SCNP
volume than AB1
at pH = 10.02 which is consistent with the
hydrolysis of the boronic esters. This minor shift is likely to be
associated with the low amount of residual intramolecular crossSCNP
linking. It is noteworthy that SEC analysis of self-assembled AB2
at around neutral condition (pH = 7.60) demonstrates the retention
of tadpole-like SCNPs structure with no apparent intermolecular
exchange of the DBA cross-linker (Figure S17). Despite the close
proximity of the hydrophobic “heads” in solution and dynamic
nature of the boronic ester, intermolecular exchange of the DBA
cross-linker was not apparent, otherwise a higher molar mass
shoulder will be observed in the SEC trace. Moreover, a smaller
SCNP
compaction parameter (<G> = 0.78, Table S3) compared to AB2
at pH = 10.20 (<G> = 0.86) was observed. We suspect the anionic
boronate esters are more solvated due to the solvent screening the
charge, hence neutralising the charge reduces the swelling. The SEC
SCNP
trace of the AB2
in acidic conditions (pH = 2.50) shows a shift
SCNP
towards higher molar mass compared to AB2
at pH =7.60,
suggesting the hydrolysis of the boronic esters (Figure S17).
However, compared to the linear precursor, it still displays lower
molar mass distribution indicating intramolecular cross-linking (<G>
1
= 0.88, Table S3). These results are consistent with the H NMR
analysis.
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Figure 5. Representative image of nanoparticles formed by the self-assembly of AB2

SCNP

obtained by TEM (a) and size distributions of nanoparticles analyzed from TEM results (b).

Figure 6. Representative AFM topography image of nanoparticles formed by the self-assembly of AB2
SCNP

The more pronounced compaction displayed by AB2
compared
SCNP
to AB1
in acidic condition is likely due to the increased amount
SCNP
of cross-linker in AB2
which caused the de-crosslinking to be less
efficient.
SCNP

It is interesting to notice that while DMF-SEC of AB1
in acidic
condition (pH = 2.36) only shows a minor shift towards lower molar
mass compared to AB1 (Figure S16) but DLS still displays similar size
SCNP
SCNP
to AB1
in basic condition (Table S1, Figure S10); whereas AB2
in acidic condition (pH = 2.50) reveals a relatively big shift toward
lower molar mass compared to AB2 by DMF-SEC (Figure S17) but
SCNP
displays bigger size distribution than AB2
in basic condition in
DLS (Table S2, Figure S11). This is probably due to the
hydrophobicity of the remaining DBA cross-linker attached to
SCNP
AB1
in acidic condition causing the chains to collapse in H2O
leading to the smaller size as reflected by DLS. On the other hand,
considering there are still relative high amount of DBA cross-linkers
SCNP
in AB2
in acidic condition as illustrated by DMF-SEC (Figure S17),
these hydrophobic DBA cross-linkers will still cause the aggregation

SCNP

. The red line in the topography image shows the analyzed particles.

SCNP

SCNP

of AB2
to a certain extent which caused bigger sizes than AB2
in basic condition but are insufficient for self-assembly into bigger
SCNP
particles. Therefore, it is reasonable to assume AB2
in acidic
condition in H2O is composed of small self-assembled aggregates
consisting of amphiphilic tadpole-like SCNPs with a low degree
SCNP
compaction. The reason why AB1
did not self-assemble into
micellar structures was hypothesized due to the low amount of the
SCNP
boronate ester compared to AB2
as a result of the low diol
content of AB1, and therefore insufficient hydrophobicity to
promote self-assembly.
Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) imaging were employed to further explore the
morphology of the nanoparticles formed by self-assembly of
SCNP
AB2
at pH 7.60 in aqueous solution. Spherical nano-objects with
diameter sizes of around 38 (± 6.6) nm were visualized by TEM
(Figures 5 and S18). AFM also revealed nanoparticles with similar
diameter values to TEM (Figures 6, S19 and S20, samples used for
TEM and AFM were diluted by 10 times after self-assembly of
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SCNP

AB2 at pH = 7.60). The relatively small size compared to the
values obtained by DLS analysis could be due to a shrinking of the

samples in dry state, whereas water-swollen structures were
observed in aqueous solution using DLS.

SCNP

SCNP

Figure 7. Hydrodynamic size distributions obtained by DLS in H2O for: (a) AB1
at pH = 10.02, AB1
with addition of glucose at pH = 10.02, and linear copolymer AB1; (b) linear
SCNP
SCNP
SCNP
copolymer AB2, AB2
with addition of glucose at pH = 10.20, AB2
self-assembly with addition of glucose at pH = 7.60, and AB2
self-assembly at pH = 7.60.

In addition to the pH responsive nature, the diol responsiveness
of the tadpole-like SCNPs and the self-assembled micelles was also
investigated in order to exploit the potential applications in sensors
80
for sugars. Due to the reversible nature of the dynamic covalent
bond of the cyclic boronate/boronic esters formed by the boronic
52, 80
acid groups with 1,2- and 1,3-diols,
the free diol containing
molecules will competitively react with boronic ester via
transesterification. Upon the addition of glucose to the aqueous
SCNP
SCNP
solution of the AB1
and AB2
at basic condition, decrosslinking of the SCNPs was triggered leading to polymers with similar
sizes to the respective linear precursor as detected by DLS (Figure
7). SEC analysis of the SCNPs samples treated with sugar also
revealed similar molar mass distributions to the corresponding
linear copolymers (Figures S21 and S22). Addition of glucose to the
SCNP
solution of micelles formed by self-assembly of AB2
at pH 7.60
caused the disruption of self-assembled structure and led the
formation of unimers as displayed by DLS showing similar
hydrodynamic diameter to the linear AB2 (Figure 7b). In addition to
the DLS results, dissociation was also illustrated by SEC (Figure S22)
analysis which shows similar molar mass distribution to AB2
precursor for the disassembled sample.

Conclusions
In summary, tadpole-like SCNPs were synthesised using a pH
responsive DBA cross-linker and suitable linear polymer precursors,
which exhibited self-assembly due to the hydrophobic nature of
cross-linker past its isoelectric point. The assembled SCNPs
displayed spherical morphology as characterised by TEM and AFM.
The intramolecular folding of individual SCNPs was intact and no
chain entanglement occurred after self-assembly according to the
SEC. We found that the volume fraction of cross-linkable GLA in the
second block to play a crucial role in the self-assembly of the SCNP,
as sufficient hydrophobicity is required to promote the “head”
group to drive self-assembly. The dissociation of assemblies can be
triggered by varying the environmental pH or exposing to an
external stimuli as demonstrated by addition of glucose. The use of
boronic acid containing polymers for pH dependent self-assembly

has been demonstrated elsewhere, however, forming a SCNP with
boronic acid cross-linker and taking advantage of its stimuliresponsive properties to drive self-assembly, has not been
reported. The present study demonstrates the ability of synthetic
polymers to mimic folding of natural polypeptide chains and
assembly into a higher-order structure found in natural
multiprotein complexes, which also display a stimuli responsive
character. We hope this study will encourage more research on this
active area and provide more perspective for building more
complexed biomimetic self-assembled structures with the potential
application in healthcare.
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