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Abstract
Bio-degradable polymers have attracted much attention and been familiar to be the most promising drug carrier mate-
rials for the last several years due to their wonderful virtues such as easily existing, non-toxic, bio-compatible, and can 
be modified easily. Herein, we report the synthesis of new drug carrier poly (acrylamide-co-diallyldimethylammonium-
chloride) nanogels (PAD-NG) by dispersion polymerization technique using free radical initiator potassium persulphate 
(KPS), potassium hydrogen sulphate  (KHSO4) as a co-initiator and chemical cross-linker N, N-methylene bisacrylamide 
(NN-MBA). The developed nanogels are characterized for their structure, size and morphology. The average size of the 
nanogels was about 100 nm. These nanogels were used as intracellular drug delivery vehicle by encapsulating 5-fluoro-
uracil (5-FU) with efficiency of 76.34%. Further, placebo nanogels showed negligible hemolytic activity and cytotoxicity 
against neuroblastoma cells.
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1 Introduction

Polymer nanotechnology has opened up extraordi-
nary opportunities to fabricate controlled drug release 
devices, which has resulted several advantages to deliver 
small molecules like pharmaceutical agents. The prepara-
tion and design of hydrogels have attracted a great deal 
of interest in biomedical engineering and pharmaceuti-
cal applications because of their tunable chemical and 
three-dimensional (3-D) structure, high loading aqueous 
content and excellent biocompatibility [1]. Hydrogels with 
nanosize range are called as nanogels (NGs). Recently, 
the development of nanosized gel 3-D structures in sub-
micron size range from physically or chemically cross-
linked polymer networks have much attention due to 
their special features such as good mechanical properties, 
small size, large surface area, colloidal stability, and high 

drug loading capacity showing the characteristics of both 
hydrogels as well as nanomaterials [2, 3]. The size control-
lable feature of NGs along with the uniformly cross-linked 
matrix adds further advantage to fabrication, to utilize 
as carrier in the development of burst or prolonged con-
trolled release drug delivery systems [4]. With large surface 
area for multivalent bio-conjugation and interior network 
for the incorporation of bio-molecules make them more 
advantageous than micelles, vesicles, liposomes, etc. for 
biomedical applications [5–7].

Nanogels have been developed by different ways 
such as physical self assembly, homo or heterogene-
ous polymerization of monomers, cross-linking of pre-
formed polymers, microfluidics, micromolding, photo-
lithography, precipitation polymerization and inverse 
emulsion polymerization [8–10]. For the last few years, 
many reports have been published on the development 
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of biocompatible NGs using different monomeric units 
[11–13]. Ashwanikumar et al. [11] reported methacrylic 
based NGs for the pH-sensitive 5-FU drug delivery in the 
colon. Cell proliferation assay of cancer cell lines (HCT-
116) was investigated and stated that the NGs contain-
ing 5-FU exhibited significant cytotoxicity compared 
with free 5-FU. Antonie et al. [12] reported surfactant free 
highly stabilized NGs of zwitterionic poly (amido amine) 
with minimal cytotoxicity were treated with three cell 
lines. Now-a-days, research in polymer based nanocar-
riers is focused on development of new multi structural 
polymer devices because of their better performance 
than that of individual polymers and the main advan-
tage of introducing functional groups of interest, which 
can later be utilized for the binding of targeting sites, 
bio-molecules or for the covalent conjugation of chemo-
therapeutic agents [13, 14]. Different co-polymers have 
been utilized for the development of stimuli-responsive 
NGs that can release the incorporated drug in response 
to local physiological conditions like pH, ionic strength, 
temperature and also redox environment [15]. Alvarez-
Bautista et al. [16] developed nano-hydrogels of differ-
ent composition by microemulsion polymerization using 
N-isopropylacrylamide as a base monomer and 1-vinyl 
imidazole as ionizable co monomer. The developed NGs 
were functionalized with folic acid to take advantage that 
the folate receptor is over expressed in different types 
of cancer cells. Naga Sravan Kumar et al. [17] developed 
poly (N-isopropylacrylamide-co-acrylic acid) (PNA) NGs 
via free radical polymerization. In this study, in vitro drug 
release of 5-FU, percentage of hemolysis, pH dependent 
cytotoxicity, in vivo kinetics on Wistar rats and in vivo 
anti-cancer efficacy and means life span on Swiss albino 
mice were investigated. Dolores Blanco et al. [18] devel-
oped submicron size hydrogel composed of N-isopropy-
lacrylamide for 5-FU drug delivery and investigated the 
cyotoxic studies on MCF7 and HeLa cells. NGs are mostly 
spherical shaped particles but the current advancement 
in synthetic strategies allow for the fabrication of differ-
ent shapes. They have been used for the delivery of vari-
ous components such as drugs, imaging labels, proteins, 
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), 
genes and growth factors [19, 20].

A variety of nanocarriers have been used to encapsulate 
5-FU in order to promote long time release of the drug and 
improve accumulation concentration in the body, thereby 
improving the antitumor efficacy [21, 22]. 5-FU is a typi-
cal pyrimidine analogue, anti tumar agent, widely used in 
the healing of a wide range of solid malignant tumors and 
broadly used in cancer chemotherapy [23]. It is partially 
water soluble, hydrophilic acidic in nature and also an anti-
neoplastic agent of widely used in clinical chemotherapy 
for the action of solid tumors [22].

Diallyldimethylammoniumchloride (DADMAC) is a syn-
thetic highly water soluble quaternary ammonium mono-
mer and its homo and copolymers [polyelectrolytes] are 
generally used in water treatment, mining, paper manu-
facturing, cosmetics, biology and drug delivery applica-
tions [24, 25] and also as depressor of fungi and bacteria 
because of its quaternary nature [26]. The charge density 
and molecular weight are two key parameters which influ-
ence properties and end use applications of these poly-
mers. Use of such polyelectrolytes for controlled release 
applications is limited and in addition these materials 
are less toxic and relatively cheap. This prompted us to 
develop controlled release formulations using these 
polyelectrolytes.

In the present study, the synthesis and characterization 
of poly (acrylamide-co-diallyldimethylammoniumchloride) 
NGs has been reported via free radical dispersion polym-
erization as a delivery vehicle for 5-FU. Finally, the blood 
compatability and cytotoxicity investigation was per-
formed on SK-N-SH cell line (human neuroblastoma cells) 
in order to assess the efficacy of the formulation.

2  Experimental methods

2.1  Materials

Poly(vinyl pyrrolidone) (PVP) average  Mw 360,000, acryla-
mide (Am), diallyldimethylammoniumchloride (DADMAC) 
65 wt% solution in water, methanol and triton-x, MTT (3-(4, 
5-dimethylthiozol-2-yl)-2, 5-diphenyltetrazoliumbromide) 
were purchased from Sigma Aldrich, USA. N, N- methylene 
bisacrylamide (NN-MBA), potassium hydrogen sulphate 
 (KHSO4) and potassium persulphate (KPS) were received 
from s. d. fine chemicals, Mumbai, India and 5-fluoro-
uracil (5-FU) from Himedia Chemicals, India. Double dis-
tilled water collected from equipment Distillon was used 
throughout our study.

2.2  Synthesis of poly (Am‑co‑DADMAC) NGs

Poly (Am-co-DADMAC) (PAD-NG) nanogels were prepared 
by using dispersion polymerization technique using our 
previously published protocol with further modifications 
[27]. In brief, in a four neck round bottom flask, required 
amount of PVP was dissolved in 100 mL of methanol–water 
solvent mixture (1:1) v/v ratio. Mechanical stirrer, reflux 
condenser, a nitrogen gas inlet and dropping funnel were 
fixed to four necks of the flask. Nitrogen gas was purged 
throughout the reaction. Both, DADMAC and acrylamide 
monomers and cross-linker NN-MBA were dissolved in 
water and added to the flask through dropping funnel 
and the temperature of the reaction mixture was raised to 



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1716 | https://doi.org/10.1007/s42452-019-1742-3 Research Article

70 °C using oil bath. Once the temperature was obtained, 
both initiator and co-initiator dissolved in water was 
added drop-wise slowly over a period of 40 min through 
dropping funnel. During first 1 h, turbidity was observed in 
the reaction mixture, which is the indication of the forma-
tion of poly (Am-co-DADMAC). However, the reaction was 
continued for 8 h for maximum conversion. After that the 
reaction mixture was cooled and the NGs were collected 
by centrifuging at about 20,000 rpm (approx 50,000 g) for 
45–60 min. The sediment was washed 2–3 times with dis-
tilled water to eliminate un-reacted monomers and PVP 
from the NGs. Drug (5-FU) loaded NGs were prepared in 
the same manner by adding the drug along with mono-
mers. To determine the effect of NN-MBA cross-linker 
and 5-FU loading on release rate from the NGs, a total of 
five types of drug-loaded NGs were prepared by varying 
the amount of drug at a constant NN-MBA content, and 
amount of NN-MBA at a constant drug amount and the 
details are given in Table 1.

2.3  Characterization of nanogels

Infrared spectra was recorded using FTIR spectrophotom-
eter (Perkin Elmer, model Two, UK) of pure 5-FU, placebo 
and 5-FU loaded NGs. The samples were finely grinded 
with KBr and pellet was made under hydraulic pressure 
of 600 dyn/m2 and spectra were recorded in the range of 
4000–400 cm−1. X-ray diffraction (XRD) patterns of pure 
5-FU, placebo and drug loaded NGs were recorded on 
RIGAKU SMART LAB mini 600 (Japan) using Cu Kα radia-
tion X-ray diffractometer to find out the crystallinity of the 
samples. The XRD scans were performed from 10° to 60° 
of 2 theta values. Differential scanning calorimetry (DSC) 
analysis of pure 5-FU drug, placebo and drug loaded NGs 
were performed on a Rheometric scientific STA, TG instru-
ments, SDT  Q600, (UK). About 10 mg of samples were used 
and thermo grams were recorded from 30 to 500 °C at con-
trolled heating rate of 10° C/min under inert  N2 gas. Sam-
ples for high resolution transmission electron microscopy 
(HR-TEM) were made by dispersing NGs in ethyl alcohol 
with a concentration of 10 mg/mL and dropped on 200 

mesh carbon coated copper grid and placed at ambient 
conditions for drying. HR-TEM images were taken on a 
JEOL 3010 (Japan) at 20 kV microscopy. The size and dis-
tribution of the NGs was measured using Zeta sizer, Nano 
S 90, Malvern (UK) by dispersing the NGs in distilled water 
at the amount of 1 mg/mL.

2.4  Encapsulation efficiency

The drug 5-FU present in the drug encapsulated NGs was 
estimated by placing a specific amount of NGs in 10 mL of 
a pH 7.4 aqueous buffer solution and stirring continuously 
for a day. The dispersed solution was centrifuged and the 
amount of 5-FU in the supernatant liquid was analyzed by 
UV–Visible spectrophotometer (Lab India, Mumbai, India) 
measuring at fixed value of 270 nm. The percentage of 
drug loading (% DL) and encapsulation efficiency (% EE) 
were estimated using Eqs. (1) and (2), respectively.

2.5  In vitro drug release studies

To know the drug release behavior from NGs, in  vitro 
release studies were done with tablet dissolution tester 
apparatus (LABINDIA, DS 8000 model), containing eight 
baskets. Each 5-FU loaded NG formulation was taken in 
dialysis bag and put in an individual basket containing 
buffer solutions with pH 7.4. Dissolution studies were car-
ried out at constant speed of 100 rpm and 37 ± 0.5 °C tem-
perature. At predetermined time intervals, 5 mL of drug 
released buffer were taken out from the baskets and the 
equal amount of fresh buffer solution was added. The sam-
ples were analyzed using UV-Visible spectrophotometer at 
270 nm to estimate the amount of drug released from NGs 
to external buffer.

(1)%DL =

(

Weight of drug in NGs

Total weight of NGs

)

× 100

(2)% EE =

(

Actual loading

Theoritical loading

)

× 100

Table 1  Details of different formulations of poly (Am-co-DADMAC) NGs prepared with varied concentration of cross-linking agent and drug. 
Encapsulation efficiency and drug release characterizes were also included

Formulation code PVP (wt%) Acryl 
amide 
(wt%)

DADMAC 
(V/V %)

Percentage of 
drug (wt%)

Percentage of 
NN-MBA (wt%)

Encapsulation 
efficiency (%)

n Correlation 
coefficient, r

PAD-NG-1 0.5 1.8 0.2 0.1 0.1 49.92 0.439 0.984
PAD-NG-2 0.5 1.8 0.2 0.2 0.1 52.16 0.412 0.984
PAD-NG-3 0.5 1.8 0.2 0.3 0.1 64.46 0.313 0.906
PAD-NG-4 0.5 1.8 0.2 0.2 0.05 76.34 0.323 0.994
PAD-NG-5 0.5 1.8 0.2 0.2 0.15 41.73 0.484 0.994
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2.6  Hemocompatibility assay

The investigation of the in vitro hemolytic activity is essen-
tial to ensure blood compatibility of NGs in the case of 
intravenous drug delivery carriers. Hemolysis assay results 
in lysis of the red blood cells by damage of the cell mem-
brane which will lead to adverse effects, and may cause 
hemolytic anemia [28]. About 20 mL of fresh human blood 
was collected in tubes coated with heparin to prevent 
blood coagulation. Then blood was centrifuged at 500×g 
for 5 min, three different layers were noticed red lower 
layer (Red Blood Cells), white buffy coat (White Blood Cells) 
and plasma upper layer. Aspirate plasma and white buffy 
coat with micropipette and fill the blood tubes to marked 
line with 150 mM NaCl solution and then invert the tubes 
for few minutes to mix the solution. Centrifuge tubes at 
500×g for 5 min to separate the solution. Repeat steps 
to wash blood cells again and aspirate supernatant and 
replace with 0.1 M PBS at pH 7.4 invert to mix. Invert to mix 
properly and proceed tored blood cells lysis assay in 96 
well plate. Equal volume of RBC cells (190 μL) was added 
to wells and then added 20 μL of 20% triton-x 100 for posi-
tive control wells, and for negative control wells added 
phosphate buffer saline and 20 μL of NGs of different 
concentration were added for test wells. Then plates were 
incubated at 37 °C for 1 h. Later centrifuged the plates for 
5 min. at 500×g to pellet intact RBCs. Without disturbing 
the pellet using a multichannel pipette, transfered 100 μL 
of supernatant from each well into another clear flat bot-
tom 96 well plate. Absorbance of supernatants was read 
at 490 nm with a plate reader. Experiments were repeated 
three times and the results represented as averages with 
standard error.

2.7  Cell culture and cytotoxicity measurement 
by (MTT) assay

SK-N-SH cell line (human neuroblastoma cells) was 
obtained from National Centre for Cell Sciences, 
Pune, India. SK-N-SH was cultured in MEM containing 
0.5 mM l-glutamine, 0.1 mM sodium pyruvate and 1 mM 
non-essential amino acids with 10% FBS. Cells were main-
tained at 37 °C and 5%  CO2. Cell cultures at approximately 
80% confluence were used for all in vitro experimental 
procedures. In this work, cytotoxic effect of prepared 
placebo, drug loaded NGs and 5-FU on the cell viability 
was measured by using MTT assay as described in pre-
vious studies [29]. SK-N-SH cells (0.2 × 106 cells per well) 
in 200 μL of corresponding medium with 10% FBS were 
seeded into 96-well plate. Increasing concentrations of 
NGs were added to the cells and incubated at 37 °C for 24 h 
in a humidified  CO2 incubator with 5%  CO2. The medium 
was replaced along with 20 μL of 5 mg/mL MTT (3-(4, 

5-dimethylthiozol-2-yl)-2, 5-diphenyltetrazoliumbromide). 
It was further incubated for 4 h in humidified atmosphere, 
the medium was removed and 200 μL of 0.1 N acidic iso-
propyl alcohol was added to the wells to dissolve the MTT 
formazan crystals. Absorbance was recorded at 570 nm 
immediately after the development of purple color. Rela-
tive cell viability was evaluated according to the quantity 
of MTT converted into insoluble formazan salt. The opti-
cal density of the formazan generated in the control cells 
was considered to represent 100% viability. The results 
expressed as mean percent of viable cells versus respec-
tive control. Experiments were repeated three times and 
the results represented as averages with standard error.

3  Results and discussion

Development of new types of polymer nanocarriers is 
important to improve the release time, targeted delivery 
systems, bioavailability of the drugs and most important 
decreasing the cytotoxicity. In view of this, we prepared 
chemically, NN-MBA, cross-linked poly (Am-co-DADMAC) 
copolymer NGs using dispersion polymerization. A model 
cross-linked poly (Am-co-DADMAC) copolymers structure 
is presented in Fig. 1. These kinds of copolymer are widely 
used as flocculants and also as whitening agents in paper 

Fig. 1  Schematic representation of cross linked copolymer network 
structure of poly (Am-co-DADMAC) with NN-MBA
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industry. It is expected that the unique properties of these 
polyelectrolytes can facilitate the improved efficacy of the 
NGs in controlled release applications. Dispersion polym-
erization was used because the formed NGs can be iso-
lated easily from the reaction mixture and characteristics 
of NGs can easily be controlled by varying either metha-
nol–water ratio or the concentration of stabilizer PVP. Dur-
ing this experiment, optimum design was evaluated to 
select the best experimental condition for preparation of 
NGs. This design uses the three different concentrations 
of NN-MBA varied from 0.05 to 0.15 wt%. Below 0.05 wt% 
cross-linking agent, the formations of NGs were not found 
during the experiment. At the same time, we have opti-
mized the methanol and water ratio as 1:1 volume ratio. 
Three series of nanogels with different cross-linking agents 
were prepared and designated as PAD-NG.

3.1  Characterization of nanogels

FTIR spectra of the copolymer were recorded to confirm 
the copolymerization of acrylamide with DADMAC. FTIR 
spectra of (a) pure 5-FU drug, (b) placebo NGs and (c) 5-FU 
drug loaded NGs were shown in Fig. 2a. At high frequency 
region broad band between 3000 and 3500 cm−1 observed 
in 5-FU drug spectrum corresponds to –NH stretching 
vibrations [30]. The band at 3195  cm−1 illustrated the 
existence of N–H stretching vibrations of acrylamide of the 
copolymer [31]. Two sharp bands at 1659 and 1613 cm−1 
are corresponds to carbonyl and N–H stretching, bending 
vibrations of acrylamide, respectively [32]. Bands at 1450 
and 1416 cm−1 are corresponds to –CN bond stretching 
vibrations, which confirms the attendance of both Am 
and DADMAC in copolymeric NGs [33–35]. The band 
at 1326 cm−1 in pure 5-FU is assigned to C–F stretching 
vibrations was also observed in drug loaded NGs, however, 
the peak intensity is very low because of the masking of 
copolymer structures and also due to well distribution of 
drug in the NGs.

XRD difractograms are useful to study the crystallinity 
of the drug before and after the encapsulation of NGs. The 
XRD difractograms of (a) pure 5-FU drug (b) placebo NGs 
and (c) 5-FU drug loaded NGs are shown in Fig. 2b. The 
5-FU shown characteristic intense peaks at 2 theta values 
of 16, 19, 21, 28, 31 and 33° exhibits its crystalline nature 
[36]. However, intense peaks have disappeared in the case 
of 5-FU encapsulated NGs, which showed a spectrum simi-
lar to that of placebo NGs. This may be due to the shielding 
of the drug molecules by the polymer matrices which were 
unable to be resolved by XRD. DSC is a powerful analytical 
device which reveals certain information about interac-
tions and the changes that take place in the host guest 
complex. DSC profiles of (a) pure 5-FU (b) placebo NGs and 
(c) 5-FU loaded NGs are presented in Fig. 2c. 5-FU drug 

shows characteristic a melting endothermic sharp peak 
at 287 °C corresponding to its melting and polymorphism. 
In the case of placebo NGs and drug loaded NGs endo-
therm peak observed at below 100 °C temperature due to 
evaporation of moisture. Placebo NGs shows endotherm 
peak at ~ 275 °C. However, in the case of 5-FU loaded NGs 
the very small melting endotherm also appeared with less 
intense. This is due to the small amount of drug present 
on the surface of the NGs [31, 37]. These results suggest 
the molecular distribution of drug molecules within the 
NG polymer chains.

The histogram showing size and distribution of NGs 
presented in Fig. 2d suggest that synthesized NGs distrib-
uted between 60 and 160 nm in range. Majority of NGs 
were distributed in 100–120 nm range in size. Apart from 
size, zeta potential of the polyelectrolyte nanogels also 
have important role in formation of network structure 
as well as in the drug release studies due to the electro-
static influence of the cationic charge of the DADMAC. 
It has been reported that due to the use of quaternary 
ammonium compounds (cationoinc electrolytes) as com-
moners, positive zeta poetical has been obtained on the 
micro/nano gels [38–41]. However, in the present case the 
composition of the copolymer was not varied, hence, it 
is presumed that the effect of charge on the formation 
as well as drug release characteristics might be uniform 
in all the different nanocarriers studied and also due to 
the unavailability, zetal poetical was not measured. HR-
TEM images of NGs shown in Fig. 2e revealed that the NGs 
were almost spherical in shape and dispersed well without 
much aggregation.

3.2  Drug loading (DL) and encapsulation efficiency 
(EE) of NGs

The calculated values for different formulations of NGs 
containing of poly (Am-co-DADMAC) are presented in 
Table 1. As the percent (%) of chemical cross-linker, NN-
MBA, increased from 0.05 to 0.15%, the percentage of 
loading decreased, which in turn fall in the % EE of the 
NGs from 76.34 to 41.73%. It is apparent that as the cross-
linking density increased, the mobility of polymer chains 
reduced for encapsulation of the 5-FU molecules, result-
ing in decrease of % EE. As expected, when the amount 
of 5-FU increased from 0.1 to 0.3% at a fixed amount of 
NN-MBA 0.1%, the percentages of DL and % EE values were 
increased.

3.3  In vitro drug release studies

To study the effect of drug concentration and cross-linking 
agent, 5- FU drug loaded NGs of poly (Am-co-DADMAC) 
in vitro drug release experiments were carried out in pH 
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7.4 phosphate buffer solutions. The effect of drug loading 
content in formulations PAD-NG-1, PAD-NG -2 and PAD-
NG-3 from 0.1 to 0.3 wt% on release rate is presented in 
Fig. 3a at pH 7.4 buffer solution. The drug release profiles 
are similar for all the formulations studied. In the begin-
ning 25–40% of drug released from the nanogels with in 
20 min which helps to keep the therapeutic levels and 
later released slowly over 700 min. The percentage cumu-
lative release of drug is increased as the amount of drug 
increased from 0.1 to 0.3% in PAD-NG-1 to PAD-NG-3 for-
mulations. This is obvious because as the amount of drug 
present in the NGs is high the rate of release from NGs is 
also higher i.e. up to 90% at pH 7.4 with in 12 h. A physi-
cal adsorption of hydroxyl groups at a water-hydrophobic 

interface is likely to occur in polymer matrix in the buffer 
solution [24]. The % cumulative release of 5-FU from NGs 
with varying amount of cross-linking agent from 0.05 to 
0.15% in formulations PAD-NG-2, PAD-NG-4 and PAD-NG-5, 
respectively is presented in Fig. 3b. The cumulative release 
of drug decreases as the amount of cross-linking agent 
NN-MBA increased from 0.05 to 0.15%. As the amount of 
cross-linking agent increases more and more rigid poly-
mer networks will form thereby reduces swelling which 
in turn decreases the release of the drug from the NGs. 
However, at pH 7.4 solution, the aggregation because of 
the hydrophobic interaction may be disassembled upon 
the hydroxyl groups coupled to the hydrophobic chains. 
So the NGs showed the swelling in buffer solution, and the 

Fig. 2  (A) FTIR spectra, (B) XRD patterns and (C) DSC thermo grams of (a) pure 5-FU drug, (b) placebo NGs and (c) 5-FU drug loaded NGs. (D) 
DLS histogram of NGs and (E) HR-TEM images of poly (Am-co-DADMAC)NGs
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swelling increases with pH of the buffer solution. When 
compared to other drug carriers such as magnetic nano-
particles [42, 43] and microspheres which are sensitive to 
temperature [44, 45], nanogels have characteristic special 
features such as high loading capacity, tunable porosities, 
combining features of hydrogel and nanoparticle makes 
more versatile and viable platforms for controlled drug 
delivery. In addition, the positive charge of the cationic 
quaternary ammonium compound nanocarriers could 
interact well with the negatively charged cell membrane 
facilitating their cellular uptake [46–49].

3.4  In vitro release studies

The release kinetics of all the formulations of 5-FU loaded 
NGs was studied at 37 °C in aqueous phosphate buffer 
solution. The data were estimated from percentage cumu-
lative release (Mt/M∞) with corresponds to time by placing 
the data into Eq. (3)

Here, Mt/M∞ denotes release of drug at time t, n is a 
diffusion parameter assessing the release phenomenon 
and k is constant corresponds to drug-polymer system. 
The type of release mechanism is given by the n value 
in equation, where n ≤ 0.5 follows Fickian diffusion pat-
tern; while 0.5 < n < 1 follows non-Fickian trend [36]. The 
n values were calculated for the various formulations 
(Table 1) and in the present study n values were between 
0.323 and 0.484 showed that the release mechanism fol-
lowed Fickian diffusion behavior. The n value depends 
on the network structure of NGs. Correlation coefficients 
r, obtained values are 0.906–0.994 indicated that, the 

(3)Mt∕M∞ = kt
n

drug release from these NGs was in controlled release 
manner throughout the in vitro dissolution analysis.

3.5  Hemolysis assay

The study of in vitro hemolytic activity is important to 
ensure their blood compatibility in the case of intrave-
nous drug delivery carriers [28]. NGs were tested for 
the hemocompatibility by RBC lysis assay. NGs showed 
good compatibility with RBC when the concentration 
was increased up to 1 mg/mL and very mild lyses at less 
than 2% was noticed when NGs was treated with the 
RBC and incubated for 1 h. This was very minimal effect 
when compared with the positive control triton-X. These 
results were represented in Fig. 4a indicated that devel-
oped NGs had good blood compatibility and were suit-
able for delivery of drugs in clinical applications.

3.6  Cytotoxicity study

A comparative cytotoxicity study of the effects of placebo 
NGs, 5-FU loaded NGs and pure 5-FU were presented in 
Fig. 4b. As shown in the figure, the placebo PAD-NGs in 
the test concentration range (up to 1000 μg/mL) showed 
no cytotoxicity on the SK-N-SH cells after 24 h incubation, 
while significant growth suppression of SK-N-SH cells was 
observed when cells were treated with drug loaded NGs 
and 5-FU. The drug loaded NGs showed slightly higher 
cytotoxicity in comparison to 5-FU over the experimen-
tal concentration range (150–1000 µg/mL) used in cells. 
This suggests that a lower concentration of 5-FU would 
bring about desired effect when encapsulated in NGs. 
The results suggesting that the placebos NGs have no 

Fig. 3  Cumulative drug release 
profiles from 5-FU loaded 
NGs of poly (Am-co-DADMAC) 
with varied 5-FU drug (a) and 
NN-MBA cross-linking agent 
concentration (b) (The data 
presented is mean and stand-
ard error of three independent 
measurements)
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cytotoxicity at the normal concentration and show good 
biocompatibility.

4  Conclusions

In summary, we have successfully developed copolymer 
nanogels of acrylamide and DADMAC using dispersion 
polymerization technique and confirmed by FTIR spec-
troscopy. These nanogels were shown good drug load-
ing efficiency as high as 76% in encapsulating 5-FU drug. 
Further, the drug was well dispersed at molecular levels 
as evidenced by XRD and DSC studies. Prepared NGs 
were spherical in shape and are about 100 nm in size. The 
in vitro release profiles suggested that these NGs showed 
good controlled release characteristics. Hemocompat-
ibility and cytotoxicity of the nanogels suggest that 
developed nanogel systems are biocompatible and are 
potential candidate for various biomedical applications 
including drug delivery.
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