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Abstract A novel method of synthesizing poly(vinyl alcohol)-
g-N-isopropylacrylamide (PVA-g-NIPAAm) nanohydrogels un-
der crosslinker-free conditions at high dilution and elevated
temperature is presented. Hydrogen peroxide (H2O2), used as
an initiator, decomposes to hydroxyl radicals at high tempera-
ture, which causes the abstraction of hydrogen fromPVAchains,
resulting in NIPAAm-grafting polymerization. Fourier trans-
form infrared spectroscopy (FT-IR) and thermogravimetric anal-
ysis (TGA) confirmed the grafting polymerization of NIPAAm
onto PVA chains. The effects of the NIPAAm/PVA feed com-
position ratio, the amount ofH2O2, and both pH and temperature
on the swelling properties of the nanohydrogels obtained were
investigated. An investigation of the swelling/deswelling kinet-
ics and oscillatory swelling behavior of the nanohydrogels
indicated that they have high swelling ratios with fast response
rates and good reversibilities, and are sensitive to both pH and
temperature. Elemental analysis revealed that the NIPAAm
content increases with increasing NIPAAm/PVA ratio and
H2O2 concentration, which leads to a remarkable increase in
the nanohydrogel swelling ratio. Rheological studies demon-
strated that the samples with higher PVA contents had enhanced
elastic responses. The phase-transition temperatures and size
distributions of the nanohydrogels were also studied. It appears
that that these fast-responding nanohydrogels with properties
that are sensitive to both pH and temperature, and which are
obtained by a relatively simple and convenient polymerization
method, could be potential candidates for drug-delivery carriers.
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Introduction

Biocompatible stimuli-responsive nanohydrogels based on
N-isopropylacrylamide (NIPAAm) are gaining attention due
to their numerous potential applications in various biomedical
and biotechnological fields, including controlled drug-delivery
systems, artificial organs, “on–off” switches, and so on [1–5].
It is well known that aqueous poly(N-isopropylacrylamide)
(PNIPAAm) solution exhibits a lower critical solution temper-
ature (LCST) of approximately 32 °C. When the temperature
of its environment is below the LCST, PNIPAAm absorbs a
large amount of water and exhibits a swollen and hydrophilic
state. Above the LCST, it demonstrates abrupt volume shrink-
age and becomes hydrophobic due to the expulsion of free
water inside the polymer network [6, 7]. A fast response to the
ambient temperature is one of the most important characteris-
tics required for the applications mentioned above, but con-
ventional PNIPAAm hydrogels form a dense, thick skin layer
that restricts their response rates and results in low reswelling
and deswelling rates [8, 9]. Therefore, it is necessary to modify
PNIPAAm hydrogels in order to meet the requirements of
practical applications. Many strategies have already been pro-
posed to promote the response rates of PNIPAAm hydrogels.

Decreasing the size of the hydrogel is considered to be the
best way to obtain products with sufficient response times. In
other words, the slow dynamics of the swelling/deswelling
process in macroscopic hydrogels can be overcome and ac-
celerated by preparing nanohydrogel particles with dimen-
sions in the submicrometer range, because the response time
of hydrogel swelling/deswelling is proportional to the linear
size of the hydrogel [8, 10, 11]. Precipitation and emulsion
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polymerization are the techniques most commonly employed
to synthesize thermosensitive nanohydrogels. However, these
methods involve the use of surface-active and crosslinking
agents that can be expensive, have limited particle size distri-
butions, and can be toxic [12–14]. On the other hand, Gao and
Friskin have reported that it is possible to make PNIPAAm
microgels without using any crosslinker by precipitation po-
lymerization through a chain-transfer reaction via tertiary
carbon both during and after the polymerization of NIPAAm
monomers [15, 16]. Also, radiation polymerization makes it
possible to form nanoparticles or nanohydrogels from linear
polymers in dilute aqueous solution under additive-free con-
ditions through intra/interchain collapse, which can be applied
as a facile method to make well-defined, biocompatible deliv-
ery vehicles [17–20]. Furthermore, many investigations have
been performed to synthesize PVA/PNIPAAm interpen-
etrating (IPN) and semi-interpenetrating (semi-IPN) polymer-
ic networks as macroscopic gels with enhanced response
times and mechanical strengths via radical polymerization in
the presence of crosslinking agents [9, 21, 22]. This is because
responsive polymers like PNIPAAm have poor biocompati-
bilities, mechanical strengths, and swelling–deswelling rates
[23], whereas PVA is a nontoxic, linear, water-soluble poly-
mer with high hydrophilicity and good biocompatibility, so
copolymers of PNIPAAm and PVA could potentially combine
the desirable properties of both, including the biocompatibility
and mechanical strength of PVA [9]. In the work described in
the present paper, a novel method for the preparation of
nanohydrogels of NIPAAm based on the intramolecular col-
lapse method under diluted conditions was developed. In this
approach, NIPAAm is grafted onto biocompatible linear PVA
chains via free-radical polymerization at the boiling point of
water in very dilute solution, using hydrogen peroxide (H2O2)
as an initiator. PVA-g-NIPAAm nanohydrogels were synthe-
sized with different NIPAAm/PVA feed ratios and H2O2 con-
centrations. The structures, compositions, thermal stabilities,
rheological behaviors, cytotoxicities, and phase-transition
temperatures of the nanohydrogels obtained were then ana-
lyzed. Their swelling properties, such as the variations in their
equilibrium swelling ratios with temperature and pH, their
deswelling kinetics, and their oscillatory swelling in water,
were also studied.

Experimental

Materials

NIPAAm (Acros Organics, Geel, Belgium) was used with-
out further purification. A dialysis membrane (benzoylated
dialysis tubing, molecular weight cutoff 2000) and PVA
(average molecular weight 1.95×105, degree of saponifica-
tion 98 mol%) were purchased from Aldrich (St. Louis, MO,

USA). Also, H2O2 30 % (Scharlau, Barcelona, Spain) was
employed as an initiator, and was used as received.

Preparation of PVA-g-NIPAAm nanohydrogels

The PVA-g-NIPAAm nanohydrogels were synthesized by
free-radical polymerization in very dilute solution at elevat-
ed temperature through intramolecular crosslinking. The
PVA was dissolved in deionized water and heated to the
boiling point of water for 1 h to achieve the desired aqueous
solution. The PVA solution was mixed with NIPAAm and
the mixture was stirred under an argon atmosphere in a 250-
mL two-necked flask for 30 min at boiling point of water. A
degassed aqueous solution of H2O2 was added to the flask to
initiate polymerization. The reaction system was stirred at
the incubation temperature (boiling point of water) for 1 h.
Table 1 lists the labels and feed composition ratios of the
resulting nanohydrogels. After polymerization, the final
white dispersion was cooled to room temperature. In order
to remove unreacted NIPAAm monomer, the dispersion was
then purified by performing dialysis against deionized water
at room temperature with a dialysis membrane (molecular
weight cutoff 2000). The deionized water was replaced
every 8 h. After that, the nanohydrogel dispersions obtained
were freeze-dried. To eliminate the homo-PNIPAAm, which
is soluble in water below the LCST [24], the dried
nanohydrogels were immersed in deionized water at room
temperature. The water was changed repeatedly until the
external solution did not show a phase transition at temper-
atures above the LCST. Finally, to remove any sol fractions
of PVA that were not incorporated into the crosslinked
network, the nanohydrogels were soaked in hot water and
the purified nanohydrogels were lyophilized again.
Crosslinked PVA and PNIPAAm nanohydrogels were syn-
thesized by the same polymerization method to compare
some of their properties with those of the PVA-g-NIPAAm
nanohydrogels.

Table 1 Feed composition ratios of the various nanohydrogels
obtained in this work

Nanohydrogel
label

wt.% of
NIPAAm

wt.% of
PVA

H2O2

(μL)

NHG1 1 0.5 10

NHG2 1 1 10

NHG3 1 2 10

NHG4 1 1 20

NHG5 1 1 30

NHG6 - 1 10

NHG7 1 - 10
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FT-IR characterization of nanohydrogels

A Tensor 27 Fourier transform infrared (FT-IR) spectropho-
tometer (Bruker, Ettlingen, Germany) was employed to
obtain nanohydrogel spectra. These FT-IR spectra were
utilized to confirm the incorporation of NIPAAm into the
polymer network.

Determination of nanohydrogel composition

Elemental analysis was carried out on freeze-dried
nanohydrogels using an Elementar (Hanau, Germany)
vario MAX instrument. The NIPAAm content of each
nanohydrogel was estimated by performing an elemental
analysis of the nitrogen content.

Dynamic light scattering (DLS) measurement

DLS was used to determine the particle sizes and the particle
size distributions of the synthesized PVA and PVA-g-
NIPAAm nanohydrogels in solution. Before performing
the measurements, 1 mg/ml of the dried product was soni-
cated for 30 s. The DLS measurements were attained below
the LCST (at 25 °C) using a DLS instrument (Malvern
Instruments, Malvern, UK) equipped with an argon laser
operating at 632.8 nm with a fixed scattering angle of 90°.

Calorimetric measurements

The DSC measurements were conducted using a Netzsch
(Selb, Germany) DSC 200 instrument under an N2 flow at a
heating rate of 1 °C/min, with the temperature ranging from
20 to 50 °C. The samples were wetted beforehand in dis-
tilled water at room temperature to reach the equilibrium
swelling ratio. All samples were blotted free of water using
filter paper prior to the DSC measurements. The LCSTs were
derived from the onset point of the endothermic DSC peak.

Thermogravimetric studies

Thermogravimetric (TG) and differential thermogravimetric
(DTG) curves of nanohydrogels were obtained using a
thermogravimetric analyzer (TGA 1750, Linseis, Selb, Ger-
many) by heating from room temperature to 700 °C at a
heating rate of 10 °C/min under a nitrogen flow. The
mass of the sample pan was recorded continuously as a
function of temperature.

Rheological measurements

The storage moduli (G′) and the loss moduli (G″) of the
hydrated nanohydrogels were measured using a parallel-
plate rheometer (MCR-301, Anton Paar, Graz, Austria) as

a function of the frequency. The swollen nanohydrogels
were placed between the parallel-plate rheometer with a
diameter of 40 mm and a gap of 1.0 mm. Dynamic frequency
sweep tests were performed from 0.1 to 100 rad/s at 20 °C
with a strain amplitude of 0.2 %, which is within the linear
viscoelastic region as determined by a dynamic strain sweep.
The dynamic strain sweep test was performed from 0.1 to
100 % strain with a frequency of 1 rad/s at 20 °C.

Swelling/deswelling kinetics

The progress of the swelling process was monitored
gravimetrically [25, 26]. To measure the swelling kinet-
ics, preweighed nanohydrogels were immersed in dis-
tilled water at 25 °C. After excess surface water had
been removed with filter paper, the weight of the swol-
len sample was measured at various time intervals. The
swelling ratio (SR, %) of the hydrogel was defined
using the following equation:

SR %ð Þ ¼ Ws �Wdð Þ=Wdð Þ � 100;

where Ws is the weight of the swollen hydrogel at a
predetermined time and Wd is the dry mass of the
hydrogel.

The deswelling kinetics of the nanohydrogels were
followed by performing gravimetric measurements of the
weight of water in the nanohydrogel (Wt) at specific time
intervals after the swollen gel at 6 °C had been quickly
transferred to hot water at 45 °C. The water retention
(WR) was calculated as

WR %ð Þ ¼ Wt �Wdð Þ= Ws �Wdð Þð Þ � 100:

Reversibility of rapid swelling/deswelling kinetics

An oscillatory swelling study was carried out in water
at alternating temperatures between 20 °C and 42 °C.
The nanohydrogel samples were maintained for 5 min
at 20 °C to achieve the equilibrium swelling ratio, and
were then placed in water at 42 °C for 5 min to shrink
them. The weights of the samples were measured gravi-
metrically, and the deswelling and reswelling measure-
ments were repeated several times.

Temperature and pH dependences of the swelling ratio

A swelling study was conducted on the nanohydrogels
to investigate the behavior of the swelling ratio as a
function of the temperature and pH in the swelling
medium. The equilibrium swelling ratio (ESR) was
calculated from gravimetric measurements of dry
nanohydrogels (Wd) and nanohydrogels immersed in water
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for 24 h (We) at different temperatures (6–45 °C) or buffer
solutions (pH 2–10). The equilibrium swelling ratio was cal-
culated using the following formula:

ESR %ð Þ ¼ We �Wdð Þ=Wdð Þ � 100;

where We is the weight of the swollen state.

Cell culture

A549 cells (adenocarcinomic human alveolar basal epithe-
lial cells) were grown in a 25 cm2 flask (Orange Scientific,
Braine-l’Alleud, Belgium) in RPMI-1640 (Roswell Park
Memorial Institute 1640) medium (Gibco, Invitrogen, Carls-
bad, CA, USA) supplemented with 10 % fetal bovine serum
(FBS) (Gibco, Invitrogen), penicillin (100 unit/ml) (Sigma,
St. Louis, MO, USA), and streptomycin (100 μg/ml)
(Sigma), and incubated at 37 °C in a 5 % CO2 humidified
atmosphere.

Cell cytotoxicity assay

A cytotoxicity study was done to evaluate the effect of the
nanohydrogel NHG3 (as an example of a typical synthesized
nanohydrogel) on cell survival. When the cells reached 80–
90 % confluency in the flask, they were washed in PBS
solution (Sigma) and harvested via treatment with 0.05 %
trypsin/EDETA (Gibco, Invitrogen). The live A549 cells were
counted and almost 7,000 cells were seeded per well in 200 μl
of growth medium in a 96-well flat-bottomed tissue culture
plate (TPP, Trasadingen, Switzerland) and incubated at 37 °C
and 5 % CO2 in an incubator overnight. The next day, the
medium was removed and the cells were washed with
PBS solution and treated with various concentrations
(60–250 ppm) of nanohydrogel before being incubated
for 24 h at 37 °C in the presence of 5 % CO2. In
addition, an untreated culture was incubated for use as a
control sample. The cell viability was determined using an
MTT (3-(4,5-dimethylthyazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay; 50 μl/ml of MTT (Sigma) solution with
150 μl of media were added to each well and incubated for
4 h at 37 °C. After incubation, the mediumwas removed and a
mixture of 200 μl of DMSO (dimethyl sulfoxide) and 25 μl of
Sorenson’s buffer was added to each well to solvate the blue
formazan crystals. The optical density (OD) was then mea-
sured at 570 nm with a microplate reader (Awareness Tech-
nology, Palm City, FL, USA). The OD of the control sample
was normalized to 100 %. The viable rate was calculated
using the following equation:

Viable rate ¼ ODðtreatmentÞ=ODðcontrolÞ
� �� 100:

The OD of the treated sample was measured in the presence
of nanohydrogel while the OD of the control sample was

measured in the absence of nanohydrogel. Each experiment
was repeated in triplicate, and the results were expressed as the
mean±standard deviation (SD).

Results and discussion

Preparation of PVA-g-NIPAAm nanohydrogels

Using radiation processing technology [17–20, 27, 28],
nanohydrogels have been synthesized through intramolecu-
lar crosslinking with linear water-soluble polymers such as
PVA, poly(vinylpyrrolidone) (PVP), poly(acrylic acid)
(PAAc), and poly(vinyl methyl ether) (PVME) without any
in situ monomer polymerization and grafting. While this
method does not require an initiator, catalyst, or crosslinker,
it does require a high dose of ionizing radiation (tens or
hundreds of kGy). Therefore, in this work, we attempted to
design a new method of synthesizing PVA-g-NIPAAm
nanohydrogels by free-radical polymerization based on the
intramolecular crosslinking of PVA chains in dilute solution,
using a similar approach to that employed in irradiation
polymerization. As a result, free radicals of PVA in dilute
aqueous solution were obtained by applying H2O2 at the
boiling point of water, which causes H2O2 to decompose
into hydroxyl radicals. Hydroxyl radicals generated from the
decomposition of H2O2 initiate the polymerization of
NIPAAm (homo-PNIPAAm) as well as the grafting reaction
(through the abstraction of H atoms from PVA chains) in a
random manner [29, 30]. It is assumed that this reaction
leads to PVA with a branched structure involving growing
chains of PNIPAAm. In a dilute homogeneous solution
(with each macromolecule separated) of PVA, polymeriza-
tion proceeds through reactions such as intramolecular
crosslinking between the growing chains of PNIPAAm on
PVA, free radical attack on PVA, and the growth of
PNIPAAm chains in solution. These reactions result in gels
with crosslinked structures and lead to nanohydrogel forma-
tion. On the other hand, at high temperatures (higher than
the LCST), PVA-g-NIPAAm forms nanohydrogels that are
physically crosslinked via the hydrophobic nanodomains
generated by dehydrating PNIPAAm [31]. Scheme 1 shows
a schematic representation of nanohydrogel preparation.
Therefore, in this work, different PVA-g-NIPAAm
nanohydrogels were prepared by tailoring the NIPAAm/PVA
feed ratio and H2O2 concentration. It is worth mentioning that
a white dispersion is obtained after polymerization. To obtain
the dry nanohydrogel, this dispersion was freeze-dried
(lyophilized). A significant change in the structure of PVA-
g-NIPAAm occurs during the freezing process. The formation
of gel-like structures after the freezing–thawing of polymer
dispersions has been reported. This structural densification
occurs due to the formation of a supermolecular and
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semicrystalline structure [32], which can be attributed to the
formation of some hydrogen bonds at the ends of the PVA
chains, because the PVA chain activity decreases during the
freezing process [33, 34]. After the synthesized dispersion has
been freeze-dried, the product obtained is a compact white
nanohydrogel that can swell extensively in water without
dispersion. As a result, it is possible to use gravimetric mea-
surements and filter-paper wiping in swelling experiments.

FT-IR analysis

FT-IR spectra of PVA and PVA-g-NIPAAm nanohydrogels
were used to confirm the occurrence of grafting polymeri-
zation. Figure 2 shows the FT-IR spectra of PVA
nanohydrogel (a) and PVA-g-NIPAAm nanohydrogels (b).
In the PVA nanohydrogel spectrum, the broad band at about
3430 cm−1 is assigned to the stretching of intermolecular
and intramolecular O–H hydrogen bonds. The band ob-
served at around 2930 cm−1 relates to the stretching of C–H
bonds in alkyl groups, while the peaks between 1710 and
1650 cm−1 are due to the stretching of C=O bonds in the
remaining acetate groups from PVA (saponification reaction
of polyvinyl acetate) [35]. The FT-IR spectrum of the PVA-g-
NIPAAm nanohydrogels (b) show peaks from –NH in the
PNIPAAm component and from the stretching of –OH in
PVA at around 3400 cm−1. The peaks at 2900 cm−1 are due
to the stretching of C–H bonds on the PVA and PNIPAAm
backbone. Amide I and amide II bands are observed at
1644 cm−1 and 1553 cm−1, respectively; these arise from the
amide group of the PNIPAAm component. A peak at
1459 cm−1 and a doublet at 1378 cm−1 are due to two –CH3

bonds in the PNIPAAm side chains [36]. Thus, Fig. 1 shows
that the spectrum of the PVA-g-NIPAAm nanohydrogels in-
cludes all of the peaks expected from both the PVA and the
PNIPAAm components.

Elemental analysis of nanohydrogels

After purification, the PNIPAAm contents of the resulting
nanohydrogels were determined by performing an elemental
analysis of their nitrogen contents. The results obtained are
summarized in Table 2. It is clear that the PNIPAAm con-
tents of NHG1–3 decrease with decreasing NIPAAm con-
tent in the initial feed. Also, increasing the amount of
initiator increases the PNIPAAm content. As shown in
Table 2, the NIPAAm content in the nanohydrogels
(NHG1, NHG4, and NHG5) tends to increase with increas-
ing initiator concentration. Increasing the concentration of
the initiator increases the probability of hydrogen abstrac-
tion from the PVA backbone and NIPAAm graft polymeriza-
tion. Furthermore, the PNIPAAm content in the nanohydrogel
is lower than that in the initial feed. This is due to the
formation of homo-PNIPAAm during grafting polymerization
and the subsequent removal of unreacted monomers during
the purification process.

TG and DTG determination of nanohydrogels

The TG and DTG thermograms of PNIPAAm, PVA, and the
nanohydrogels NHG1–2 are depicted in Fig. 2. Figure 2a
shows that PNIPAAm presents one-stage degradation be-
havior at 400 °C. As shown in Fig. 2c, the first-derivative
curves of the PVA nanohydrogels show two degradation
peaks due to variations in the molecular weight of the
polymer used [37]. However, the grafting of NIPAAm onto
PVA affects its thermal properties. PVA-g-NIPAAm
nanohydrogels exhibit faster thermal decomposition than
PVA nanohydrogels because of the introduction of
PNIPAAm (Fig. 2b) [38]. The difference between the thermal
stabilities of PVA and PVA-g-NIPAAm confirms that the
reaction products are graft copolymers.

Scheme 1 Schematic
illustration of PVA-g-NIPAAm
nanohydrogel preparation
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Size distributions of the nanohydrogels

The mean particle sizes and the size distributions of
the PVA and PVA-g-NIPAAm nanohydrogels were
determined via DLS at 25 °C. For the DLS measure-
ments, the nanohydrogels (at a concentration of
1 mg/mL) were sonicated for 30 s to disperse them
in deionized water. As shown in Fig. 3, the DLS
diagram of the PVA-g-NIPAAm nanohydrogel NHG3
(used here as a representative synthesized nanohydrogel)
indicates a narrow size distribution with an average diameter
of about 80 nm. Also, the DLS diagram of the PVA
nanohydrogel NHG6 shows a very small particle size of
around 18 nm. It is therefore obvious that the grafting of
NIPAAm onto PVA chains leads to an increase in the size of
the nanohydrogel.

LCSTs of the nanohydrogels

The LCSTs of the water-swollen homo-PNIPAAm (NHG7)
and PVA-g-NIPAAm nanohydrogels (NHG1–3) were mea-
sured by DSC. Figure 4 indicates that the LCST of the

homo-PNIPAAm is around 29 °C, while the LCSTs for the
PVA-g-NIPAAm samples are approximately 30 °C (based
on the onset temperature of the endothermic peak). Thus,
the phase transition temperatures of the PVA-g-NIPAAm
nanohydrogels are very similar to that of the homo-
PNIPAAm, which may be attributed to the hydrophilicity
of PVA [39]. Also, Fig. 4 shows that nanohydrogels with
different NIPAAm/PVA ratios have nearly the same LCST.
These results imply that the interaction between the PVA
backbone and the PNIPAAm chains can be neglected.

Rheological behavior

A gel (elastic solid) can be defined based on the concept that
the storage modulus (G′) is dominant in the gel phase while
the loss modulus (G′′) is dominant in the sol phase [21]. The
frequency dependences of the storage and loss moduli were
determined using a strain amplitude of 0.2 %, as shown in
Fig. 5 for swollen NHG1–3. The samples behaved as vis-
coelastic solids, and the storage modulus was larger than the
loss modulus across the entire frequency range, which is a
characteristic feature of crosslinked hydrogels [21, 40–43].

Fig. 1a–b FT-IR spectra of
PVA a and PVA-g-NIPAAm b
nanohydrogels
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Furthermore, the results of the dynamic frequency
sweep measurements of the swollen samples showed a
marked increase in the modulus with increasing PVA
content in the samples. This can be attributed to the

more compact and complex structures of the samples
with high amounts of PVA, which enhanced the visco-
elastic properties. Also, all of the nanohydrogels
obtained by intramolecular crosslinking in this work

Fig. 2a–c TG and DTG curves
of NHG7 (a); TG curves of
nanohydrogels NHG1–2 and
NHG6 (b); DTG curves of
nanohydrogels NHG1–2 and
NHG6 (c)
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had high elastic moduli that were comparable with those
obtained using a crosslinking agent.

Effect of PVA content on the swelling/deswelling behavior

The most important property of hydrogels is their swelling
behavior, which is usually monitored via gravimetric mea-
surements of water uptake. Figure 6 shows the swelling
kinetics of NHG6 (homo-PVA nanohydrogel) in comparison
with the nanohydrogels NHG1–3, which were synthesized
with PVA contents of 0.5, 1, and 2 wt. %, respectively. As
illustrated in Fig. 6, the synthesized NHG1–3 showed very
fast water uptake and high degrees of swelling within sev-
eral minutes. The fast swelling rates of the synthesized PVA-
g-NIPAAm nanohydrogels are due to several important fac-
tors. As the response time for hydrogel swelling/deswelling is

proportional to the square of the linear dimension of the
hydrogel [6], the nanoscale nature of the synthesized PVA-g-
NIPAAm hydrogels results in a faster response time. Also, the
introduction of PVA chains exerts a great influence on the
swelling rates of the synthesized nanohydrogels. In addition,
in the method that we utilized, the nanohydrogels form at the
boiling point of water, and preparing the gels at temperatures
above the LCST results in a phase-separated structure, which
can greatly enhance the response rate [44]. On the other hand,
it was observed that the ESRs of the PVA-g-NIPAAm
nanohydrogels were much higher than the ESRs of the PVA
nanohydrogels, indicating that the grafting of NIPAAm onto
PVA leads to a considerable increase in the swelling ratio
because of the hydrophilicity of NIPAAm [22]. In line with
this concept, the swelling ratios of the synthesized
nanohydrogels increase with increasing NIPAAm content in
the nanohydrogel (according to elemental analysis results: see
Table 2), so NHG1 (which has the highest NIPAAm content)
exhibits the highest swelling ratio. Furthermore, NHG1–3
show very fast deswelling kinetics, as depicted in Fig. 7.
The swollen nanohydrogels at 6 °C were placed in water at
45 °C and their subsequent deswelling behavior was recorded.
The nanohydrogels collapsed within seconds, squeezing out
50–75 % of the water within them within 2 min. NHG1
(which had the highest content of PNIPAAm) pushed out
75 % of its water, while NHG2 and NHG3 lost about 62 and
50 % of their water, respectively. These results confirm that a
high PNIPAAm content leads to more swelling.

Oscillatory swelling kinetics of the nanohydrogels

To develop a hydrogel for use as an artificial muscle and in
pulsed drug delivery, it is important to achieve reversibility
of the rapid swelling/deswelling process [45]. The oscilla-
tory swelling of nanohydrogels NHG1–3 was studied by
applying 5-min temperature cycles between 20 °C and

Fig. 3a–b Size distributions of the PVA (a) and PVA-g-NIPAAm (b)
nanohydrogels Fig. 4 DSC thermograms of NHG1–3 and NHG7

Table 2 NIPAAm contents of the nanohydrogels, as determined by
nitrogen elemental analysis

Sample
label

NIPAAm in
initial
composition
(wt./wt.%)

H2O2

(μL)
H
(%)

C
(%)

N
(%)

NIPAAm
in final
matrix
(wt./wt.%)

NHG1 66 10 8.6 54.9 8.1 51.33

NHG2 50 10 8.8 54.6 4.4 19.1

NHG3 33 10 9.0 55.3 3.4 13

NHG4 50 20 8.7 54.8 5.2 24.2

NHG5 50 30 8.9 56.4 7.3 39.9
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42 °C. After each hydrogel had reached the ESR at 20 °C, it
was quickly immersed in distilled water at 42 °C, at which
point it began to shrink rapidly. As shown in Fig. 8, the
nanohydrogels exhibit fast swelling/deswelling processes
and good reversibilities. Therefore, the oscillating
swelling/deswelling kinetics demonstrate that the
nanohydrogels obtained in this work could be utilized
as reversible thermoresponsive materials in many fields
of biomedicine, bioengineering, and biotechnology [46].

Temperature and pH dependences of the swelling ratios of
the nanohydrogels

The dependences of the swelling ratios (SRs) of the
nanohydrogels NHG1–3 on temperature in the range 20–
50 °C are shown in Fig. 9. The swelling ratio of each
nanohydrogel decreases as the temperature of the
nanohydrogel increases. The swelling curves show a char-
acteristic decrease in the SR at about 30 °C, which is close
to the LCSTs of the nanohydrogels as measured by DSC.

Below the LCST, the nanohydrogel is swollen because of
the hydrophilicities of both PVA and PNIPAAm. As the
temperature rises to the phase-transition temperature or the
LCST, the hydrophobic interactions between the polymer
chains become stronger than the polymer–water interac-
tions, and the gel collapses [9]. The effect of pH on the
swelling of the hydrogels is of great importance, as a change
in the pH of the swelling medium often causes a fluctuation
in the free volume accessible to penetrating water mole-
cules, which affects the swelling properties of the hydrogels
[29, 47]. Figure 10 illustrates the pH dependences of the
swelling ratios of the nanohydrogels NHG1–3, which were
immersed in a buffer solution at a pH in the range 2–10 at
room temperature. As shown in Fig. 10, the equilibrium
swelling ratio increases with increasing pH of the swelling
medium. This can be explained by the fact that in the pH 2
and 4 buffer solutions, the amide groups in PNIPAAm form
hydrogen bonds with the PVA chains, leading to small
swelling ratios [48]. On the other hand, the PNIPAAm
segments of the nanohydrogels undergo partial hydrolysis
with increasing pH of the swelling medium, which prompts

Fig. 5 Frequency dependences of the elastic (G´) and viscous (G´´)
moduli of nanohydrogels NHG1–3

Fig. 6 Swelling kinetics of the PVA and NHG1–3 nanohydrogels with
different PVA contents of 0.5, 1, and 2 wt.% at 25 °C

Fig. 7 Deswelling kinetics of NHG1–3 with different PVA contents of
0.5, 1, and 2 wt.%

Fig. 8 Oscillating swelling–deswelling kinetics of the nanohydrogels
NHG1–3 in response to the application of temperature cycles between
20 and 42 °C in water
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the creation of anionic charged centers along the copoly-
meric chains. These polyelectrolyte chains cause repulsion
between the macromolecular chains and thus enlarge the
free volumes within the nanohydrogel network, which ob-
viously enhances its water sorption capacity. However, as
the pH increases further (pH 10), the ionic strength also
increases, and the difference in the osmotic pressure of free
ions between the internal and external solution decreases,
which may inhibit the polymer–water interactions inside
the nanohydrogel matrix, leading to deswelling of the
nanohydrogel [29, 47–50].

Effect of initiator concentration on swelling behavior

Figure 11 presents the swelling ratios of nanohydrogels
NHG2, NHG4, and NHG5, which were synthesized with
10, 20, and 30 μL of H2O2. As shown in Fig. 11, the
swelling ratios of the nanohydrogels increase with increas-
ing H2O2. Increasing the concentration of H2O2 increases
the number of OH free radicals, which in turn increases the

probability of the abstraction of hydrogen from the PVA
backbone, causing more NIPAAm grafting [51]. These re-
sults are in accord with the elemental analysis data shown in
Table 2, which indicate that the NIPAAm content in the final
matrix increases slightly with increasing H2O2. Incorporat-
ing more NIPAAm into the PVA-g-NIPAAm nanohydrogel
leads to an increase in the swelling ratio because of the
hydrophilicity of PNIPAAm [22].

Cytotoxicity study

As nanohydrogels have potential applications in biomedical
fields, a cytotoxicity study was performed to check the
biocompatibility of the nanohydrogel NHG3 and its effects
on cell viability. An MTT assay was used to determine cell
viability following the nanohydrogel treatment. The results
demonstrated that the nanohydrogel was nontoxic across the
studied range of concentrations following 24 h of treatment,
and that it did not have any significant effects on A549 cell
viability (Fig. 12).

Fig. 9 Temperature dependences of the equilibrium swelling ratios for
NHG1–3

Fig. 10 Equilibrium swelling ratios at various pHs for NHG1–3

Fig. 11 The effect of initiator concentration on the swelling ratios of
nanohydrogels (NHG2, NHG4, and NHG5 were synthesized with 10,
20, and 30 μL of H2O2)

Fig. 12 Effects of the nanohydrogel NHG3 at different concentrations
on cell survival
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Conclusions

This report introduces a crosslinker-free method for the
synthesis of PVA-g-NIPAAm nanohydrogels by intramolec-
ular crosslinking in dilute aqueous solution at high temper-
ature using H2O2 as an initiator. As a result, in dilute
solution, where the distances between the macromolecules
are large, and at temperatures above the LCST, the intramo-
lecular crosslinking of the polymer chains and the associa-
tion of collapsed hydrophobic PNIPAAm chains leads to
nanohydrogel formation. TGA indicated that the thermal
stability of PVA decreases due to NIPAAm grafting. A
rheological investigation of the swollen nanohydrogels con-
firmed that they behave as viscoelastic solids, and their
storage moduli were larger than their loss moduli across
the entire frequency range tested. Swelling experiments
indicated that the nanohydrogels show high water uptake
and fast swelling/deswelling responses, and they show both
temperature and pH sensitivity. The swelling ratios of the
nanohydrogels increased as the contents of NIPAAm and
H2O2 in the feed were increased. The results also demon-
strated that the nanohydrogels undergo oscillatory swelling
in response to changes in the temperature of the environ-
ment of the nanohydrogel. The biocompatibility of one of
the nanohydrogels was confirmed in a cytotoxicity test.
Finally, all of the results obtained reveal that the facile
polymerization approach employed in this study yields
nanohydrogels with great potential for use in drug-delivery
systems.
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