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biomedical applications;[8–10] however, this 
behavior has been investigated mostly 
with polymeric systems such as non-
crosslinked linear block copolymers. In a 
recent study, Yoshimitsu et al. prepared a 
shape switching dual responsive di-block 
copolymer using polymerized ionic liquid 
and 2-methoxyethyl vinyl ether.[11] Nev-
ertheless, a significantly more efficient 
system can be created using nanogels 
instead. This is because nanogels offer 
numerous advantages as compared to 
simple polymeric systems, e.g., greater 
control over drug release, higher biocom-
patibility, sustainability, and good perme-
ability.[12] In addition, because nanogels 
are small in size, their surface areas are 
large, permitting facile molecule encap-
sulation.[13] Owing to these properties, 

nanogels have been widely used as delivery agents for drugs, 
proteins, and genes.[12,14] Thus, the incorporation of the dual-
responsive behavior with nanogels[15] can augment their advan-
tages, resulting in the creation of a novel and more efficient 
system.

Several polymers, e.g., poly(N,N-diethylacrylamide)[16–20] 
and polyampholytes,[21,22] exhibiting LCST behavior have been 
reported. Among these polymers, poly(N-isopropylacrylamide) 
(poly(NIPAM)) is one of the most extensively investigated 
polymer for its LCST behavior.[23,24] Poly(NIPAM) systems 
have been used for various applications, e.g., gene delivery[25] 
and regulation of cell attachment and detachment.[26] On the 
contrary, not many polymers exhibiting UCST transitions 
have been reported. In an earlier study, a random copolymer 
of methacrylic acid and 2-(dimethylamino)ethyl methacrylate 
exhibiting UCST in ethanol–water and methanol–water sol-
vent mixtures was reported.[27] The use of solvent mixtures, 
including organic solvent, for thermal transitions limits its 
application for biomedical uses. An and his coworkers recently 
synthesized polymeric systems which exhibit UCST.[28,29] Poly-
sulfobetaine (poly-SPB) has been widely reported to exhibit 
UCST behavior in water.[30,31] Apart from the thermoresponsive 
behavior, poly-SPB has been previously used for applications 
such as anti-bioadherent coatings,[32] cryopreservation,[33,34] and 
protein aggregation inhibition,[35,36] and many other biomedical 
applications.[37,38]

Reversible addition fragmentation chain transfer (RAFT) 
polymerization is one of the most widely used polymerization 
techniques and is a versatile method for bestowing living fea-
tures to radical polymerization. It is applicable to a wide range 
of monomers and can tolerate various reaction conditions and 

Nanogels

Thermoresponsive polymers change their physical properties as the tempera-
ture is changed and have found extensive use in a number of fields, especially 
in tissue engineering and in the development of drug delivery systems. The 
synthesis of a novel core–shell nanogel composed of N-isopropylacrylamide 
and sulfobetaine by reversible addition fragmentation chain transfer poly-
merization is reported. The core–shell architecture of the nanogels is con-
firmed using energy dispersive X-ray spectroscopy in scanning transmission 
electron microscopy. These nanogels exhibit dual thermoresponsive behavior, 
i.e., the core of the nanogel exhibits lower critical solution temperature, while 
the shell displays upper critical solution temperature behavior. Transition 
temperatures can be easily tuned by changing the mole cular weight of the 
constituent polymer. These nanogels can be efficiently used in temperature-
triggered delivery of therapeutic proteins and drugs.

Stimuli-responsive or smart polymers have attracted consid-
erable interest in several fields, e.g., biomedicine, nanotech-
nology, and numerous others, due to their versatility.[1,2] Such 
systems exhibit an attractive feature, i.e., stimuli-responsive-
ness, owing to their increased functionality which makes them 
suitable for applications in several fields.[3,4] Among several 
known stimuli, temperature and pH are most commonly inves-
tigated for biomaterial applications. However, typically, these 
systems require two types of stimuli, which increases the com-
plexity, thereby limiting their extensive use. Hence, a system 
requiring a single stimulus, rather than multiple stimuli, i.e., 
a single stimulus for a dual response, can increase its overall 
applicability.[5] Recently, much research has been carried out 
to develop systems that show dual thermoresponsive behavior, 
such as lower critical solution temperature (LCST)–LCST 
and upper critical solution temperature (UCST)–LCST types 
of block copolymers.[6] A previous study by Yin et al. demon-
strated the formation of schizophrenic core−shell microgels via 
seeded emulsion polymerization which showed both LCST and 
UCST transitions.[7] Several more studies have been carried out 
successfully using dual thermoresponsive systems for different 
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solvents.[39] Moreover, RAFT polymerization does not involve 
the use of any metal catalyst, making it ideal for biomate-
rial applications. The RAFT agent can be easily cleaved from 
the end product (deprotection of the end group) by reduction 
with NaBH4,[40] thus eliminating any unnecessary effect of the 
RAFT agent. RAFT polymerization facilitates the preparation 
of nanogels with great control of the structures and properties. 
In a previous study, thermoresponsive microgels consisting of 
P(MEO2MA-co-OEGMA) were prepared by free radical emulsion 
polymerization with surfactants as stabilizers.[41] Surfactants 
are generally considered toxic and require multiple purification 
steps to be removed from the final system.[42,43] The need to use 
surfactants for the preparation of nanogels can be eliminated 
by preparing hydrophilic macrochain transfer agents (macro-
CTAs) by RAFT polymerization.[44] Recently, Sanson and Rieger 
reviewed conventional and controlled radical polymerization 
techniques and processes in preparing nano-/microgels.[45]

With this in mind, core–shell nanogels were synthesized 
from NIPAM and SPB, where the thermoresponsive property 
of each component was exploited, affording a system exhibiting 
UCST and LCST behavior. A particularly interesting application 
of these systems could be in the delivery of therapeutic pro-
teins, because of the potency of poly-SPB based systems to sup-
press protein aggregation,[35] which is currently hampering fur-
ther development of protein-based biological formulations.[46]

The nanogels were synthesized in two steps. First, SPB was 
polymerized into its corresponding homopolymer (Scheme 1a). 
The kinetic study of RAFT-mediated polymerization was con-
ducted by 1H NMR spectroscopy (Figure S1, Supporting 
Information) and the reaction completion was monitored by 
observing the loss of vinyl protons from the monomer. Conver-
sion of the monomer to the corresponding polymers, and the 
relationship between ln([M]o/[M]) and time was also monitored 
by 1H NMR (Figure S2, Supporting Information); a linear curve 

was obtained, indicating that polymerization follows first-order 
reaction kinetics, representative of a living polymerization.[47] 
1H and 13C NMR spectroscopy (Figures S3 and S4, Supporting 
Information) of the final product (polymer) after purification was 
obtained to characterize the polymers. Gel permeation chroma-
tography (GPC) curves indicated that all of the polymers had a 
unimodal distribution (Figure S5, Supporting Information), with 
polydispersity index (Mw/Mn) well within the range of living 
polymerization, and observed Mn values consistent with the theo-
retical molecular weight for the corresponding feed ratios.

RAFT polymerization afforded a homopolymer with a func-
tional end group, serving as a macro-CTA (new RAFT agent) for 
the subsequent reaction. Consequently, NIPAM was polymerized 
in the presence of the previously synthesized macro-CTA and 
a chemical crosslinker (ethylene glycol dimethacrylate), thus 
forming a core–shell nanogel, with crosslinked poly-(NIPAM) 
and poly-SPB as the core and shell, respectively (Scheme 1b).

Two nanogels with different degrees of polymerization for poly-
SPB were prepared. Dynamic light scattering (DLS) and trans-
mission electron microscopy (TEM) were employed to charac-
terize these nanogels. DLS measurements (Figure S6, Supporting 
Information) confirmed the formation of nanogels. A summary 
of the characteristics of the polymers is provided in Table 1.

TEM measurements clearly showed the formation of spher-
ical nanogels and the formation of a core–shell architecture 
(Figure 1a and Figure S7, Supporting Information), represented 
by a relatively darker core than the shell. Since the shell is made 
up of poly-SPB, which is sulfur-rich, and the core is sulfur-defi-
cient, nanogels were characterized by a scanning TEM (STEM) 
equipped with a high-angle annular dark-field (HAADF) 
detector and energy dispersive X-ray spectroscopy (EDX). 
Results unambiguously demonstrated the formation of a core–
shell structure. STEM–HAADF image shows the presence of 
two distinct regions in the nanogel (Figure 1b), indicating the 
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Scheme 1. Synthesis of a) poly-SPB and b) core–shell nanogel by RAFT polymerization.
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presence of a distinct core and a shell. Figure 1c shows EDX 
elemental mapping images of NG-2. The red color represents 
carbon (C), dark blue represents nitrogen (N), turquoise blue 
represents oxygen (O), and green represents sulfur (S). Sulfur 
is present only in the shell of the nanogel (indicated by green 
color), while no sulfur was seen in the core, thus supporting 
the formation of a core–shell nanogel consisting of a poly-SPB 
shell (sulfur-rich) and cross-linked NIPAM core (sulfur-defi-
cient). To confirm this further, STEM-EDX line analysis was 
done (Figure 1d); it was clearly seen that carbon, nitrogen, and 
oxygen are distributed all over the nanogel (carbon’s intensity 
is more pronounced in the core due to the crosslinking), while 
sulfur is present only near the shell, indicated by the appear-
ance of green bands only in the region which corresponds to 
the shell of the nanogel. To our knowledge, this is the first 

study to conclusively show the formation of a polymeric core–
shell architecture.

To ascertain the thermoresponsiveness of these nanogels, 
photographs of the nanogel solution at different temperatures 
were taken (Figure 2a). Heating or cooling this solution resulted 
in coacervate formation. On resting/centrifuging this solution 
during cooling/heating, liquid-phase separation occurred (for 
clarity, the solution is stained with alizarin red). This experi-
ment clearly demonstrated that these nanogels exhibit LCST 
and UCST behavior.

From Figure 1c, it was clearly seen that the size of the core 
greatly exceeds the size of the shell; hence, the soluble shell 
should be able to only partially prevent the aggregation (partial 
shielding) of the core when the temperature is raised. This was 
confirmed by the observation that while the nanogels showed 

Macromol. Rapid Commun. 2017, 1700478

Table 1. Characteristics of macro-CTA and nanogels via RAFT polymerization.

Nanogel Shell (macro-CTA) Macro-CTA Core Molar ratioa) Hydrodynamic diameter  
[nm]b)

Molar ratioc) Mn × 10−3,d) Mw/Mn
d)

NG-1 Poly-(SPB)200 1000:1:5 36.2 1.59 NIPAM 1000:1.67:5:20 532.5 ± 0.2 (0.19)e)

NG-2 Poly-(SPB)100 500:1:5 21.1 1.37 NIPAM 500:1.67:5:20 483.8 ± 0.2 (0.17)e)

a)[NIPAM]:[Initiator]:[Macro-CTA]:[crosslinker] used for the synthesis of nanogels; b)Determined by DLS; c)[Monomer]:[Initiator]:[RAFT agent] used for the synthesis of 
macro-CTA; d)Determined by GPC; e)Polydispersity index, determined by DLS.

Figure 1. a) TEM image, b) STEM-HAADF, c) EDX elemental mapping image, and d) STEM-EDX line analysis of NG-2.
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a clear UCST transition leading to liquid–liquid phase separa-
tion, LCST transition was not as clearly observed. By lowering 
the temperature, phase separation took place immediately upon 
resting (without the need for centrifugation), whereas when 
the temperature was raised, only an increase in turbidity was 

observed. Two different phases were not observed on resting 
(phase separation took place only after centrifugation at a high 
speed).

Next, to quantitatively evaluate the thermoresponsive prop-
erty of the as-formed nanogels, their transmittance values at 

Macromol. Rapid Commun. 2017, 1700478

Figure 2. Thermoresponsive behavior of aqueous solution of nanogels. a) Photographs of the nanogel (NG-1, 1% polymer concentration) before 
and after cooling. The photograph at the left was taken at 4 °C, the middle at 25 °C, and on the right at 37 °C. The solution on the bottom-left was 
stained with alizarin red (10 µg mL−1) to enhance the visibility; microphotograph shows that nanogels form coacervate droplets on phase separation; 
b) transmittance of aqueous solutions of NG-1 and NG-2 at various concentrations; c) variable-temperature DLS measurements (heating process) 
of nanogels in water at a concentration of 0.5%; d) phase diagram of the aqueous solution of NG-1 and NG-2, circles represent LCST transition and 
triangles represent UCST transitions; e) schematic representation of the LCST and UCST transitions of nanogels on cooling and heating.
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various temperatures were measured by UV–vis spectroscopy 
at 550 nm. Figure 2b shows the phase-separation behavior of an 
aqueous solution of NG-1 and NG-2 at various concentrations. 
Initially, on increasing the temperature, an increase in transmit-
tance was observed and, after reaching a maximum value, trans-
mittance became constant for a certain temperature interval, 
thus depicting UCST behavior. Upon further increasing the 
temperature, transmittance started decreasing and, after 30 °C, 
transmittance values dropped down to below 5%. An increase 
in temperature beyond 30 °C led to transmittance being stable, 
indicating LCST behavior of the NIPAM core. With decreasing 
and increasing temperatures, the nanogels exhibited UCST and 
LCST behavior, respectively. The phase-separation temperatures 
for both LCST and UCST behavior changed with the nanogel 
concentration. The UCST transition of nanogels was compared 
with macro-CTA and it was found that transition temperature 
(cloud point) of macro-CTA corresponds well with that of the 
nanogel (Figure S8, Supporting Information). The thermal 
transitions of the nanogels were further investigated using DLS 
(Figure 2c). Results unambiguously demonstrated that both the 
nanogels show two thermal transitions upon heating from 5 to 
50 °C and the transition temperatures were close to the values 
determined by turbidity measurements.

From the corresponding plots of phase-separation behavior, 
phase diagrams for the two nanogels were plotted and cloud 
points, which represent the point at which the transmittance 
reaches half of its maximum value, were determined.[22] From 
Figure 2d, it was seen that phase-separation temperature (cloud 
points) of the nanogels was highly dependent on the polymer 
concentration. Moreover, with the change in the degree of 
polymerization of poly-SPB (maintaining the NIPAM concen-
tration constant), only the UCST phase-separation tempera-
tures changed because, with increasing molecular weight, the 
entropy of mixing decreased, resulting in increased UCST.[48] 
Changing the poly-SPB concentration (which constitutes the 
nanogel shell) did not significantly affect the properties of the 
poly-(NIPAM) unit, indicating that the core and shell of the 
nanogel exhibit independent behavior with respect to their ther-
moresponsive behavior. This result indicated that the phase-
transition temperatures could be easily tuned via the change in 
the molecular weights of the constituent polymers.

Next, we investigated the effect of common salt (NaCl) on 
phase separation. When nanogel was dissolved in NaCl solu-
tion, the hydrodynamic radius decreased, which could be due to 
the dissociation of interchain association.[49] Moreover, the addi-
tion of the aqueous NaCl solutions altered the phase transition 
temperature of the nanogels (Figure S9, Supporting Informa-
tion). A noticeable change was observed even at very low NaCl 
concentrations. This is supported by previous reports, which 
suggested that the ionic strength of the NaCl markedly affects 
polyampholyte conformation as well as the intra- and intermo-
lecular electrostatic interactions.[50,51]

The core–shell nanogels consisted of poly-SPB and poly-
(NIPAM) crosslinked with poly(ethylene glycol dimeth-
acrylate) as the shell and core, respectively. With decreasing 
temperature, poly-SPB in the shell exhibited shrinkage, 
whereas the nanogel core remained intact. On the other hand, 
on heating, the poly-(NIPAM)-rich core exhibited shrinkage 
(Figure 2e).

In conclusion, core–shell nanogels showing dual thermore-
sponsive behavior, i.e., exhibiting both UCST and LCST transi-
tions, were synthesized. To the best of our knowledge, this is 
the first report of the development of a nanogel system which 
conclusively establishes the core–shell architecture. The cloud 
points for the transition temperature can be easily tuned via 
the change in the molecular weights of the constituent poly-
mers. Our results suggested that this approach can afford 
nanogels, which can be extremely useful in various fields, e.g., 
drug delivery and biosensing, as well as for the development of 
thermoresponsive scaffolds. Studies to further optimize these 
nanogel systems with respect to tuning of the UCST and LCST 
according to the target application via the modification of pol-
ymer parameters and introduction of small amounts of an addi-
tional monomer are currently underway.
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