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Biodegradable zwitterionic nanoparticles with
tunable UCST-type phase separation under
physiological conditions†

MattiaQ2 Sponchioni, a,b Paola Rodrigues Bassam,b Davide Moscatelli, b

Paolo Arosio a and Umberto Capasso Palmiero *a

Thermo-responsive polymeric nanoparticles (NPs) are emerging as a powerful tool in nanomedicine for

the fabrication of advanced drug delivery systems. In addition to their size and biodegradation rate, phase

separation of NPs upon applying a thermal stimulus provides an additional switch to control the rate of

release of active components. Among the materials currently developed for biomedical applications, NPs

stabilized by zwitterionic polymers are gaining increasing interest due to their high stability and ability to

escape the body immune response. Yet, biodegradable zwitterionic NPs with temperature response

under physiological conditions are currently not available. Here, we develop a new class of biodegradable

zwitterionic NPs that exhibit UCST phase transition in the biological temperature range (T = 30–45 °C)

and in physiological solution (i.e. 0.9% w/w NaCl). We design a strategy that relies on the self-assembly of

block copolymers produced via reversible addition–fragmentation chain transfer (RAFT) emulsion

polymerization. These copolymers comprise a zwitterionic portion exhibiting an upper critical solution

temperature (UCST) and a biodegradable hydrophobic block consisting of oligoesters functionalized with

a vinyl group. This modular macromolecular architecture allows us to independently control a variety of

NP properties by modifying the individual components of the copolymer. In particular, the zwitterionic

block of the copolymers controls the UCST-type phase separation behavior, while the number of the oli-

goester repeating units governs the size of the NPs and the length of the oligoester dictates the degra-

dation rate. After demonstrating the synthesis of highly controlled degradable NPs, we show the potential

of this new class of materials in the context of drug delivery by controlling the release of a drug-mimic

molecule upon temperature variations in a broad time range from few minutes to 20 hours.

1. Introduction

Polymers can be responsive to a broad variety of stimuli,
including among many others temperature, pH, ionic strength,
and light.1–4 Stimulus-responsiveness makes these materials
attractive for abundant and diverse applications, including
gene and drug delivery, tissue engineering, and protein
purification.1,2,5,6

Among conventional stimuli, temperature is one of the
most attractive switches due to the fact that temperature
signals can be easily operated in vivo7,8 and that thermo-

responsive materials are generally less affected by the presence
of biological macromolecules and electrolytes.

Thermo-responsive polymers are commonly divided with
respect to their solubility above or below the threshold temp-
erature. Polymers with a lower critical solution temperature
(LCST) are miscible with the solvent in the region of the phase
diagram (i.e. temperature vs. polymer volume fraction) below
the binodal curve, the LCST being the minimum of this curve.
In contrast, polymers with an upper critical solution tempera-
ture (UCST) are miscible with the solvent above their binodal
curve, the UCST being the maximum of this curve.9–11 In par-
ticular, temperature-responsive polymer–water mixtures exhi-
biting an UCST exist as a solution above the transition temp-
erature and phase separate into a polymer rich phase below
it.11 This critical temperature is often referred to as the cloud
point (Tcp), since the formation of a polymer-rich globular
phase leads to a variation in the refractive index and, hence, to
the cloudiness of the system.

LCST polymers typically rely on water entropy variations
that are poorly affected by the physiochemical characteristics
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of synthetic polymers. In contrast, UCST polymers need to
exhibit strong intermolecular enthalpic interactions, either via
hydrogen bonding or via electrostatic interactions.12–15 These
forces are more challenging to encode in synthetic polymers
and are more sensitive to environmental factors. As a conse-
quence, UCST polymers are less common compared to the
LCST counterparts.16 Yet, their development is urgently
needed in many biomedical applications where the phase sep-
aration induced upon heating is a detrimental process that
may lead to premature degradation of encapsulated, conju-
gated or adsorbed biotherapeutics such as thermolabile small
molecules, proteins, exosomes, or cells.11,17–19 Promising
UCST polymers currently developed include poly(acrylamide-
co-acrylonitrile)-based copolymers,20–23 poly(N-acryloyl glycina-
mide) (PNAGA),24,25 ureido derivatized polymers,26–29 and
zwitterionic polymers.

For the latter ones, the occurrence of the UCST is driven by
the intra-chain and/or inter-chain pairing of the zwitterionic
groups (e.g. ammonium cations and sulfo-anions in the case
of polysulfobetaine).30,31 Among the betaine-based polymers,
one of the most studied examples is poly([2-(methacryloyloxy)
ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide) (pSB)
mainly because of its biocompatibility and thermo-
responsiveness.32,33 The transition temperature of this
polymer in aqueous solution is strongly dependent on the con-
centration, molecular weight,34,35 branching density,35 pres-
ence of salts, and spacing between ionic units.36 In particular,
the addition of low molar mass electrolytes has been observed
to significantly decrease the zwitterionic polymer UCST to
values lower than the physiological range (30–45 °C), in some
cases even lower than the water freezing point, according to
the so called “antipolyelectrolyte effect”.37 This feature unfortu-
nately prevents the application of these polymers in biological
systems.

There is therefore a severe lack of zwitterionic polymers
suitable for the production of NPs aimed at biomedical appli-
cations requiring UCST behavior. This limitation has recently
motivated theoretical and experimental efforts towards the
modification of betaine-based monomers and the develop-
ment of polyzwitterions with an UCST in the physiological
range. These studies culminated in the discovery of poly(sulfa-
betaine) (pZB), which differs structurally from poly(sulfobe-
taine) (pSB) by bearing a sulfate instead of a sulfonate moiety
as the anionic group.38 In this way, it is possible to obtain an
ion pair of similar charge densities with respect to the original
SB monomer (the anionic sulfate group and the cationic tri-
methyl ammonium group of the ZB monomer). Yet, this ion
pair presents a stronger self-association and a lower inter-
action with water compared to the sulfonate/trimethyl
ammonium ion pair of the SB monomer, in agreement with
Collins’ “law of matching water affinity”.39

This recent discovery provides now an attractive opportunity
to exploit the unique properties of this polymer and to syn-
thesize biodegradable zwitterionic nanoparticles (NPs) that
exhibit an UCST in physiological solutions in a biologically
relevant temperature range. This behavior could be exploited

for instance in important applications in the context of biose-
paration and controlled drug release.

In this work, we develop and describe a strategy to generate
this new class of biodegradable zwitterionic NPs by synthesiz-
ing poly(sulfobetaine-co-sulfabetaine) (p(SB-co-ZB)) copoly-
mers via reversible addition–fragmentation chain transfer
(RAFT) polymerization. These p(SB-co-ZB) macromolecular
chain transfer agents (macro CTAs) are then chain-extended
with biodegradable caprolactone-based macromonomers
(HEMACLn) via RAFT emulsion polymerization. This macro-
molecular architecture allows us to independently control
several crucial properties of the NPs by modifying the individ-
ual components of the copolymer. Specifically, we demonstrate
the possibility of controlling the value of the UCST by chan-
ging the length and the composition of the p(SB-co-ZB) copoly-
mers, the size of the NPs by tuning the length of the hydro-
phobic portion of the copolymer and the biodegradation rate
by modifying the length of the oligoester macromonomer.
After achieving the synthesis of biodegradable NPs with a tran-
sition temperature close to the body temperature at physiologi-
cal NaCl concentration, we show the potential of these
materials in the context of drug delivery by controlling the
release of a drug-mimic molecule (i.e. pyrene) upon tempera-
ture variation.

2. Experimental section
2.1 Materials

2-Hydroxyethyl methacrylate (HEMA, 97%, MW = 130.14,
Sigma Aldrich), ε-caprolactone (CL, 97%, MW = 114.14, Sigma
Aldrich), stannous octoate (Sn(Oct)2, 92.5–100%, MW = 405.12,
Sigma Aldrich), sodium sulfate (Na2SO4, ≥99%, MW = 142.04,
Sigma Aldrich), 4,4′-azobis(4-cyanovaleric acid) (ACVA, ≥98%,
MW = 280.28, Sigma Aldrich), 4-cyano-4-(phenylcarbo-
nothioylthio)pentanoic acid (CPA, ≥97%, MW = 279.38, Sigma
Aldrich), [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
ammonium hydroxide (SB, 97%, MW = 279.35, Sigma Aldrich),
ethanol (≥99.8%, MW = 46.07, Sigma Aldrich), acetonitrile
(ACN, 99.99%, MW = 41.05, Fisher Chemicals), 2-(dimethyl-
amino)ethyl methacrylate (DMAEMA, 98%, MW = 157.21,
Sigma Aldrich), 1,3-propanediol cyclic sulfate (TMS, 98%, MW
= 138.14, Sigma Aldrich), dimethyl sulfoxide (DMSO, ≤0.02%
water, MW = 78.13, Sigma Aldrich), pyrene (98%, MW =
202.25, Sigma Aldrich), and sodium chloride (NaCl, ≥99.5%,
MW = 58.44, Sigma Aldrich) were used as received. All solvents
were of analytical grade purity and used without further
treatment.

2.2 Synthesis of the ZB monomer

The ZB monomer was synthesized via an addition reaction
according to a procedure previously reported.38 Briefly, 5 g
(31.8 mmol) of DMAEMA and 4 g (29 mmol) of TMS were
respectively dissolved in 5 mL and 35 mL of acetonitrile at
ambient temperature. The solutions were added to a 100 mL
septum-sealed round bottom flask equipped with a magnetic
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stirrer and the reaction was carried out at 50 °C for three days.
At the end of the reaction, the monomer was precipitated by
cooling the mixture to ambient temperature and by adding
acetone. After filtration and further washing with acetone, the
solid was dried in a vacuum oven at 30 °C to remove all the
residual acetone and characterized via proton nuclear mag-
netic resonance (1H NMR) using deuterium oxide (D2O) as the
solvent. This analysis confirmed that the monomer was
obtained with high purity (see Fig. S1†).

2.3 Synthesis of polyzwitterions with UCST behaviour

The polyzwitterionic pSB homopolymer and p(SB-co-ZB) copo-
lymers were synthesized via RAFT polymerization in an
ethanol/acetic buffer (pH = 4.5) (20/80 v/v) mixture using ACVA
as the initiator, CPA as the chain transfer agent (CTA) and 1 M
NaCl with respect to the acetic buffer volume in the case of
p(SB-co-ZB) for the “salting” effect promotion. The monomer
concentration was set equal to 20% w/w and the initiator to
CTA molar ratio was set to 1/3. Different monomer to CTA
molar ratios (corresponding to different degrees of polymeriz-
ation, DP = 200, 300, 400 and 600) were adopted for the pSB.
For the p(SB-co-ZB), the DP was fixed to 200 and the ZB molar
fraction was varied between 0.25 and 1. As an example,
p(200SB) was synthesized by dissolving 16 mg (57 μmol) of
ACVA, 48 mg (0.17 mmol) of CPA and 9.58 g (34 mmol) of SB
in 40 mL ethanol/acetic buffer mixture and poured in a
100 mL septum-sealed round bottom flask equipped with a
magnetic stirrer. The mixture composition was adjusted to
obtain the different desired copolymers. The mixture was
purged for 20 minutes by bubbling nitrogen and then placed
in a pre-heated oil bath at 65 °C under magnetic stirring. The
polymerization was carried out for 24 hours and after the com-
pletion of the reaction, an aliquot was taken and dried in a
vacuum oven to perform 1H NMR (D2O) and gel permeation
chromatography (GPC) analysis. The final polymer was puri-
fied by a double precipitation in acetone followed by centrifu-
gation to enhance the recovery. It was then dried in a vacuum
oven at 35 °C to remove all the residual acetone and finally
stored at −20 °C.

2.4 Synthesis of caprolactone-based biodegradable
macromonomers

The lipophilic biodegradable macromonomer was produced
via the ring opening polymerization (ROP) of ε-caprolactone
using HEMA as the initiator, following a previously reported
protocol.40,41 The Sn(Oct)2 to HEMA molar ratio was set at 1/
200 while the monomer to initiator molar ratio was varied
from 1 to 3 to 5. As an example, HEMACL3 was synthesized by
weighing 10 mg of Na2SO4 and 7.9 g (69 mmol) of CL in a
25 mL septum-sealed round bottom flask equipped with a
magnetic stirrer, which was then placed in an oil bath at
130 °C under magnetic stirring. Then, 3 g (23 mmol) of HEMA
and 47 mg (116 μmol) of Sn(Oct)2 were mixed in a 10 mL glass
vial and transferred to the pre-heated flask with a syringe.
After 2.5 hours, the reaction was stopped and an aliquot was
taken to perform 1H NMR (CDCl3) and GPC analyses.

2.5 Synthesis of zwitterionic biodegradable NPs with an
UCST behavior

Amphiphilic block copolymers assembled into NPs with an
UCST were synthesized via RAFT emulsion polymerization
by chain-extending the p(SB-co-ZB) macromolecular CTA
(macro CTA) with HEMACLn. The reaction was performed in
a 20/80 v/v mixture of ethanol/acetic buffer (pH = 4.5), using
ACVA as the initiator. The DP of the lipophilic block was set
to 20, 40 or 60. Considering the p(150SB-50ZB)-b-p
(20HEMACL3) as an example, 0.37 mg (1.3 μmol) of ACVA,
38 mg (80 μmol) of HEMACL3, 227 mg (∼4 μmol) of
p(150SB-50ZB) and 0.28 g of NaCl were dissolved in 10 mL
ethanol/acetic buffer mixture and poured in a 50 mL
septum-sealed round bottom flask equipped with a mag-
netic stirrer. The mixture was purged with nitrogen for
15 minutes and placed in a pre-heated oil bath at 65 °C
under magnetic stirring. The polymerization was carried out
for 24 hours; the final product was dialyzed against 0.9%
NaCl aqueous solution for one day to bring the suspension
to physiological conditions and the cloud points were
detected via Dynamic Light Scattering (DLS).

2.6 Degradation test

The degradation kinetics of the thermo-responsive polymers
was analyzed at 37 °C and pH = 14 via dynamic light scatter-
ing, monitoring the relative increase of the scattered intensity
with respect to time zero and the average NP size. The NP dis-
persion was diluted to 0.3% w/w in physiological solution and
1.5 mL of the dispersion were mixed with 1 mL of 0.1 M NaOH
solution before starting the analysis.

2.7 Pyrene loading and release

Pyrene-loaded NPs were prepared via the “syringe method”42

by dissolving pyrene in DMSO (0.25 mg in 50 µL) and setting
the pyrene to polymer mass ratio at 0.25 mg/20 mg. The
loading temperature was chosen as 45 °C. Therefore, the
pyrene solution, the NP suspension and the instruments
needed for the loading (syringe and needle) were left to equi-
librate at the specific test temperature before usage. The
pyrene solution was then aspired using a syringe pre-filled
with 4 mL of the NP suspension. The mixture was ejected and
aspired three times to achieve sufficient turbulent conditions
to lead to NP swelling and pyrene loading. To determine the
amount of loaded pyrene, the polymer was precipitated by
adding 1.5 mL of the loaded NP suspension in a vial and
incubating it at 4 °C. The liquid supernatant was removed
after centrifugation and freeze-dried and the residual pyrene
was dissolved in 4 mL of acetonitrile. The samples were
vortex-stirred for 30 s and centrifuged at 5000 rpm for
5 minutes and the recovered supernatant was placed in a
glass cuvette and analyzed via UV-Vis spectrometry. To deter-
mine the pyrene concentration from absorbance data, a cali-
bration curve was constructed by analyzing pyrene solutions
in acetonitrile with concentrations ranging from 1 to 1000 mg
L−1. The loading efficiency, i.e. the percentage of pyrene effec-
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tively entrapped within the polymeric NPs, was calculated
according to eqn (1).

%PYR;LOADED ¼ 100� 1�mPYR;NL

mPYR;0

� �
ð1Þ

where %PYR,LOADED is the loading efficiency, mPYR,0 is the mass
of added pyrene and mPYR,NL is the mass of pyrene not loaded,
i.e. recovered in the supernatant.

The release profiles for the pyrene-loaded p(110SB-90ZB)-b-
p(20HEMACL3) NPs were evaluated via UV-Vis spectroscopy
according to two different procedures at 30 and 45 °C (i.e.
below and above the Tcp, respectively). For the latter, 3 mL of
loaded NP suspension were added to a dialysis membrane
(Slide-A-Lyzer dialysis cassette, Thermo Scientific, molecular
weight cut-off 3.5 kDa) and dialyzed against 500 mL of physio-
logical solution kept at the same temperature. Aliquots (i.e.
0.1 mL) were taken from the membrane at predetermined
times and freeze-dried and the pyrene was solubilized in 1 mL
of acetonitrile before UV-Vis analysis. The release profile was
evaluated according to eqn (2).

ReleasedPYRðtÞ ¼ 100� 1� mPYR

mPYR;0h

� �
ð2Þ

where ReleasedPYR(t ) is the percentage of pyrene released at
the specific time t and mPYR and mPYR,0 h are the amounts of
pyrene in the membrane at time t and time zero, respectively.

For the experiment at 30 °C (i.e. below the Tcp), the polymer
precipitates due to the formation of microaggregates at the
specific test temperature. Therefore, to quantify the pyrene
release as a function of time, 1.5 mL of the loaded NP suspen-
sion were added to a vial pre-heated to 30 °C, the polymer was
left to precipitate and the supernatant was removed by pipet-
ting. 3 mL of physiological solution were carefully added to the
vial, removed at predetermined times and replaced by fresh
solution. The withdrawn solutions were freeze-dried and
pyrene was dissolved in 1 mL of acetonitrile for its quantifi-
cation via UV-Vis analysis. The release profile was evaluated
according to eqn (3):

ReleasedPYRðtnÞ ¼ ReleasedPYRðtn�1Þ þ 100�mPYRðtnÞ
mPYR;0h

ð3Þ

where ReleasedPYR(tn) is the percentage of pyrene released at
the time point tn, ReleasedPYR(tn−1) is the percentage of
released pyrene at the time point tn−1, mPYR(tn) is the mass of
pyrene in the supernatant recovered at the time point tn and
mPYR,0 h is the mass of pyrene at time zero. Three independent
experiments were performed at each temperature.

2.8 Characterization
1H NMR spectra were recorded on a Bruker 400 MHz spectro-
meter and the samples were prepared by dissolving 20 mg of
polymer in 0.7 mL of a deuterated solvent (specified for each
polymer in the reaction methods).

Gel Permeation Chromatography (GPC) was performed on
Jasco AS-2055 Plus apparatus. For the organic separation,
samples were dissolved at 5 mg mL−1 in THF and filtered

through a 0.45 µm pore-size PTFE membrane. The separation
was performed at a flow rate of 0.5 mL min−1, at 35 °C, with
three different Superchrom PL gel 5 µm columns (Polymer lab-
oratories Ltd, UK; two columns had pore sizes of the Mixed-C
type and one was an Oligopore; 300 mm length and 7.5 mm ID).
Polystyrene standards were employed for the construction of the
calibration curve. For the aqueous separation, samples were dis-
solved at 5 mg mL−1 in 0.05 M Na2SO4/acetonitrile (80/20 v/v)
solution and filtered through a 0.45 µm pore-size nylon mem-
brane. The separation was performed at a flow rate of 0.5 mL
min−1, at 35 °C with a guard and three Suprema columns
(Polymer Standards Service; particle size 10 mm and pore sizes
of 100, 1000, and 3000 Å), and polyethylene glycol standards
were employed for the construction of the calibration curve.

Dynamic light scattering analysis was performed on a
Zetasizer Nano ZS (Malvern Instrument) at a scattering angle
of 173°. For measurements involving a temperature trend, the
temperature was increased at intervals of 2 °C, allowing the
sample to equilibrate for 10 minutes at each temperature
before acquiring the measurement. The results shown in this
work correspond to the average of three independent
measurements.

UV-Vis measurements were performed on a Jasco V-630
spectrophotometer. The absorbance spectra were recorded in a
range from 350 to 280 nm with an emission width equal to
1.5 nm.

Fluorescence measurements were performed on a Jasco
FP-8500 spectrofluorometer with a continuous output Xe arc
lamp with shielded lamp housing (150 W). Excitation was
carried out at 335 nm. The emission spectra were recorded in
a range from 350 to 450 nm. Excitation and emission band
widths were set at 5 and 2 nm, respectively. From the pyrene
emission spectra, the intensity ratio (I3/I1) of the third band
(384 nm) to the first band (373 nm), which is a sensitive para-
meter characterizing the polarity of the probe’s environment,43

was analyzed.
Imaging of the p(SB-co-ZB) copolymer and NP droplets in

PBS and cell lysates was performed using a 60× oil objective
(CFI Plan Apo Lambda, Nikon) on an epi-fluorescence micro-
scope (Eclipse Ti-E, Nikon) equipped with an Omicron
LedHub light engine. The data acquisition was performed
using a 384-well plate (MatriPlate, Glass Bottom, Brooks). Cell
lysates were produced from E. Coli BL21 Gold (DE3) competent
cells via sonication in PBS and centrifugation.

Transmission electron microscopy (TEM) was performed on
a Hitachi HT 7700 (ScopeM, ETH Zurich). The nanoparticles
were diluted ten times in 180 g L−1 NaCl solution. 5 μL of NP
suspension were dropped onto a 400 mesh carbon-coated
copper grid, and stained with 5 μL of 0.4% w/w uranyl acetate
solution. The micrographs were acquired with a magnification
of 50.0k× and at an acceleration voltage of 100 kV. The NP size
distribution was reconstructed from 6 TEM images using
ImageJ and statistical analysis was performed with Origin 8.

Elemental analysis via Energy Dispersive X-ray Spectroscopy
(EDXS) was performed on an FEI Talos F200X (ScopeM, ETH
Zurich). The nanoparticles were not stained for EDXS analysis.
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3. Results and discussion
3.1 Influence of the SB and ZB composition on the UCST
behavior at different ionic strengths

First, we synthesized pSB and pZB homopolymers by RAFT
polymerization of the SB and ZB monomers, respectively. The
p(ZB) homopolymers exhibited an UCST > 100 °C (Table S1†).
In contrast, the pSB homopolymers presented a clear phase
separation in the range between 19 and 32 °C in pure water
(Fig. S2, Table S1†). Within this range, the cloud point varied
as a linear function of the degree of polymerization and there-
fore of the polymer molecular weight. However, independently
of the polymer molecular weight, the phase separation dis-
appeared under physiological saline conditions (i.e. 0.9% w/w
NaCl solution).

In contrast, when SB was copolymerized with the ZB
monomer, the produced zwitterionic copolymers (structure in
Fig. 1a and 1H NMR spectrum in Fig. S3†) retained the UCST
behavior in a biologically relevant temperature range (30–45 °C)
at physiological NaCl concentration38 (Fig. 1b). We note that the
use of the RAFT copolymerization in the synthesis of p(SB-co-
ZB) was important to generate narrowly dispersed chains
(Table S1†) with a reduced interchain composition drift and
hence with a sharp and well-defined phase separation.44

The phase separation of these p(SB-co-ZB) copolymers upon
cooling resulted in the formation of liquid droplets (Fig. 1c)
that coalesced until the formation of a homogeneous polymer-
rich liquid phase (Movie S1†). These liquid droplets are com-
posed of polymer chains held together by strong electrostatic
interactions. Importantly, we observed that such interactions
are specific and allow retaining the liquid–liquid phase separ-
ation even in a complex fluid such as an E. Coli cell lysate con-
taining many different proteins and cell debris (Fig. 1d).

In addition, in contrast to other UCST-based materials,
such as poly(N-acryloyl glycinamide) (PNAGA),24 ureido deriva-
tized polymers,26 and poly(acrylamide-co-acrylonitrile) copoly-
mers,20 the electrostatic interactions in the zwitterionic poly-
mers promote the formation of a hydration layer round the
polymer-rich droplets, which minimizes the adsorption of
macromolecules from the solution.45 This high hydrophilicity
makes these materials a promising choice for the fabrication
of the shell of micelles or NPs intended for drug delivery appli-
cations in which undesired immunological responses and the
accelerated blood clearance effect must be avoided.46,47

Indeed, we verified that the green fluorescent protein (GFP),
used as a model protein, did not diffuse into the polymer-rich
phase of our materials (Fig. 1e).

3.2 Zwitterionic biodegradable NPs with UCST behavior

We next generated UCST-type biodegradable NPs from the
linear zwitterionic p(SB-co-ZB) copolymers described above. For
this purpose, we chain-extended the previously synthesized
zwitterionic p(SB-co-ZB) macro chain transfer agents (macro
CTA) via RAFT emulsion polymerization with biodegradable
HEMACLn macromonomers produced via ROP, with n ranging
from 0 to 5 (Table S2† and 1H NMR spectrum in Fig. S4†). With

this method, we obtained spherical NPs (Fig. 2a) that exhibit a
relatively narrow particle size distribution as evaluated by TEM
(Fig. S5 and S6†) and average hydrodynamic diameters in the
range 60–190 nm. These NPs are composed of well-defined
block copolymers.48 In particular, the NP core is composed of
biodegradable PCL-based lipophilic lateral chains while the
zwitterionic UCST portion is confined on the NP surface, provid-
ing colloidal stability (see elemental analysis via EDXS, Fig. S7†).

The UCST behavior of these NPs above and below their
binodal curve is schematized in Fig. 2b. At temperature above
the Tcp, the p(SB-co-ZB) segments are extended in the water
phase and stabilize the lipophilic NP core. Under these con-
ditions, we expect narrowly distributed NPs. In contrast, at
temperature below the Tcp, p(SB-co-ZB) chains collapse on the
NP surface and induce phase separation of the zwitterionic NP
corona, thereby leading to NP coagulation into micrometric
aggregates. To verify this behavior, the phase separation of the
p(110SB-90ZB)-b-p(20HEMACL3) based NPs in physiological
solution was tracked via dynamic light scattering (DLS) by
recording the NP size (Fig. 2c) and relative scattering intensity
(Fig. S8†) as a function of temperature. At 40 °C, slightly above
the typical body temperature, stable NPs with a low polydisper-
sity index (PDI < 0.15) were obtained and no aggregates were
observed by optical microscopy (top panel in Fig. 2b). Upon
cooling, the NP size abruptly increases from 90 nm to 1.8 μm
while the scattering intensity decreases, indicating the for-
mation of large NP clusters that sediment over time, as con-
firmed also by optical microscopy (bottom panel in Fig. 2b,
Movie S2†). The Tcp of the NPs can be evaluated as the inflec-
tion point of the size curve as a function of temperature and,
in this case, was equal to the physiological temperature of
37 °C (Fig. 2c). Overall, these results confirm that the NPs
inherited the UCST behavior of the zwitterionic blocks under
physiological conditions.

The characteristic comb-like structure of the block copoly-
mers constituting the NPs allows us to independently control
the main properties of the NPs. As schematically depicted in
Fig. 3a, the composition of the zwitterionic portions controls
the UCST behavior of the NPs, while the number (m, Fig. 2a)
and the length (n, Fig. 2a) of the hydrophobic lateral chains
control the NP size and degradation rate, respectively.

In particular, the NP Tcp can be modulated by changing the
relative ZB/SB feed during the synthesis of the zwitterionic
portion of the constituting block copolymers (Fig. 3b).
Specifically, the Tcp of the NPs was found to be a linear func-
tion of the ZB mole fraction, in analogy to the behavior
observed for the linear zwitterionic block (Fig. 1b).

The NP size can be controlled by the length of the lipophilic
portion of the block copolymers. As reported in Fig. 3c, the NP
size linearly increases with the number of the hydrophobic
lateral chains, in agreement with that already shown for
similar non-thermo-responsive biodegradable NPs.48 The
addition of the lipophilic block causes an increase in the Tcp
compared to the values found for the zwitterionic block alone
(see Fig. 3b and Table S1†). Interestingly, this increase in the
Tcp is not proportional to the number of the oligoester lateral
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chains, as can be seen in Fig. 3d. In fact, the cloud point
remains almost constant when m is in the range 20–60 units.
It is worth noticing that this behavior can also be seen when
LCST-type chains are used to stabilize NPs with a similar lipo-
philic core.49 In this way, it is possible to synthesize NPs of
different sizes sharing the same Tcp by varying the number of
the lipophilic chains and keeping constant the composition of
the zwitterionic UCST portion.

Subsequently, we have also studied the impact of the length
(n) of the hydrophobic lateral chains on the NP properties and
degradation time. In contrast to that previously seen for the
number of lateral chains (m), we observed an increase in the
NP cloud point by increasing n (Fig. 3e). This feature can be
used to independently tune the NP cloud point and the NP
size by changing n and m, respectively, using the same zwitter-
ionic block. The impact of n is, however, more important for

Fig. 1 (a) Structure of the zwitterionic p(SB-co-ZB) copolymers obtained via RAFT polymerization. (b) Tcp of 5% w/w copolymer solutions in a phys-
iological (0.9% w/w NaCl) medium. (c) Optical micrograph of p(60SB-co-140ZB) recorded at 25 °C in a physiological medium. (d) Optical micro-
graph of 2.5 mg mL−1 p(60SB-co-140ZB) copolymers in E. Coli cell lysates at 25 °C. (e) Optical micrograph of 5 mg mL−1 p(60SB-co-140ZB) copoly-
mers in the presence of 1 μM GFP in PBS at 25 °C. The GFP fluorescence is localized outside the droplets, which appear dark.
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the specific modulation of the NP degradation time. In fact,
the hydrophobic lateral chains are prone to hydrolysis due to
the presence of ester bonds36 and the length and number
of these lateral chains strongly affect the degradation time of
the NPs.

To measure the degradation rate of the supramolecular NP
aggregates, we tracked their size and the relative scattering
intensity during incubation at body temperature under acceler-
ated degradation conditions (pH = 14 (ref. 48)) (Fig. S9†). In a
first phase (from 0 to 8 hours), the scattered light decreased,
indicating the degradation of the NP aggregates due to the
hydrolysis of the lateral caprolactone chains. In addition to the
degradation of the aggregates, this hydrolysis decreases the
length of the lateral chains, which, in turn, affects the Tcp of
the NPs (Fig. 3e). After about 8 hours, the breakage of the
lateral caprolactone chains led to a shift of the Tcp of the
system below body temperature, leading to the formation of a
homogeneous NP dispersion. This release of primary particles
upon degradation may be in turn responsible for the increase
in the scattered light intensity (Fig. S9†). The degradation time
was computed as the time required to induce the release of the
primary NPs, which is expected to increase with the length of
the biodegradable lateral chain, as verified in our experiments
(Fig. 3f).

After demonstrating the possibility of producing tunable
UCST-type thermo-responsive biodegradable NPs, we tested

their ability to load and release a drug mimic molecule (i.e.
pyrene) above and below the cloud point (Fig. 4). The pyrene
was loaded in the p(110SB-90ZB)-b-p(20HEMACL3) NPs at
45 °C, achieving a loading efficiency of 98.21 ± 1.44%, and the
pyrene release was then evaluated below and above the Tcp at
30 and 45 °C, respectively.

At 45 °C, we observed a fast release of pyrene from the NPs,
which was largely driven by diffusion and reached 80% of the
initial encapsulated value after 5 hours. In contrast, when the
NPs formed a coagulated phase below the Tcp, the pyrene was
retained in the NPs for a longer period of time, with only 10%
of the initial amount released after 24 hours (Fig. 4a).

The release of pyrene was further monitored by recording
the emission spectrum of the molecule, which is an indicator
of the polarity of the surrounding environment. Below the Tcp,
the ratio of the intensities of the third band to the first band
in the pyrene emission spectrum (i.e. I3/I1) was 0.609 ± 0.007,
which is indicative of pyrene confinement in a non-polar
environment and therefore confirms its retention in the lipo-
philic NP aggregates. In contrast, at 45 °C this value decreased
to 0.590 ± 0.003, indicative of the release of pyrene into the
polar water phase (Table S3, Fig. S10†).

Our experiment demonstrates the possibility of controlling
the release of molecules by changing the phase state of the
NPs. Indeed, while the fast release of pyrene above the Tcp
impeded the accurate control of the concentration in solution,

Fig. 2 (a) Schematic of the synthesis route and composition of the block copolymers p(SB-co-ZB)-b-p(HEMACLn) produced via RAFT emulsion
polymerization starting from the p(SB-co-ZB) macro CTAs. (b) Phase diagram of the produced NPs with UCST behavior in the physiological tempera-
ture range. The insets show optical micrographs of the p(110SB-90ZB)-b-p(20HEMACL3) NP dispersion (5% w/w) in 0.9% w/w NaCl solution at 40 °C
(top panel) and 25 °C (bottom panel). (c) Average hydrodynamic diameter for the same NP dispersion as a function of the temperature. The Tcp was
considered as the inflection point of the curve.
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below the Tcp we maintained a constant drug concentration
within a selected window for a prolonged time of 20 hours
(Fig. 4a).

This strategy can pave the way for pharmacological treatment
with a reduced number of injections, improved patient compli-
ance and reduced risk of exceeding the safe drug concen-
tration.50 For instance, we envision potential applications in the

context of novel injectable systems for the local delivery of thera-
peutics (Fig. 4b). The NP solution could be stored in the coagu-
lated phase below the Tcp and then it could be pre-heated above
the human body temperature shortly before injection, thereby
allowing administration as a low-viscosity NP suspension.
Immediately after injection, the temperature would drop below
the Tcp, inducing the formation of supramolecular NP aggre-

Fig. 3 (a) The modular macromolecular architecture of the copolymer allows independent control of several NP properties by different parameters
of the comb-like block structures. (b) Tcp measured in 0.9% w/w NaCl solution of the different NP dispersions (at 5% w/w) obtained at increasing
mole fraction of ZB in the zwitterionic portion of the copolymer. (c) Average hydrodynamic diameter and (d) Tcp at increasing number of HEMACL3
units (m) in the case of p(110SB-90ZB) ( ); p(120SB-80ZB) ( ); p(140SB-60ZB) ( ) and p(150SB-50ZB) ( ) as zwitterionic macro CTAs measured in
0.9% w/w NaCl solution. (e) Tcp for the NPs (at 5% w/w) constituted by the block copolymer p(110SB-90ZB)-b-p(20HEMACLn) with n ranging from 0
to 5 measured in 0.9% w/w NaCl solution. (f ) Degradation time evaluated under accelerated degradation conditions (i.e. pH = 14) for NPs constituted
by the block copolymer p(110SB-90ZB)-b-p(20HEMACLn) with n ranging from 1 to 5.
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gates in situ. This polymer-rich phase can provide a controlled
release of the loaded therapeutic, with the additional advantage
of the degradation of the drug carrier and its elimination from
the body, leading to a low risk of possible toxic bioaccumula-
tion. In fact, the degradation of the lateral oligoester chains that
constitute the NP core leaves hydrosoluble chains with a mole-
cular weight lower than the threshold for renal excretion.50

Additionally, with respect to more traditional PEG-functiona-
lized NPs,51 the zwitterionic chemistry of the system is expected
to reduce side effects related to the body immune response and
possible allergic reactions.46,47

Overall, these results demonstrated the possibility of produ-
cing highly tunable biodegradable zwitterionic nanoparticles
with an UCST-type phase separation under physiological con-
ditions that can be used to load and modulate the release of a
drug within a desired window from few minutes up to 20 hours.

4. Conclusions

In this work, we have synthesized for the first time bio-
degradable zwitterionic NPs that present an UCST-type phase

separation in physiological solution in a temperature range
relevant for biomedical applications (30 < T < 45 °C).

These NPs are structurally composed of well-defined block
copolymers obtained via the combination of ROP and RAFT
polymerization. We have demonstrated that this modular
macromolecular architecture opens the possibility of indepen-
dently tuning several properties of the NPs simply by modulat-
ing the stoichiometry of the polymerization reactions.
Specifically, we can modify the UCST-type behavior, the NP
size, and the aggregate degradation rate by the SB/ZB mole
ratio of the zwitterionic portion and on the number and the
length of the lipophilic oligoester lateral chains, respectively.

We have shown that the ability to control the phase separ-
ation of the NPs via a temperature switch allows us to modu-
late the release of a drug mimic molecule in a broad interval
of time from few minutes to 20 hours. In particular, the rate of
release can be drastically decreased by inducing the formation
of a polymer-rich phase below the cloud point.

Our NPs with UCST behavior under physiological con-
ditions can pave the way for controlled delivery strategies that
are compatible with conventional parenteral administration
routes and maintain the concentration of drugs within the
desired therapeutic windows for periods of time of several
hours, decreasing the number of injections and improving
patient compliance.
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