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a  b  s  t  r  a  c  t

Nanogels  were  developed  from  alginic  aldehyde  and  gelatin  by  an  inverse  miniemulsion  technique.  Sta-
ble  inverse  miniemulsions  were  prepared  by sonication  of  noncontinuous  aqueous  phase  (mixture  of
alginic  aldehyde  and  gelatin)  in  a continuous  organic  phase  (Span  20  dissolved  in cyclohexane).  Cross-
linking  occurred  between  alginic  aldehyde  (AA)  and  gelatin  (gel)  in  the  presence  of borax  by Schiff’s  base
reaction  during  the formation  of  inverse  miniemulsion.  The  effects  of surfactant  (Span  20)  concentra-
tion,  volume  of the  aqueous  phase  and  AA/gel  weight  ratio on  the size  of  the  alginic  aldehyde–gelatin
eywords:
lginic aldehyde
elatin

nverse miniemulsion
anogels
chiff’s base reaction.

(AA–gel)  nanoparticles  were  studied.  Nanogels  were  characterized  by  DLS,  FT-IR  spectroscopy,  TGA,  SEM
and TEM.  DLS,  TEM  and  SEM studies  demonstrated  nanosize  and  spherical  morphology  of the  nanogels.
Hemocompatibility  and  in  vitro cytocompatibility  analyses  of  the  nanogels  proved  their  nontoxicity.  The
results  indicated  the potential  of  the present  nanogel  system  as a candidate  for drug-  and  gene-delivery
applications.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Nanosized hydrogel particles, also known as nanogels, formed
rom physically or chemically cross-linked polymer networks have
agged growing interest in recent years due to their unique features
uch as small size, large surface area, colloidal stability and high
rug-loading capacity (Kabanov & Vinogradov, 2009; Raemdonck,
emeester, & De Smedt, 2009; Rejinold et al., 2012; Shah, Desai,
atel, & Singh, 2012). Nanogel particles have been developed by dif-
erent approaches such as physical self-assembly, homogeneous or
eterogeneous polymerization of monomers, cross-linking of pre-

ormed polymers, microfluidics, micromolding, photolithography,
recipitation polymerization and inverse emulsion polymeriza-
ion (Kabanov & Vinogradov, 2009; Oh, Drumright, Siegwart,

 Matyjaszewski, 2008). An alternative, less energy-intensive
ethod for the formation of nanogels is inverse miniemulsion.

anomaterials such as polymeric nanoparticles, drug nanocrys-

als, semiconductors and magnetic particles have been prepared
y this technique (Munshi, De, & Maitra, 1997; Nesamony &
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
Kolling, 2005; Sato, Ohtsu, & Komasawa, 2000; Sims et al., 2002).
Inverse miniemulsion can be obtained very easily by gentle mix-
ing of appropriate amounts of water, oil and surfactant(s). The
ease with which miniemulsion can be achieved makes it a pre-
ferred technique for nanoparticle synthesis. Spontaneously formed
miniemulsions constitute of uniform-sized droplets or particles
and possess narrow size distribution and spherical or near-
spherical shape (Pileni, 1997).

Nanogels have been prepared from synthetic as well as natural
polymers through different routes and their versatile applications
have been illustrated (Daoud-Mahammed et al., 2009; Nesamony,
Singh, Nada, Shah, & Kolling, 2012; Sasaki et al., 2011). Even
though nanogels from synthetic polymers were investigated exten-
sively, biopolymer-based nanogels assume significance due to
their biodegradability, biological origin, abundance in nature, non-
toxicity and the presence of large number of functional groups
for possible conjugation with cell-targeting agents and drug
molecules (Oh, Lee, & Park, 2009). Among the natural poly-
mers, polysaccharides and proteins are preferred due to their
solubility, biocompatibility and biodegradability. Self-assembled
nanogels from hydrophilic biopolymers, namely pullulan, chitosan

and dextran were prepared by attaching hydrophobic moieties
such as cholesterol, deoxycholic acid and bile acid to the poly-
mer  backbone (Hirakura, Nomura, Aoyama, & Akiyoshi, 2004; Lee &
Akiyoshi, 2004; Na, Park, Jo, & Lee, 2006). Daoud-Mahammed et al.
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2007) reported nanoassemblies of lauryl-modified dextran and �-
yclodextrin polymers. Jayakumar and co-workers prepared chitin
anogels by precipitation method and explored the feasibility of
sing these nanogels for drug delivery to cancer cells, biosensing
nd bioimaging (Jayakumar, Nair, Rejinold, Maya, & Nair, 2012;
angalathillam, Rejinold, Nair, Lakshmanan, Nair, & Jayakumar,

012; Rejinold, Chennazhi, Tamura, Nair, & Rangasamy, 2011).
The present work deals with preparation of cross-linked

anogels from sodium alginate and gelatin. Alginate is a
olyanionic and biodegradable polysaccharide composed of �-
-mannuronic acid and �-l-guluronicacid units and is a proven
iomedical polymer. Its inert hydrophilic matrix can incorporate
rugs, proteins and genes (Li et al., 2013; Maciel et al., 2013).

n the presence of divalent cations, alginate forms gels in aque-
us medium and these gels are used in drug-delivery applications.
lginate–chitosan nanoparticles have been developed and used
s carrier for DNA and for protein delivery exploiting the gelling
roperty of alginate in presence of calcium chloride (Douglas &
abrizian, 2005; Li, Shi, Du, & Tang, 2007). However, the loss of
he cations and the resultant release of the components may  pose
roblems in ionically cross-linked systems. Li et al. (2013) pre-
ared bioreducible alginate-poly(ethylenimine) nanogels through
lectrostatic interactions and used as an antigen-delivery sys-
em. Alginate can also form covalently cross-linked nanogels
ith hyaluronic acid in polyion complex nanoreactors (De Santis,
iociaiuti, Cametti, & Masci, 2014).

Gelatin, a versatile protein, is being utilized as a drug carrier
ystem because of its appealing physical and chemical proper-
ies such as biocompatibility, safety and biodegradability. It is
idely used in tissue engineering, gene delivery and wound dress-

ng applications (Kanokpanont, Damrongsakkul, Ratanavaraporn,
 Aramwit, 2012; Lim et al., 2011; Tseng et al., 2008). However,
oor mechanical properties may  limit its potential in certain appli-
ations (Boanini, Rubini, Panzavolta, & Bigi, 2010). To overcome
his limitation and to improve stability in aqueous medium and

echanical properties, gelatin is subjected to cross-linking by dif-
erent cross-linking agents (Imani, Rafienia, & Hojjati Emami, 2013;
im, Jun, Shin, Jang, Kim, & Shin, 2010). Gelatin nanoparticles have
een explored and are used for various biomedical applications
Lee, Yhee, Kim, Kwon, & Kim, 2013; Ofokansi, Winter, Fricker, &
oester, 2010; Xu, Gattacceca, & Amiji, 2013). Cross-linking agents
uch as carbodiimide and glutaraldehyde are being employed for
he preparation of cross-linked gelatin nanoparticles (Ethirajan,
choeller, Musyanovych, Ziener, & Landfester, 2008; Qazvini &
inatloo, 2011).

Even though gelatin nanogels are prepared by the routes
entioned above, the researchers are interested to develop meth-

ds by which the toxic cross-linking agents can be avoided.
he latest development in this direction is the preparation of
elatin nanogels using miniemulsion technique by cross-linking
f gelatin by genipin, a naturally occurring cross-linking agent
or proteins (Choubey & Bajpai, 2010). But, the very high cost of
enipin may  limit the applicability of the process. Even though
eports are available on nanoparticles prepared individually from
elatin and sodium alginate, as mentioned above, the possibility
f preparing nanogels by self-cross-linking of these two biopoly-
ers are yet to be investigated. Hence in the present work, we

ave attempted to prepare alginic aldehyde cross-linked gelatin
anogels using inverse miniemulsion technique. Introduction of
ldehyde functionality on alginate and utilizing it for gelatin cross-
inking offers a facile route for the preparation of cross-linked
A–gel nanogels. Cross-linking leading to nanogel formation can

ccur between aldehyde groups in AA and free amino groups in
elatin in the presence of borax (Balakrishnan & Jayakrishnan,
005). Balakrishnan et al. have developed injectable in situ forming
lginic aldehyde–gelatin hydrogel scaffolds in this route for wound
lymers 119 (2015) 118–125 119

dressing applications by avoiding extraneous cross-linking agents.
In the present work, since the cross-linking takes place in inverse
miniemulsion, the process would result in the formation of cross-
linked nanogels instead of the macroscopic hydrogels. To the best
of our knowledge, this is the first report on cross-linked alginate
aldehyde–gelatin nanogels via inverse miniemulsion technique.
Through this method, we are able to prepare cross-linked nanogels
without using any external cross-linking agents. Inverse miniemul-
sion was  prepared by pouring a mixture of AA and gelatin under
sonication to the organic phase in which surfactant was dissolved.
Physicochemical characterizations of the nanogels were performed
by FT-IR spectroscopy, SEM, TEM and DLS. Nontoxic nature of the
nanogels was proved by in vitro hemocompatibility and cytotoxic
studies.

2. Materials and methods

2.1. Materials

Sodium alginate (medium viscosity) and gelatin (Type A) were
obtained from Sigma Aldrich, Saint Louis, USA. Sodium metape-
riodate, sodium tetra borate (borax), Span 20, sodium chloride,
disodium hydrogen phosphate, sodium dihydrogen phosphate,
hydroxyl amine hydrochloride, methyl orange, minimum essential
medium (MEM), isopropanol, sodium hydroxide, cyclohexane and
acetone were obtained from Merk (Mumbai, India). Dialysis tubing
(3500 MWCO) was procured from Spectrum Laboratories Inc., CA,
USA.

2.2. Methods

2.2.1. Preparation of alginic aldehyde (AA)
Sodium alginate was oxidized to alginic aldehyde by a pre-

viously reported procedure (Balakrishnan & Jayakrishnan, 2005).
Briefly, into 10 g (0.058 mol) of sodium alginate dissolved in
ethanol–water mixture (1:1, v/v), sodium periodate dissolved in
minimum amount of water (3.28 g, 0.015 mol, required for 30% oxi-
dation) was  added. The reaction mixture was stirred at 20 ◦C for
6 h in dark. Purification was done by dialysis using dialysis tube of
MWCO  3500 for 3 days against distilled water. After the complete
removal of periodate, dialysate was frozen and lyophilized. Alginic
aldehyde was characterized by FT-IR spectroscopy and the alde-
hyde content was  evaluated by titrimetry (Manju, Muraleedharan,
Rajeev, Jayakrishnan, & Joseph, 2011).

2.2.2. Preparation of alginic aldehyde–gelatin (AA–gel) nanogel
Nanogels were prepared by an inverse miniemulsion tech-

nique with appropriate modification to the reported procedure
(Ethirajan, Schoeller, Musyanovych, Ziener, & Landfester, 2008).
A typical procedure for nanogel preparation is as follows. Span
20 (0.2 g) was dissolved in 10 ml  of cyclohexane and a mixture of
250 �l of alginic aldehyde (10%, w/v, solution in 0.1 M borax) and
250 �l of gelatin (10%, w/v, solution in water) were added to the
solution under sonication over a period of 5 min. The nanogel emul-
sion was  precipitated by drop-wise addition into acetone (50 ml)
while stirring with a magnetic stirrer. The precipitate was col-
lected by centrifugation (5000 rpm, for 15 min) and washed three
times with water and dried under reduced pressure to obtain the

nanogel in powder form. Nanogel samples were prepared with
different weight fractions of the water phase and surfactant con-
centrations to investigate the impact of these factors on the size of
the nanogels.
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.3. Characterization

.3.1. FT-IR spectroscopy
FT-IR spectrum of alginic aldehyde, gelatin and AA–gel nanogels

ere recorded on a Perkin Elmer FT-IR spectrometer with 32 scans
n the scan range of 4000–400 cm−1.

.3.2. Size and zeta potential measurement
Hydrodynamic diameter and zeta potential of the nanogels

ere determined by dynamic light scattering (DLS) on a Malvern
etasizer Nano ZS, UK equipped with a 4 mW He/Ne laser beam
perating at � = 633 nm.  All measurements were performed at 25 ◦C
nd each value reported is the average of three series of 10 mea-
urements.

.3.3. Thermogravimetric analysis (TGA)
Thermal characterization of gelatin, AA and nanogels were per-

ormed on Universal V4 7A, TA Instrument with a scanning rate of
0 ◦C min −1 from RT to 800 ◦C under N2(g) atmosphere with flow
f 20 ml/min.

.3.4. Morphology analysis by SEM and TEM
Morphology of the nanogel was analyzed by scanning electron

icroscopy. Lyophilized nanogel powder was redispersed in water
1 mg/ml) by sonication at room temperature and the dispersion
as drop cast and dried. It was sputter-coated and analyzed by SEM

FEI Quanta FEG 200 HR Scanning Electron Microscope) by apply-
ng an acceleration voltage of 10 kV. TEM images were recorded on
EI, TECNAI S twin microscope with an accelerating voltage 300 kV.
ample preparation for TEM was carried out in a similar fashion as
hat for SEM with a concentration of 1 mg/5 ml.  The dispersion was
laced on a copper grid and air dried for 2 days before taking the

mages.

.3.5. Hemolysis assay
Blood compatibility of the nanogels was evaluated by hemol-

sis assay using human blood (Morris & Sharma, 2010). The total
emoglobin in the whole blood samples was measured using auto-
atic hematology analyzer (Sysmex-K 4500). Briefly, 0.9 ml  of

nticoagulated fresh human blood was added to 0.1 ml  of PBS
ontaining different concentrations of nanogels (0.2, 0.4, 0.6, 0.8,

 mg/ml). PBS and 0.1% of Na2CO3 were used as negative (0%
emolysis) and positive controls (100% hemolysis) respectively. All
amples were incubated at 37 ◦C for 90 min. After incubation, sam-
les were centrifuged at 4500 rpm for 15 min  to obtain the plasma.
ptical density of the hemoglobin in plasma was analyzed spec-

rophotometrically and it was calculated by the following equation:

lasma Hb = 2[A415 − (A380 + A450)] × 1000 × dilution factor
E × 1.655

(1)

where A415 denotes the Soret band based absorption of
emoglobin. A380 and A450 stands for correction factors applied

or uroporphyrin absorption falling in the same wavelength range.
 represents the molar absorptivity value of oxyhemoglobin at
15 nm and is 79.46. The correction factor for accounting the tur-
idity of plasma sample is 1.655. Hemolysis % was  calculated by

 Hemolysis = Plasma Hb value of the sample
Total Hb value of blood

×  100 (2)

.3.6. Blood coagulation studies using PTT
Blood-coagulating effect of AA–gel nanogels was  analyzed by

artial thromboplastin time (PTT) (ISO 10993-4:2002 (E)). Blood

rom human volunteer was collected into the anticoagulant, ACD
acid citrate dextrose). Nanogel (1 mg)  was dispersed in 1 ml  of PBS
nd 1.8 ml  of the blood was  treated with 200 �l of the sample. One
illiliter of blood was immediately taken for initial analysis and
lymers 119 (2015) 118–125

remaining blood was  incubated with the samples for 30 min under
agitation at 70 ± 5 rpm using an Environ shaker thermostated at
35 ± 2 ◦C (WPTRU012). Three polystyrene culture dishes with PBS
were exposed to blood (1.8 ml  of blood and 200 �l of PBS) as refer-
ence. After incubation, blood samples were centrifuged at 4000 rpm
for 15 min  and platelet poor plasma was aspirated.

Partial thromboplastin time in each sample was  detected using
a reagent kit obtained from Diagnostica Stago (France) on Start 4,
coagulation analyzer. Estimations were performed in triplicate.

2.3.7. Cytotoxicity studies
In vitro cytotoxicity of AA–gel nanogels were analyzed by MTT

assay using MCF-7 cancer cells. We  selected MCF-7 cell line for
the cyotoxicity analysis since the AA–gel nanogels are designed
for drug-delivery application towards breast cancer cells. MCF-7
(Breast cancer cell line, NCCS Pune) was seeded on a 96-well plate
with a density of 5000 cells/well. MTT  assay is a colorimetric assay
for evaluating the metabolic activity of cells based on their ability
to reduce the tetrazolium component of MTT  into purple-colored
formazan crystals. Four different concentrations of nanogels (0.125,
0.25, 0.5 and 1 mg/ml) were prepared by dilution with the 2×
culture medium containing serum. When the cells reached sub-
confluency, equal volume (100 �l) of different concentrations of the
nanogels, extract of negative control (ultra-high-molecular-weight
polyethylene), positive control (dilute phenol) and cell control
(cells cultured in normal medium) were added and incubated for a
period of 24 h at 37 ◦C. After incubation, extract and control medium
were replaced with 50 �l MTT  solution (1 mg/ml  without supple-
ments) and incubated for 2 h. After discarding the MTT solutions,
100 �l of isopropanol was added to all wells and swayed the plates.
The color developed was quantified by measuring absorbance at
570 nm using spectrophotometer.

2.3.8. LDH assay
Cell death or cytotoxicity is classically evaluated by the quantifi-

cation of plasma membrane damage. Lactate dehydrogenase (LDH)
is a stable cytoplasmic enzyme present in all cells and is rapidly
released into the cell culture supernatant upon membrane damage
or cell lysis. The amount of released LDH is proportional to the num-
ber of damaged cells. LDH detection kit (Xenometrix four parameter
detection kit) was used to measure the LDH activity. This assay is a
fast and simple method to determine changes in the plasma mem-
brane upon incubation with the sample. This version of the LDH
test is unaffected by pyruvate present in the medium. LDH  reduces
pyruvate to lactate by oxidizing NADH to NAD+:

Pyruvate + NADH + H+ LDH−→Lactate + NAD+

The consumption of NADH is measured spectrophotometrically
by a decrease in the OD at 340 nm.

For LDH experiments, MCF-7 (Breast cancer cell line, NCCS
Pune) cells were seeded on a 96-well plate with a density of 5000
cells/well and incubated at 37 ◦C for 24 h. After 24 h of incubation,
the media was removed and replaced with 100 �l of fresh media
containing different concentrations of AA–gel nanogels (0.125,
0.25, 0.5 and 1 mg/ml) and incubated for 24 h. After the incuba-
tion, the 96-well plate was centrifuged at 3000 rpm for 10 min to
obtain the supernatant and 10 �l of supernatant from each well
was added to 120 �l of the reconstituted LDH solution. Absorbance

of the solution was measured on a microplate reader (Biotek, USA)
at 380 nm for 1 h at an interval of 10 min. For this assay, Triton-X
(1%)-treated cells were used as positive control and cells cultured
in normal medium were used as negative control.
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. Results and discussion

.1. Preparation of nanogels

Alginic aldehyde–gelatin hydrogels have been reported in the
iterature for various biomedical applications. Jayakrishnan and
o-workers have reported the efficacy of in situ forming alginic
ldehyde–gelatin hydrogels for wound healing, as an injectable
rug-delivery vehicle and as sealant for polyester vascular
raft (Balakrishnan & Jayakrishnan, 2005; Balakrishnan, Mohanty,
mashankar, & Jayakrishnan, 2005; Manju, Muraleedharan, Rajeev,

ayakrishnan, & Joseph, 2011). Recently, Sarker et al. (2014)
eported the development of alginic aldehyde–gelatin hydrogel
icrocapsules for tissue engineering. The application of alginic

ldehyde–gelatin hydrogels for myocardial infarction repair has
een demonstrated recently (Bai et al., 2013). Even though alginic
ldehyde–gelatin hydrogels have been extensively investigated
or various applications, reports are not found on its nanoscopic
ounterparts. The main objective of the current study is to
repare nanoscale alginic aldehyde–gelatin hydrogels. An inverse
iniemulsion technique is adopted for preparing cross-linked
A–gel nanogels. These nanoscopic counterparts are formed by
n inverse miniemulsion process involving Schiff’s base reaction
etween aldehyde groups and –NH2 groups. Aldehyde functional-

ty was introduced on sodium alginate by periodate oxidation for
ross-linking with –NH2 groups of gelatin. Periodate cleaves the
icinal diols present in the polysaccharide resulting in dialdehyde
unctionalities. The FT-IR spectra of AA and sodium alginate are
hown in Fig. 1B. In the spectrum of AA, a characteristic aldehyde
eak at 1746 cm−1 is seen which is not present in the spectrum of
odium alginate (Fig. 1A), there by confirming the oxidation. Alde-
yde content in AA was  estimated by titrimetry and was  found to
e 5.5 × 10−3 mol/g.

Nanogels were prepared through inverse miniemulsion process
Scheme 1). According to Landfester, Willert, and Antonietti (2000),
n inverse miniemulsion contains hydrophilic droplets as dispersed
hase in hydrocarbon solution of surfactant as the continuous
hase. In the present work, cyclohexane was used as continuous
hase, Span 20 as surfactant and aqueous mixture of AA and gelatin

s non continuous phase. AA with 30% oxidation was selected for
he reaction, because sufficient aldehyde content is required for the
ross-linking. AA solution (10% solution, w/v) was  prepared in 0.1 M

cheme 1. Formation of inverse miniemulsion from AA and gel. Cross-linking occurs d
elatin.
Fig. 1. FT-IR spectrum of sodium alginate (A), 30% oxidized alginic aldehyde (B),
gelatin (C) and AA–gel nanogel (D). In the spectrum of AA, a new peak at 1746 cm−1

corresponds to aldehyde functionality.

borax which provided alkaline pH. The hydroxyl groups of AA com-
plexes with borate which was  formed by the dissociation of borax
in aqueous medium (Strauss & Kral, 1982). If gelatin is added to this
AA–borax complex, Schiff’s base reaction occurs between aldehyde
groups of AA and amino groups of gelatin and macroscopic hydrogel
would be formed in less than 1 min  (Balakrishnan & Jayakrishnan,
2005). Therefore, in the present work, the mixture was  added
to surfactant containing cyclohexane before it formed hydrogel
and sonicated for 5 min  to obtain inverse miniemulsion. Inverse
miniemulsion was formed when the aqueous AA–gel mixture was
dispersed in continuous cyclohexane phase. Ultrasonication was
selected for the dispersion, since it is a very efficient method to
reduce the size of the droplets. Initially, polydispersity of the AA–gel
droplets would be high, later during ultrasonication, polydisper-
sity would decrease due to constant fusion and fission process
(Landfester, 2006). Span 20, the surfactant dissolved in cyclohexane
stabilizes the resultant AA–gel droplets from growth by collision,
coalescence and Ostwald ripening. Cross-linked AA–gel nanoparti-
cles were formed inside the surfactant micelle.

The size of the nanogel can be tuned by modulating certain
parameters. Landfester, Bechthold, Tiarks, and Antonietti (1999)
reported that the amount of surfactant determines the droplet

area and hence the particle size at constant ultrasonication time.
We investigated the impact of surfactant/water ratio on the par-
ticle size by changing the surfactant to water weight percentage
at constant ultrasonication time and amplitude. The particle size

ue to Schiff’s base reaction between aldehyde groups of AA and amino groups of



122 P.R. Sarika et al. / Carbohydrate Polymers 119 (2015) 118–125

Table 1
Effect of volume of aqueous phase and concentration of surfactant on size of the nanogel particles.

Amount of surfactant with
respect to organic phase
(wt  %)

Total volume of
aqueous phase (�l)

Volume of organic
phase (ml)

Size (nm) of nanogel in
cyclohexane

1 250 10 193 ± 8
1  500 10 240 ± 9
1  750 10 256 ± 7
2  250 10 127 ± 6
2  500 10 168 ± 9
2  750 10 235 ± 5
3  250 10 103 ± 8
3  500 10 172 ± 9
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3  750 

ith increase in concentration of surfactant, particle size decreases and increases w

f the nanogels can be varied over a wide range by changing the
mount of the surfactant. From Table 1, it is clear that when surfac-
ant concentration was increased, keeping the volume of aqueous
hase constant, the size of the nanogel particles decreased. Initially,
he surfactant Span 20 dissolved in cyclohexane, self-assembled to

icelle and when the aqueous AA–gel mixture was added to cyclo-
exane and agitated by sonication, droplets of AA–gel were formed.
hen the nanosized droplets get engulfed by the surfactant micelle
nd stabilize the nanogel droplets from coalescence and Ostwald
ipening. Small droplets undergo very fast collision and if the sur-
actant amount was less (1% with respect to the organic phase),
he stabilization was decreased, and droplets combined to a big
roplet resulting in increased particle size. When the concentration
f surfactant increased to 3%, the particle size was again decreased
ecause more amount of surfactant was there to stabilize the small
roplets.

Parameters such as the volume of the aqueous phase and AA–gel
eight ratio also have an impact on the size of the alginate AA–gel
anogels. Impact of the volume of aqueous phase (AA and gelatin)

n the emulsion on the size of the nanogel particles was  investi-
ated by maintaining constant surfactant concentration against the
queous phase to ensure that the same amount of surfactant sur-
ounded the water droplets. Total volume of aqueous phase was
aried from 250 to 750 �l by keeping the organic phase volume as
0 ml.  The size of the nanogel particles was analyzed by DLS and

s shown in Table 1. From the table, it can be seen that the size of
he nanogels increased with increase in volume of aqueous phase
hen surfactant concentration was kept constant.

The influence of weight ratio of AA and gelatin was also exam-
ned. For these studies, surfactant concentration was fixed as 2%

ith respect to the organic phase. The particle size was mea-
ured by varying the volume of AA and gelatin, while keeping
he total volume of aqueous phase as 500 �l. Table 2 shows the
esults of the particle size measurements. From Table 2, it is clear
hat with increase in volume of AA, the size of the nanogel was

ecreased. With increase in the volume of AA, aldehyde func-
ionality available for cross-linking was increased and due to the
nhanced cross-linking, the size of the nanogel was decreased.
reater extent of cross-linking was also evident from the size of the

able 2
ffect of weight fraction of AA and gel on size of the nanogels.

Sample code Amount of surfactant with
respect to organic phase
volume (wt %)

Total volume of
aqueous phase (�l)

AA–gel 2 100(AA) + 400(gel) 

AA–gel  2 200(AA) + 300(gel) 

AA–gel  2 250(AA) + 250(gel) 

AA–gel 2 300(AA) + 200(gel) 

AA–gel 2 400(AA) + 100(gel) 

ith increase in concentration of AA, cross-linking increases and particle size decreases.
10 200 ± 7

crease in volume of the aqueous phase.

redispersed nanogels in aqueous medium. Nanogels cross-linked to
higher extent show lower size. Even though the combination with
surfactant amount of 3% gave nanogels with very small size, the
combination which resulted in the smallest nanogels with medium
amount of surfactant (surfactant concentration 2%) with a total vol-
ume  of aqueous phase as 500 �l (250 �l of gelatin and 250 �l of AA)
and size 168 ± 9 nm was  selected for further studies.

Nanogel particles were isolated by precipitation of the inverse
emulsion in acetone, followed by centrifugation. The particles were
washed many times with water to remove the impurities and
surfactants and finally dried under reduced pressure to obtain
nanogel in powder form. These chemically cross-linked AA–gel
nanogels thus obtained could be redispersed in water without the
use of additional surfactant, since AA contain carboxylic acid groups
which provide negative zeta potential to stabilize the nanoparticles.
The particle size of the water-redispersed nanogels was  measured
by DLS and was found to be 297 ± 6 nm.  The redispersed nanogels
showed a zeta potential of −36.9 mV  indicating good stability of
the nanogels. Negative surface charge of the AA–gel nanogels is
due to the charge density of AA at neutral pH since at this pH, all
the acid groups in AA remain deprotonated. Gessner, Waicz, Lieske,
Paulke, Mäder, and Müller (2000) reported that nanoparticles with
a positive surface charge or hydrophobic surface promotes protein
adsorption and fast reticuloendothelial clearance (REF). Negatively
charged AA-gel nanogels may  avoid protein adsorption and REF
clearance and can provide long circulation time and maximum EPR
effect. In an aqueous medium, the hydrodynamic radius of AA–gel
nanogel is much larger than that in organic solvent, as more water
can diffuse into the polymer network of both AA and gelatin from
the dispersion medium to occupy the channels or to the free volume
in between the polymer strands until it become fully swollen.

3.2. Characterization by FT-IR and TGA

FT-IR spectra of the dried nanogel (Fig. 1D) powder samples

were recorded in the range of 400–4000 cm−1. Absorption bands
from both gelatin and AA are seen in the spectrum. Aldehyde peak
at 1746 cm−1 is not seen in the spectrum of nanogel, indicating
the cross-linking between AA and gelatin (Fig. 1C). The peak at

Volume of organic
phase (ml)

Size (nm) in
cyclohexane

Size of water dispersed
nanogels (nm)

10 210 ± 5 1290 ± 6
10 206 ± 6 900 ± 7
10 168 ± 9 297 ± 6
10 177 ± 8 657 ± 5
10 170 ± 5 376 ± 2
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Fig. 2. TGA curves of gelatin (A), AA (B) and AA–gel nanogel (C).

622 cm−1 corresponds to the C N group (Schiff’s base) formed
etween aldehyde and amino groups (Issa, Khedr, & Rizk, 2008; Ye,
iong, & Sun, 2012). This C N band is broad due to the overlap of
mide | band at 1628 cm−1 of gelatin. Amide ‖ band at 1530 cm−1 of
elatin is shifted to 1550 cm−1 in nanogel and confirms the involve-
ent of amino group in Schiff’s base formation (Sarker et al., 2014).

he peak observed at 1033 cm−1 in the spectrum of nanogel cor-
esponds to AA. All these observations confirm the formation of
ross-linked nanogels.

TGA curves of AA, gelatin and nanogel are shown in Fig. 2.
he first degradation step of AA (Fig. 2B) occurs in the range of
0–100 ◦C, which corresponds to the elimination of absorbed and
ound water from AA. The second degradation step due to the struc-
ural degradation of the main chain starts at 250 ◦C. Gelatin also
xhibits three degradation steps (Fig. 2A). First step corresponds
o elimination of water in the region of 50–100 ◦C and the sec-
nd and third steps are due to the breakage of protein chain and
eptide bond rupture (Cai & Kim, 2010). It can be seen from the
hermograms that the nanogel (Fig. 2C) shows a significantly dif-
erent thermal behavior. Thermal stability of the nanogel is lower
han that of gelatin, but higher than that of AA. The thermal stability
f AA–gel nanogels has been increased due to the cross-linking.

.3. Morphology analysis by SEM and TEM
Morphology of the nanogels as obtained in inverse miniemul-
ion and after redispersion in water were analyzed by SEM and TEM.
ig. 3A shows the SEM image of as-obtained nanogels formed in the

Fig. 3. SEM image of nanogels as formed in miniemulsion (A), SEM and TEM
Fig. 4. Hemolysis assay of nanogels with different concentrations from 0.2 to
1  mg/ml  in PBS. Positive control, Na2CO3 (0.1%) shows 100% hemolysis, which is
not included in the graph.

miniemulsion. All the particles have a spherical morphology with
a smooth surface and diameter of about 120–147 nm.  The size of
the nanogels observed by SEM was  less than those measured using
DLS. The variation in the particle size between SEM and DLS mea-
surements is due to the difference in the processing. In DLS, particle
size analysis was  performed in solution and the size obtained is the
hydrodynamic diameter, whereas SEM analysis was performed on
the dried particles.

Morphology of the redispersed particles was also analyzed by
SEM and TEM to investigate the change in size and shape due to
redispersion in water. Fig. 3B and C shows, respectively, the SEM
and TEM images of the redispersed particles after drying. Redis-
persed nanogels show an average size of 200 nm.  On redispersion
in water, slight increase in size was observed due to the swelling of
the nanogels and was  found to be 297 nm by DLS measurement.

3.4. Hemolysis assay

Hemolysis test was conducted to study the compatibility of
nanogels with blood cells since these particles are designed for
drug-delivery applications. Nanogels interact with a large fraction
of blood cells in the blood prior to distribution into tissues. Nanogels
should possess long-term stability and minimum interaction with
blood components in the bloodstream. Fig. 4 shows the hemolytic
potential of various concentrations of nanogels. It can be seen that
% hemolysis is far below 5%, the critical safe hemolytic ratio for
biomaterials according to ISO/TR 7406.

Plasma coagulation assay using PTT measurement was

employed to analyze the plasma coagulating effect of AA–gel
nanogels. Average % change in PTT in plasma for samples (1 mg/ml)
and reference after 30 min  exposure was  2.18 ± 0.06 and 1.96 ± 0.4,
respectively. The data indicate that exposure of samples to blood

 images of the particles, after redispersion in aqueous medium (B, C).
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ig. 5. MTT  assay (A) and LDH assay (B) of AA–gel nanogels on MCF-7 cells. MTT and
DH assay proved the nontoxicity of nanogels.

oes not have any effect on PTT. Thus, the percentage hemolysis
tudy and PTT measurements indicated that these nanogel samples
re hemocompatible.

.5. Cytotoxicity studies

.5.1. MTT  assay
For biomedical applications, it is necessary to evaluate the

oxicity of the materials. MTT  assay was performed to evaluate
ytotoxicity of AA–gel nanogels towards MCF-7 cancer cell lines for
our different concentrations ranging from 0.125 to 1 mg/ml. Fig. 5a
hows the viability of cells treated with different concentrations of
anogels for 24 h in comparison with those treated with phenol
nd UHMWPE. From the results, it is evident that more than 80%
ells cultured with nanogels remained viable in all the four concen-
rations. There is no significant cytotoxicity in any of the selected
oncentrations.

.5.2. LDH assay
The in vitro cytotoxicity of AA–gel nanogels towards MCF-7 can-

er cell lines cells was further evaluated by LDH assay. Cytotoxic
gents damage cell membrane and cause rupture leading to release
f LDH into the extracellular medium. Estimation of released LDH
an be used to analyze cytocompatibility of the nanogel. As shown
n Fig. 5b, the LDH release of MCF-7 cells treated with AA–gel
anogel was lower than that of the cell control at all test concen-
rations. The result indicates noncytotoxicity of the nanogels.

. Conclusion

The main aim of this work was to prepare nanosized alginic
ldehyde–gelatin nanogels. Cross-linked nanogels were prepared

y an inverse miniemulsion process. Properties of the nanogels
ere analyzed by SEM, TEM, DLS, FT-IR and TGA. Nanogel pow-
er could be redispersed in water without the use of additional
urfactant and the particles exhibited spherical morphology. This
lymers 119 (2015) 118–125

was possible due to the high negative zeta potential possessed by
these nanoparticles. Cytocompatibility and hemocompatibility of
the nanogels suggest that this nanogel system is a potential candi-
date for various biomedical applications including drug delivery.
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