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Temperature-responsive poly(N-vinylcaprolactam-co-hydroxyethyl methacrylate) nanogels for
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(Received 13 January 2015; accepted 21 June 2015)

A series of nanogels (NGs) were developed from N-vinylcaprolactam and hydroxyethyl methacrylate through free radical
emulsion polymerization using methylene bis acrylamide as cross-linker. Curcumin, an anticancer agent was successfully
loaded into these NGs via equilibrium in situ method. These NGs were characterized by Fourier transform spectroscopy
(FTIR), differential scanning calorimetry (DSC), transmission electron microscopy (TEM), and dynamic light-scattering
experimental (DLS) techniques. The formation of co-polymeric NGs was confirmed by FTIR analysis. DSC results
reveal that the drug was molecularly dispersed in the NG networks. TEM results indicate the formation of NGs, in a
spherical shape, with the size of 150 nm. The DLS results also support the formation and size of NGs. An in vitro
release study indicates that the NGs may be potentially useful for targeted drug delivery applications.

Keywords: poly(N-vinylcaprolactam); nanogels; thermosensitive; anticancer; drug delivery

Introduction

The limitations of the current therapy provide a
compelling rationale for the development of alternative
modalities for targeted delivery of therapeutics in the
treatment of solid tumors.[1–3] An exciting potential
solution in cancer treatment is to encapsulate the drug
in a biocompatible material, that can be injected into
the blood stream with the intention of delivering the
drug to the tumor site in response to an external ther-
mal source such as a radio frequency generator, a
source that provides radio waves to heat and kill cancer
cells.[2,3]

Recently, intense research efforts were made in order
to prepare drug carriers, based on soluble polymers,
nanoparticles, nano-capsules, cells, lipoproteins, lipo-
somes, and micelles. Among them, hydrogel nanoparti-
cles (nanogels (NGs)) combine the advantages of their
small dimensions (i.e. improved bioavailability, large
surface area for multivalent bio-conjugation and targeted
delivery of drug). This is in addition to their stimuli-re-
sponsive behavior, that offers numerous opportunities for
the construction of a new generation of carrier systems
for drug or gene molecules, due to their unique proper-
ties. Such NGs, especially those showing multiple
stimuli-responsive behavior that causes a change in
temperature and/or pH of body tissue are of particular
interest due to many different types of diseases (e.g.
cancer, diabetes, pathological, etc.).[4–8]

Such NGs are usually prepared by emulsion copoly-
merization with or without the addition of surfactants,
such as sodium dodecyl sulfate (SDS) using NIPAAm,
AAm, and AAc as monomers or co-monomers and N,N’-
methylene bisacrylamide (BIS) as cross-linker. Depending
on the monomers used, the resulting microgels may be
sensitive to external stimuli, such as temperature, pH, and
ionic strength of the aqueous solution.[9,10] The stimuli-
sensitive gels based on copolymers, have been intensively
studied and significant progress has been achieved in
recent years. Temperature is one of the most widely used
stimuli for stimuli-sensitive gels, because it is easy to con-
trol and has practical advantages in both in vitro and
in vivo studies. Temperature-sensitive gels undergo a vol-
ume phase transition or a sol–gel phase transition at criti-
cal temperatures, namely: lower critical solution
temperature (LCST) or upper critical solution temperature
(UCST). LCST polymers exhibit a hydrophilic-to-hy-
drophobic transition with increasing temperature, whereas
the UCST systems undergo the opposite transition. In con-
trast to the UCST systems, the LCST systems have
received more attention for drug delivery, since mixing of
the UCST systems and drugs needs to be performed at
relatively high temperature, which may be harmful to
some unstable drugs or bio-molecules, hence leading to
inconveniences in drug formulation.

Typical LCST polymers include poly(N-isopropylacry-
lamide) (NIPAAm),[11,12] poly(N,N-diethylacrylamide),
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[13] poly(methylvinylether),[14,15] etc., are the most
studied temperature-sensitive polymers. In comparison to
their temperature-sensitive counterparts poly(N-vinyl-
caprolactam) (PNVC) is favored but less investigated.
[16–18] PNVC has many important properties, e.g. solu-
bility in water and in other solvents,[18,19] high stability
to hydrolysis,[20] and LCST varying between 32 and 33
°C similar to NIPAAm and also less cytotoxic than
(NIPAAm).[21–23]

Comonomer 2-hydoxyethyl methacrylate (HEMA)
has been widely used as biomaterial because of its good
biocompatibility nature. The poly(HEMA) gels are used
in intraocular lenses and soft contact lenses, surface
modification of biomaterials and in some other applica-
tions. Incorporation of hydrophilic acrylic monomers into
poly(HEMA) significantly changes HEMA-swelling
properties and promotes a gain in pH sensitivity as
reported by Rao et al. [24]. Copolymerization of HEMA
and NIPAAm yields a thermo-sensitive hydrogel matrix
with hydroxyl functionality.[25,26] The swelling behav-
ior of the NIPAAm/HEMA co-polymeric gels was
related to the gel structure, the surrounding temperature,
and the swelling media. The application of these
co-polymeric gels in enzymatic activity and release of
low molecular substances was reported by Lee and Hung
[27].

Curcumin has been used in traditional medicine in
different countries, such as in India and China for many
centuries.[28, 29] Curcumin, a naturally occurring
polyphenolic phytoconstituent, chemically a yellow
polyophenol, is a diferuloylmethane extracted from the
rhizomes of turmeric (Curcuma longa). It possesses anti-
cancer, antioxidant, anti-inflammatory, hyperlipidemic,
antibacterial, wound healing, and hepatoprotective activi-
ties.[30–32] The therapeutic efficacy of curcumin is lim-
ited, due to its poor oral bioavailability.[33] Curcumin
has been associated with the regression of pre-malignant
lesions of the bladder, soft palate gastrointestinal tract,
cervix and the skin, with treatment responses in estab-
lished malignancy.[34] The only factor that limits the use
of free curcumin for cancer therapy is its poor solubility
in water, which in turn limits its systemic bioavailability,
when administered orally. Polymeric nano-particle-based
drug delivery system is being investigated increasingly
as this delivery route is known to overcome many
obstacle associated with the delivery of free drugs.

These observations encouraged the author for further
investigations using these materials. Thus, in the current
study, the author formulated curcumin-encapsulated
cross-linked three dimensional NG networks with Poly
(N-Vinylcaprolactam-co-hydroxyl ethyl methacrylate)
(poly(NVCL-co-HEMA)). The NGs exhibit temperature-
responsive characteristics. The NGs were then character-
ized for encapsulation efficiency, particle size, and
surface morphology. Furthermore, the curcumin NGs

formulations were evaluated for their in vitro release pro-
files. The results indicated that temperature-sensitive
NGs would be potentially useful for targeted cancer drug
delivery applications and are presented in this work.

Materials

N-vinylcaprolactam and hydroxyl ethyl methacrylate
were purchased from Aldrich Chemicals, Milwaukee, WI
USA. N,N’-methylene bisacrylamide, sodium lauryl
sulfate, potassium persulfate, and calcium chloride were
purchased from S.d. fine chemicals, Mumbai, India.
Curcumin was purchased from Himedia, India.

Experimental methods

Preparation of NGs

Poly(NVCL-co-HEMA) NGs were prepared by batch
emulsion polymerization in a round bottom flask,
equipped with a reflux condenser and a nitrogen gas
inlet. SDS (1 g) and potassium persulfate (100 mg) were
dissolved in 100mL of water and different amounts of
NVCL, HEMA, and methylene bisacrylamide (BIS) (2,
4, 6 wt%) were added to the SDS solution. The mixture
was bubbled with nitrogen gas for 45min, heated to
70 °C, and stirred vigorously at a speed of 800 rpm for
20 h. At the end of the reaction, the mixture was taken
out, cooled to room temperature, and transferred to a
beaker with 5 wt% CaCl2 solution added drop-wise in
order to break the emulsion. Particles were isolated by
centrifuging the product at 14,000 rpm speed for 15 min
and washed with double-distilled water (DD water) and
then particles were collected. The resulting particles were
immersed in DD water for 2 days in order to remove
any unreacted monomers and cross-linker and were again
centrifuged at the above conditions and dried under
vacuum at 40 °C for 24 h.

Characterization techniques

Differential scanning calorimetry (DSC) studies

Differential scanning calorimetry (DSC) curves of the
placebo NVCL/HEMA NGs, plain drug, and drug-loaded
NGs were recorded on a TA instrument (Model: STA,
Q600 USA). 10–12 mg of the samples for DSC studies
were heated from 30 to 400 °C at a heating rate of
10 °C/min in nitrogen atmosphere for DSC studies (flow
rate 100 mL/min).

Transmission electron microscopy (TEM) studies

Approximately 10 mg/mL NGs dispersion were prepared
in distilled water with constant stirring. One drop of dis-
persion was placed on a 400 mesh copper grid and
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allowed to air-dry for 5min. Excess solution was
removed by delicately touching the edges of the grid
with filter paper, followed by another 5–10min of drying.
Transmission electron microscopy (TEM) images of the
particles were taken on a Tecnai T-12 microscope
operated at 80kV (FEI, Cambridge, England).

Dynamic light-scattering (DLS) studies

Mean diameter and size distribution of the NGs were
determined by the dynamic light scattering (DLS)
method using a Brookhaven BI-9000 AT instrument
(Brookhaven Instruments Corporation, USA). The mean
diameter was measured for each sample six times in
order to calculate standard deviation.

Estimation of drug loading and encapsulation
efficiency

Specific amount of drug-loaded dry NGs was vigorously
stirred in a beaker containing 10mL of 7.4 pH buffer
solution in order to extract the drug from the NGs. The
solution was then filtered and analyzed by a UV spec-
trophotometer at λmax of 400 nm. These results of %
CUR loading and encapsulation efficiency were calcu-
lated using Equations (1) and (2), respectively. The
results are complied in Tables 1 and 2, respectively.

% Drug loading ¼ Amount of drug inNGs

Amount of NGs

� �
� 100 (1)

% Encapsulation efficiency ¼ Actual loading

Theoretical loading

� �

� 100

(2)

In vitro release studies

In vitro release studies were carried out by dissolution
experiments using the tablet dissolution tester (Lab India,
DS 8000, Mumbai, India) equipped with eight baskets.
Dissolution rates were measured at 37 °C at a rotation
speed of 100rpm. Drug release from the NGs was
studied in the gastric fluid (pH 1.2) and intestinal

atmospheric-like fluids (7.4 pH phosphate buffer) with
tween 80 (0.5% w/w). At regular intervals of time,
aliquot samples were withdrawn and analyzed using a
UV spectrophotometer at a fixed λmax value of 400 nm.
Measurements were taken three times for the estimation
of standard deviation. After every sample collection, the
same amount of fresh medium, at the same temperature,
was added to the release medium to and maintain the
sink condition. All measurements were carried out in
triplicate and values were plotted with standard deviation
errors.

Results and discussion

The different formulations of poly(NVCL-co-HEMA)
NGs,are prepared by varying NVCL, HEMA, drug, and
cross-linker and the details of these are shown in Table 1.

Fourier transform infrared (FTIR) studies

The strategy of preparing the NGs involves a simple
one-pot emulsion polymerization method. In this method
the monomer and cross-linker units are polymerized in
the core of sodium dodecylsulphate (SDS) via a free
radical initiation technique. NGs formation was con-
firmed by Fourier transforms infrared (FTIR) techniques.
Figure 1 shows the FTIR spectra of poly(NVCL-
co-HEMA) NGs. In the FTIR spectrum of poly(NVCL-
co-HEMA) which was cross-linked with methylene bis
acrylamide (MBA), a broad band in the region 3500–
3400 cm−1 corresponds to the –NH stretching of (MBA)
which overlapped with the –OH stretching vibrations.
The sharp stretching vibration bands of –CH and –CH2

groups are observed at 2919 and 2850 cm−1, respec-
tively. The peaks observed at 1472 and 1383 cm−1,
correspond to the –CH2 and –OH bending vibrations.
The –C–N band gives an absorption band at 1246 and
1214 cm−1. The characteristic peaks in the region
1200–1050 cm−1 corresponds to the –C–N, –C–C–, and
–C–O groups. The bands at 1620 cm−1 corresponds to
the CO group of the caprolactam ring, and the amide
group, which overlapped each other. In addition, a new
peak appeared at 1720 cm−1 which corresponds to the
ester group of the HEMA units. All the functional

Table 1. Amount of reagents used in the different formulations for NGs preparation.

Formulation code NVCL (%) HEMA (%) Drug (%) BIS (%)

NVCL–HEMA1 80 20 15 1
NVCL–HEMA2 70 30 15 1
NVCL–HEMA3 60 40 15 1
NVCL–HEMA4 70 30 20 1
NVCL–HEMA5 70 30 30 1
NVCL–HEMA6 70 30 15 2
NVCL–HEMA7 70 30 15 3
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groups are present in the co-polymeric NGs, but peaks
that belong to double bonds, completely disappeared.
These FTIR spectra clearly indicate the formation of
co-polymeric NGs.

Loading of drug into NGs

Recently, our group also synthesized NGs which were com-
posed of poly(N-vinylcaprolactam-co-acrylamidoglycoli-
cacid).[35] In the present study, the NGs prepared exhibited
high stability with dual responsive characteristics (pH and
temperature sensitive). In this study, NGs also exhibited
higher stability because of the hydrogen bonding interac-
tions emanating from the presence of –OH groups of
(HEMA) and caprolactam ring (NVCL). Generally as cur-
cumin is a water insoluble drug, it is not possible to
incorporate it into NGs in order to study the % equilibrium
swelling. Hence ,in order to carry out the swelling studies
while incorporating curcumin, we have polymerized these
by adding acetone via in situ process. Figure 2 shows the
dispersion of pure NGs in water (a) and drug-loaded NGs
in water (b), which revealed that, this drug was successfully
loaded into the NGs. The % encapsulation efficiencies were
also calculated based on the equation proposed by Ritger
and Peppas [38] and are shown in Table 2. On careful

observation of the % EE values, it is obvious that the values
depend on the structure of NGs during the formation. Fur-
thermore, NGs were characterized by DSC analysis for the
confirmation of drug-loading into the NGs and also to study
the thermal transitions of the samples under inert atmo-
sphere. DSC thermo grams of drug-loaded NGs (a) placebo
NGs (b), pristine drug, and (c) (Curcumin), are displayed in
Figure 3. Figure 3(c) shows a sharp peak at 176 °C for the
pure drug at its melting temperature. Figure 3(b) shows a
peak at 100 °C in the case of placebo NGs, which is due to
the endothermic transition as a result of loss of moisture
from the NGs. The other peak, appearing at 275 °C, is due
to the melting temperature of the NGs. The drug-loaded
NGs also show (Figure 3(a)), a decrease in melting tem-
perature which is due to the hydrogen bonding interactions
between drug and NGs and a further analysis indicated that
no peaks are observed at 176 °C in the case Figure 3(a),
highlighting the peak at which the melting point of the drug
disappeared in the drug-loaded NGs because of the change
in its physical state from its original crystalline state to an
amorphous state.

Table 2. % Encapsulation efficiencies and release kinetics parameters of different formulations of NGs.

Formulation code % of EE ± SD Particle size of NGss n r2

NVCL–HEMA1 42.1 ± 1.9 168 ± 2 0.4726 0.9901
NVCL–HEMA2 46.2 ± 1.5 180 ± 5 0.4921 0.9927
NVCL–HEMA3 49.6 ± 1.2 193 ± 3 0.4516 0.9826
NVCL–HEMA4 51.6 ± 2.3 211 ± 2 0.4129 0.9903
NVCL–HEMA5 56.8 ± 1.1 223 ± 2 0.3648 0.9962
NVCL–HEMA6 50.1 ± 0.9 198 ± 6 0.4391 0.9929
NVCL–HEMA7 49.6 ± 1.6 175 ± 3 0.4689 0.9927

Note: EE: encapsulation efficiency and SD: standard deviation.

Figure 1. FTIR spectroscopy of NVCL–HEMA2 NGs.

Figure 2. (a) Aqueous dispersions of NGs and (b) curcumin-
loaded NGs.
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Morphology and particle size of NGs

Figure 4(A) and (B) are TEM images of NGs that were
prepared using 70:30 of NVCL:HEMA with 10% of cur-
cumin and 2% MBA as cross-linker. Figure 4(A) shows
the TEM images of the NGs; Figure 4(B) shows the
individual NGs. The NGs were spherical and well dis-
persed, with an average size of approximately 150 nm.
Particle size has a crucial impact on the in vivo fate of a
colloidal drug delivery system,[36,37] therefore the
effective control over the carrier size is of great impor-
tance. In the present case, the copolymer composition, %
of drug loading, and % of cross-linker are affecting the
size of NGs. The results of the mean particle size with
standard errors are presented in Table 2. The size dis-
tribution curve for a typical formulation containing 70:30

of NVCL:HEMA with 10% of curcumin and 2% MBA
is displayed in Figure 5. It is found that the size
distribution is narrow (polydispersity is 0.194) and the
mean diameter of the NGs is 180 nm.The particle size of
different formulations was calculated and included in
Table 2.

In vitro release studies

Effect of HEMA content

In order to understand the nature of drug release from
curcumin-loaded NGs of cross-linked poly(NVCL-
co-HEMA), in vitro release experiments were carried out
at different temperatures (25 and 37 °C). The effect of
HEMA content in the formulations: NVCL–HEMA1,
NVCL–HEMA2, and NVCL–HEMA3 on the release
rates is presented in Figure 6 at 25 °C and Figure 7 at
37 °C, respectively.

From Figures 6 and 7, the % cumulative release is
highest in the case of high amount of HEMA (NVCL–
HEMA3) than NVCL–HEMA1 and NVCL–HEMA2,
resulting from the high content of HEMA (i.e.
hydrophilicity nature increases) in the polymer matrix.
At 25 °C (below LCST), the release of curcumin from
gels increased, but at a higher temperature (above LCST)
of 37 °C, the % cumulative release decreased. This is
due to the quick hydration of NGs that are fully swollen
at low temperature but at high temperature, the polymer
network structure was in a collapsed state and thus,
exhibited lesser tendency to water uptake or buffer
solution, leading to a decrease in the drug diffusion rate
from the matrix. This result confirms the fact that the
NGs prepared are thermoresposive. The schematic repre-
sentations of curcumin release from NGs at different
temperatures are shown in Scheme 1.

Figure 3. DSC analysis of (a) drug-loaded NGs (b) placebo
NGs, and (c) curcumin.

Figure 4. TEM images of poly(NVCL-co-HEMA) NGs.
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Effect of drug

Figure 8 shows the release profiles of curcumin-loaded
NGs at different amounts of drug loadings and at
37 °C. Release data showed that formulations contain-
ing the highest amount of drug (30% NVCL–HEMA5)
displayed the fastest and highest release rates than
formulations containing a small amount of drug (15%
NVCL–HEMA2, 20% NVCL–HEMA4). A prolonged
release was observed for the formulation (15% NVCL–
HEMA2) containing a lower amount of drug. In other
words, with decreasing amounts of drug in the matrix,
there is the availability of more free void spaces
through which a fewer number of drug molecules will
be transported.

Effect of cross-linker

The % cumulative release data vs. time plots for varying
amounts of cross-linker (BIS) i.e. 1, 2, and 3wt%
(NVCL–HEMA2, NVCL–HEMA6, and NVCL–HEMA7)
at a fixed amount of the drug (15%) are displayed in
Figure 9. The % cumulative release is quite fast and large
at the lower amount of BIS (i.e. 1% NVCL–HEMA2),
whereas the release is slower at higher amounts of BIS
(i.e. 2% NVCL–HEMA6, 3% NVCL–HEMA7). The
cumulative release is slower when a higher amount of
BIS was used probably because at higher concentrations
of BIS, polymeric chains become rigid due to the contrac-
tion of micro voids, thus decreasing the % cumulative
release of Curcumin through the polymeric matrices. As
expected, the release becomes slower at higher amounts
of BIS, but becomes faster at lower amounts of BIS.

Kinetics of invitro release studies

Drug release kinetics was analyzed by plotting the
cumulative release data vs. time and by fitting these data
to the exponential equation of the type.[38]

Mt

M1

� �
¼ ktn (3)

where Mt/M∞ represents the fractional drug released at
time t, k is a constant characteristic of the drug-polymer
system and n is an empirical parameter characterizing
the release mechanism. Using the least square procedure,
the values of n and k for all the nine formulations are
calculated and these values are given in Table 2. If
n=0.5, the drug diffuses and releases from the polymer
matrix following a Fickian diffusion. For n>0.5, anoma-
lous or non-Fickian type drug diffusion occurs. If n=1, a

Figure 5. Size distribution curve of poly(NVCL-co-HEMA)
NGs.

Figure 6. Effect of HEMA on the cumulative release of
curcumin from NGs at 25 °C.

Figure 7. Effect of HEMA on the cumulative release of cur-
cumin from NGs at 37 °C.
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completely non-Fickian or Case II release kinetics is
operative. The intermediary n values (Table 2) ranging
between 0.5 and 1.0 are attributed to the anomalous type
transport.[39] From Table 2, it is also noticed that the
values of n have shown a dependence on the extent of

crosslinking, % drug loading and HEMA content of the
matrix. The values of n for NGs of all formulations are
in the range 0.36–0.49, which further indicates Fickian
diffusion transport mechanism.

Figure 8. % Cumulative release of curcumin through NGs
containing different amounts of drug. NVCL–HEMA2 (15%),
NVCL–HEMA4 (20%), and NVCL–HEMA5 (30%) at 37 °C.

Figure 9. % Cumulative release of curcumin through NGs con-
taining different amounts of cross-linker. NVCL–HEMA2 (1%),
NVCL–HEMA6 (2%), and NVCL–HEMA7 (3%) at 37 °C.

Scheme 1. Temperature-responsive nature of NGs.
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Conclusions

Temperature-responsive curcumin-loaded poly(NVC-
co-HEMA) NGs were prepared by emulsion polymeriza-
tion. FTIR data of the NGs suggest the formation of
co-polymeric NGs. DSC data indicated the dispersion of
Curcumin particles in the NGs at a molecular level. The
results of TEM and particle size determination studies
show that the NGs are of uniform size and spherical in
shape. The in vitro release profiles suggested the poten-
tiality of NGs with temperature-responsive nature for CR
of Curcumin. Due to the presence of large hydroxyl
groups in the NGs networks, they may be useful for
temperature-responsive targeted cancer drug delivery
applications.
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