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ABSTRACT
Nanohydrogels from inverse microemulsion (w/o) polymerization, at 25˚C, of N-isopropylacrylamide (NIPA) and
functionalized monomers are described. The functionalized monomers were: N-(pyridine-4-ylmethyl) acrylamide
(NP4MAM) and tert-butyl 2-acrylamidoethyl carbamate (2AAECM). The polymeric nanohydrogel obtained was
characterized by attenuated total reflectance Fourier-transformed infrared spectroscopy (ATR-FTIR) and proton nuclear magnetic resonance spectrometry (1HNMR), while their morphology and particle size was assessed
by scanning electron microscopy (SEM) and dynamic light scattering. Their thermal properties were studied by
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA). As a preliminary measure of
biocompatibility, in vitro evaluations of the nanohydrogels were carried out by cellular toxicity (colon carcinoma
cells, CT-26) and hemocompatibility tests. These evaluations showed that these nanohydrogels were not toxic in
the examined concentration range and exhibited preliminary blood compatibility; therefore they could be used
in biomedical applications.
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1. Introduction
In the last years, synthetic hydrogels have attracted the
attention of the scientific community since these polymers are capable of forming soft and porous three-dimensional scaffolds increasing their application in medicine and biotechnology [1-5]. In addition, the response to
stimuli is a basic phenomenon in living system and human body is majority forming for soft tissues; therefore
stimuli-sensitive hydrogels are promising materials as
drug delivery systems [5-7].
Development of new polymeric materials as drug delivery system is necessary in order to improve therapies,
*
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especially in cancer treatment, which involves utilization
of many aggressive drugs with low therapeutic index
causing adverse effects and poor acceptance from patients [8-10]. Stimuli-sensitive nanohydrogels containing
bioactive specific ligands seem to be an effective strategy
[11-15].
In this regard, many studies have been published utilizing poly (N-isopropylacrylamide) as a thermo-sensitive polymer due to its lower critical solution temperature
(LCST) around 32˚C in an aqueous solution. LCST is
defined as the temperature when the polymer evolves
from a hydrophilic (expanded structure) to a hydrophobic
state (compact structure). This property can be manipulated to entrap drugs into polymer scaffolds and then reJBNB
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lease them under the appropriate temperature conditions
[16-21].
NP4MAM and 2AAECM are functionalized monomers synthesized in our laboratory in order to prepare
multifunctional system [22]. Polymer containing pyridine
moieties are interesting materials due to the presence of
the nucleophilic nitrogen atom, which makes it possible
to obtain pH sensitive polymers [23,24]. In this direction,
we selected NP4MAM as a comonomer. Functionalization process can also provide reactive sites for postmodification reactions. Thus, the presence of carbamate group
in 2AAECM plays a key role for attachment of other
substances like enzymes, protein or peptides [25-27]. The
combination of these monomers to produce multifunctional nanoarchitecture can significantly expand the scope
of this system in drug delivery application.
In this work, we describe the synthesis and characterization of polymeric nanohydrogels with three different
blocks: segments sensible to temperature (NIPA), segments sensible to pH (NPAMAM) and segments with
carbamate pendant groups being amenable to subsequent
introduction of a specific biochemical ligand (2AAECM).
On the other hand, for a successful behavior of any device in the organism, biocompatibility is an essential requirement and that’s why we performed in vitro biocompatibility tests by flow cytometry, FACS.

was constructed for selected experimental conditions.
Under a nitrogen atmosphere, aqueous and oil phases
were mixed in an IKA reactor equipped with mechanical
stirrer and thermal sensor. Polymerization was initiated
by the addition of sodium metabisulfate (5 mol% with
respect to monomers amount) at 25˚C. The resultant product was purified several times by precipitation in excess
amount diethyl ether and dried under vacuum. Slightly
yellow power was obtained with a yield of 80%.

3. Characterization
3.1. FTIR Study
The identification of functional groups present in polymeric nanohydrogels was carried out by Fourier transform infrared (FTIR) spectroscopy (Nicolet 6700, USA).
The spectra were collected using an Attenuated Total
Reflectance (ATR) smart orbit accessory within the scanning range 4000 - 400 cm−1.

3.2. 1HNMR Study
1

2. Materials and Methods

HNMR spectra of polymeric nanohydrogels were recorded on a Bruker AEC instrument using deuterated water as solvent at 25, 32 and 40˚C (3000 Hz). The chemical shifts were recorded in parts per million (ppm) using
tetramethylsilane (TMS, 0.00 ppm) as internal reference.

2.1. Materials

3.3. Thermogravimetric Analysis

N-isopropylacrylamide (NIPA; Across Organic), N-(pyridine-4-ylmethyl) acrylamide (NP4MAM), tert-butyl 2acrylamidoethyl carbamate (2AAECM), acryloyl chloride (Aldrich), triethylamine (TEA, Merck), NN’-methylenebsiacrilamide (NMBA; Merck), N-tert-butoxycarbonyl-ethylendiamine (NHBOC), sorbitan sesquiolate
(ARLACEL-83; Sigma Aldrich), polyoxythylene sorbitol
hexaoleate (ATLAS G-1086; Sigma Aldrich), isoparaffinic oil (Isopar M, Esso Chemie), chloroform (Riedel de
Haën), sodium metabisulfate (Na2S2O5, Merck), Milli Q
water, diethyl ether (Panreac).

Thermogravimetric analyses (TGA) was carried out on a
SDT 600 TA instrument at a heating rate of 10˚C/min
under nitrogen flow (100 mL/min). Differential scanning
calorimetry (DSC) measurements were conducted on a
DSC 2920 TA instrument from 10 to 200˚C at a heating
rate of 10˚C/min under nitrogen atmosphere.

2.2. Preparation of Nanoparticles by Inverse
Microemulsion Polymerization
Polymeric nanohydrogels were produced using water in
oil system. The vinyl monomers: NIPA (10.44 g, 90
mol%), NP4MAM (0.58 g, 5 mol%), 2AAECM (0.58 g,
5 mol%) and NMBA as cross-linker (5 and 10 mol%
with respect to monomers amount) were dissolved in
MilliQ water. For the oil phase, the appropriate amount
of ATLAS G-1086 as surfactant and ARLACEL-83 as
cosurfactant was dissolved in Isopar M. Previously, a
phase diagram for ternary system oil-water-surfactant
OPEN ACCESS

3.4. Morphology
Scanning electron microscopy (SEM) measurements
were performed on JEOL 7000 F equipment at 10 kV.
Samples were prepared by dropping of diluted nanohydrogel solutions on microscope glass plate and dried in
air at room temperature for 24 h. The dried samples were
sputtered with thin gold/palladium layer prior to observation.

3.5. Size Particle
Dynamic laser light scattering measurements for determining the size of the gels were performed using a
Brookhaven BI-9000AT goniometer. A water-cooled argon-ion laser was operated at 514.5 nm as the light
source. The time dependence of the intensity autocorrelaJBNB
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tion function of the scattered intensity was obtained by
using a 522-channel digital correlator. The size of the
nanoparticles was determined from the diffusion intensity
of the particles using the Stokes-Einstein equation. The
size distributions were obtained by CONTIN analysis.
The dried powder samples were dispersed in water (1
mg∙mL−1) during 24 h. All the measurements were carried out at 25˚C.

times was measured.

3.8. Statistical Analysis
Experiments were carried out at least in triplicate, and
comparison of mean values was performed using nonparametric one-way analyses of variance (ANOVA) and
Kruskal-Wallis test. Differences with p < 0.05 were considered statically significant.

3.6. Cytotoxicity Assay

4. Results and Discussion

Cytotoxicity study of the nanohydrogels was carried out
by culturing murine colon carcinoma cells (CT26,
ATCC). CT26 cells were cultured in a Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% of
foetal calf serum (FCS), 1% penicillin/streptomycin at
37˚C in a humidified atmosphere containing 5% CO2.
CT-26 cells were seeded on 24-well plates at a density of
1.0 × 105 cells per well and incubated for 2 days until
cells reached confluence. Polymeric nanohydrogels were
previously dispersed in a phosphate buffered saline (PBS
1X) (1 mg of nanohydrogels/mL of PBS 1X) and added
to confluents cells at a final concentration of 50, 100 and
500 µg/mL for 24 and 48 hours. Phenol 1% was used as
positive control (i.e., caused death). After incubation time,
cells were washed with PBS 1X and labeled with propidium iodide (PI) at 10 µg/mL. The effect of different
treatments on cell toxicity was assessed by flow cytometry assay (FACS can instrument, BD Biosciences, equiped with 488 nm argon laser). Each experiment was performed in triplicate and cytotoxicity was expressed as the
percentage of PI-positive cells.

4.1. Synthesis

3.7. Hemocompatibility Test
In vitro hemolysis test was performed with blood from
nife C57BL/6 mice. Whole blood was collected using
EDTA. 50 µL of blood diluted with 500 µL of PBS (pH =
7.4) and 500 µL of distilled water were taken as negative
(0% hemolysis) and positive (100% hemolysis) controls,
respectively. In a similar manner, to obtain a control
graph of hemolysis, 50 µL of blood was diluted with different amounts of PBS and water (v/v): 9:1, 8:2, 7.3, 6:4,
1:1, 4:6, 3:7, 2:8 and 1:9. Then 1 mg of polymeric nanohydrogels were placed in a tube containing 50 µL of
blood (diluted with 500 µL of PBS 1X). The contents of
all the tubes were gently mixed and incubated in a water
bath at 37˚C for 1 hour. Subsequently, all tubes were
centrifuged at 14,000 rpm for 5 min and the supernant
was taken for the estimation of free hemoglobin. Absorbance was recorded at 540 nm and the percentage of hemolysis after nanohydrogels incubation was estimated
from the standard calibration curve. Additionally % hemolysis of the positive and negative controls at different
OPEN ACCESS
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Poly(N-isopropylacrylamide-co-N-(pyridine-4-ylmethyl)
acrylamide-co-tert-butyl 2-acrylamidoethyl carbamate)
nanohydrogels,
[Poly(NIPA-co-NP4MAM-co-2AAECM)], were synthesized through inverse microemulsion polymerization as
shown in Figure 1. Functionalized monomers were previously synthesized by reacting acryloyl chloride with 4
amino-methyl pyridine and NHBOC in the presence of
TEA at −20˚C. Detailed information of their synthesis
has been published previously [22].

4.2. FTIR Characterization
The FTIR spectra of polymeric nanohydrogels are shown
in Figure 2. The spectra exhibit characteristic absorption
peaks at 1636 cm−1 (C=O stretching, amide I) and 1535
cm−1 (N-H bending, amide II) attributed to secondary
amide groups present in all monomers. Absorption at
1457 cm−1 has been identified as C=C stretching vibration in the pyridine ring, NP4MAM segments. The peaks
at 2970, 2929 and 2872 cm−1 are due to CH, CH2, CH3
symmetric and asymmetric stretching. In addition, absorption bands at 1386 and 1366 cm−1 correspond to the
isopropyl and tert-butyl groups present in PNIPA and
2AAECM segments, respectively. A typical absorption
peak at 3280 cm−1 was assigned to N-H stretching of the
secondary amide group, while the peak at 3070 cm−1 is
due to aromatic = CH stretching in the pyridine ring. Finally, a band for the COC symmetric stretching vibration appears in the region of 1171 - 1129 cm−1 corresponding to 2AAECM segments. We found that the
FTIR spectra for polymeric nanohydrogels with two
different compositions (5% and 10% of NMBA) are
similar.

4.3. 1HNMR Study
The 1HNMR spectrum and chemical shift assignments of
synthesized polymeric nanohydrogels were presented in
Figure 3, using one of them with a composition of 10%
NMBA as example. The characteristic peaks pertaining
to PNIPA were found at 1.12 ppm (CH3, signal d), 1.56
JBNB
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Figure 3. 1HNMR spectra of the polymeric nanohydrogels
with 10% of NMBA in deuterated water (D2O) at 25˚C.
1

Figure 1. Scheme of polymerization of poly(NIPA-co-NP4MAM-co-2AAECM) nanohydrogels.

HNMR spectra recorded at different temperature we can
observe that signal intensities, corresponding to PNIPA
segments, decrease considerably at 32, and at 40˚C could
hardly be detected (Figure 4). When the solution of nanohydrogels is heated PNIPA chains are dehydrated and
collapsed as a water-insoluble compact form, therefore
PNIPA units cannot be detected easily at high temperature.

4.4. Morphology and Size Particle

Figure 2. FTIR spectra of poly (NIPA-co-NP4MAM-co2AAECM) nanohydrogels: (a) 5% NMBA, (b) 10% NMBA.

ppm (CH, signal a), 1.98 ppm (CH2, signal b) and 3.87
ppm (CH, signal c). The signal peaks of 2AAECM can
be observed at 1.41 ppm (CH3, signal i) and 3.69 ppm
(CH2, signal h). The pyridine ring peaks were observed at
7.76 and 8.68 ppm (signal f and signal g), while those at
4.39 ppm are assigned to CH2 (signal e). NMR spectra
confirm the formation of the nanohydrogels in good
agreement with FTIR measurements.
It can be expected that the synthesized Poly(NIPAco-NP4MAM-co-2AAECM) also exhibit therrmosensible response as PNIPA and the formation of the new chemical structure does not affect this behavior. In
OPEN ACCESS

Scanning electron microscopy was utilized to evaluate
only morphology of the resulting Poly(NIPA-co-NP4MA
M-co-2AAECM) as a function of crosslinker concentration (Figure 5). The nanohydrogel dispersed in water
show spherical morphology but some aggregates are observed in the micrograph. The presence of pyridine and
amide side chains in the polymer structure contributes to
its hydrophilic behavior due to their affinity with water
molecules through hydrogen bond formation, leading
some aggregation of nanoparticles.
The most important feature of nanoparticles is their
small size. Thus, the size of the polymeric nanohydrogels
was measured by dynamic light scattering as 166 ± 4 and
142 ± 3 nm for 5 and 10% of NMBA, respectively. Effect
of different parameters of size particle will report in next
manuscript.

4.5. Thermogravimetric Analysis
Thermal properties of poly(NIPA-co-NP4MAM-co-2AA
ECM) nanohydrogels were studied by TGA-DTGA and
DSC analysis. The TGA weight loss vs. temperature plot
for two compositions of nanohydrogels is illustrated in
Figure 6 and summarized in Table 1. It is clear that the
weight loss curve of nanohydrogels is almost the same
and shows a major single stage in the temperature range
JBNB
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Figure 7, using a hydrogel with 10% of NMBA as example. The glass transition temperature (Tg) for both
compositions are reported in Table 1 and their value was
taken as a midpoint inflection. Increase crosslinking density in the reaction mixture generate a rigid structure
leading to a Tg value increase, but in agreement with previous results, no significant variations are observed when
the percentage of NMBA within the nanohydrogels is increased.
Table 1. Thermal behavior of poly(NIPA-co-NP4MAM-co2AAECM) nanohydrogels.
TGA

DTGA

DSC

Samples

Loss weight (%)

Td (˚C)

Tg (˚C)

5% NMBA

88.2

395.7

60.3

10% NMBA

88.0

397.3

62.9

Td value corresponds to peak maximum decomposition.

100

5 % (NMBA)
10 % (NMBA)

Figure 4. 1HNMR spectra of the polymeric nanohydrogels
with 10% of NMBA recorded at different temperature in
deuterated water (D2O).
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Figure 6. TGA weight loss curves for poly(NIPA-NP4MAM-2AAECM) nanohydrogels.

Figure 5. SEM images of 10% crosslinking Poly(NIPA-coNP4MAM-co-2AAECM) nanohydrogels. The scale bar is
100 nm.

230 - 465˚C, indicating of the terpolymer produced is
thermally stable. This thermal event is related to total
decomposition of side groups due to cleavage of the polymer backbone.
The results obtained by DSC analysis are illustrated in
OPEN ACCESS
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Figure 7. DSC curves of poly(NIPA-co-NP4MAM-co-2AAECM) nanohydrogels with 10% of NMBA.
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4.6. Cytotoxicity of Polymeric Nanohydrogels in
CT 26 Cells
Good biocompatibility is an important criterion for selection of materials to be introduced in organism. Taking in
consideration of some studies indicate that nanoparticles
may cause adverse effects due to their small size, evaluation of cytotoxicity is an important step in early preclinical evaluation [28,29]. Taking into account that nanoparticles will be use as delivery system, including chemotherapeutics drugs, we select the CT-26 cells.
Figures 8(a) and (b) show the representative histogram of CT26 cells treated with the higher concentration
of nanohydrogels (500 µg/mL), at 24 and 48 h, respectively. Here, death of CT-26 cells in presence of 1%
phenol (positive control) was about 47% at 24 h. At the
same time, the induction of toxicity in CT-26 cells treated
with various concentrations of nanohydrogels (50, 100
and 500 µg/mL) was minor than 10%, Figures 8(a) and
(c). The toxicity of nanoparticles over tumor cells was
not increased at 48 h; however, the positive control was
increased at 60%, Figures 8(b) and (d). Additionally,
two compositions of nanoparticles (5% and 10% NMBA)
showed comparable citotoxicity at 24 and 48 h.
Statistical analysis corroborate that cells with or without treatments show similar percent of citotoxicity at
both times (p < 0.05), Figures 8(c) and (d). There were
also no differences among citotoxicity by exposition time
(24 to 48 h).

(c)
C

4.7. Hemocompatibility Test
Hemolysis, in vivo, can lead to anemia, jaundice and
other pathological conditions. Nanoparticles are emerging as drug carriers [8]. Their small size and unique physicochemical properties may cause interactions with erythrocytes [30]. For that reason, determination of hemolytic properties is one of the most common tests to evaluate,
their biocompatibility with blood components.
The calibration curve shows the increase of the absorbance (hemolysis) by increase water in solvent. This indicate that enhance of eritrocytes lysis is due to the decrease of solvent osmolarity (Figure 9(a)).
We analyze the effect of two different compositions of
nanohydrogels (5% and 10% NMBA) on blood samples.
The absorbance obtained after 1 h incubation of hydrogels in blood, at all concentrations tested, was similar to the
mean absorbance value obtained for blood diluted with PBS
1X (0% hemolysis control) (Figure 9(b)). A low percentage
hemolysis was estimated with both formulations and it
appeared to have no relationship to the concentration of
nanoparticles (less than 1% hemolysis). This result sug(b)
B

CT-26 cells
CT-26 cells + 1% phenol
5% NMBA
10% NMBA

Events

Events

(a)
A

In vitro toxicity assessment has become widely used
for recent toxicity studies. Such assays provide rapid,
cost effective and reliable results. Toxicity results of nanohydrogels in murine colon carcinoma cells indicate
that nanoparticles at concentrations used in the present
study were no toxic.

D(d)

Figure 8. Citotoxicity assay of CT-26 cells treated with nanohydrogels of 5% and 10% NMBA. (a) (24 h) and (b) (48 h): CT
26 cells treated with 500 µg/mL nanohydrogels with 5% (black line) and 10% NMBA (dashed line). Negative control (cells
without treatment, gray histogram). Positive control (cells with phenol 1%, gray line). (c) and (d): CT-26 cells were treated
with nanoparticles at 50, 100 and 500 µg/mL. 0 µg/mL (negative control); CP: positive control.
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Figure 9. Effect of nanohydrogels of 5% and 10% NMBA in
hemolysis. (a) Calibration curve of eritrocytes lysis at different proportions water/PBS1x, (v/v); (b) Quantification of
free hemoglobin in blood samples treated with nanohydrogels at different concentrations.

gests that nanohydrogels not induce hemolysis and may
be used in the future for drug delivery application.

5. Conclusion
In summary, Poly(NIPA-co-NP4MAM-co-2AAECM) nanohydrogels were synthesized with special architectures
by inverse microemulsion polymerization using sodium
metabisulfate as initiation system. Multifunctional nanohydrogels were prepared incorporating NP4MAM and
2AAECM as comonomers. However, we only evaluated
the thermosensitive response by 1HNMR in this report.
The properties of nanohydrogels were examined by FTIR,
SEM, DSC, and TGA. SEM micrographs show spherical
nanoparticles and evidenced the hydrophilic character of
our system through slight aggregation process. The data
obtained in each experiment demonstrated that the size
particle, morphology and thermal properties did not experience significant changes with increase in the degree
of crosslinking. Therefore we will concentrate in samples
with 5% of NMBA in future works. In addition, good
results obtained in the cytotoxicity and hemocompatibilty
tests suggest that poly(NIPA-co-NP4MAM-co-2AA-ECM)
nanohydrogels have potential as biomaterial for biomedical applications.
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