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a  b  s  t  r  a  c  t

Self-assembled  nanogel  was  prepared  by electrostatic  complexation  of  two  oppositely  charged  biologi-
cal macromolecules,  which  were  cationic  nisin  and anionic  chondroitin  sulfate  (ChS).  The  critical  factors
affected the  physical  properties  of  ChS-nisin  nanogel  was  screened  and  optimized  by  Plackett-Burman
design  (PB)  and  central  composite  design  (CCD).  The  independent  factors  selected  were:  concentration
ratio  of  nisin  to ChS,  injection  rate  of  nisin  solution,  buffer  solvent  type,  magnetic  stirring  rate,  pH
of  initial  buffer  solution,  centrifuge-cooling  temperature,  and  centrifuge  rotation  speed.  Among  these
factors,  concentration  ratio  changed  the  entrapment  efficiency  and  loading  capacity  significantly.  In
addition,  the  hydrodynamic  diameter  and  loading  capacity  were  significantly  influenced  by  injection
rate  and  pH  of  initial  buffer  solution.  The  optimized  nanogel  structure  was  obtained  by  concentration
ratio  of  6.4 mg/mL  nisin  to  1 mg/mL  ChS,  pH  of  buffer  solution  at 4.6,  and nisin  solution  injection  rate  of
0.2  mL/min.  The  observed  values  of  dependent  responses  were  close  to predicted  values  confirmed  by
model  from  response  surface  methodology.  The  results  obviously  showed  that  quality  by  design  concept
(QbD)  could  be  effectively  applied  to optimize  the  developed  ChS-nisin  nanogel.

© 2017  Published  by  Elsevier  B.V.

1. Introduction

Nanogels are swollen nano-sized particles that have various
remarkable characteristic features like appropriate swelling behav-
ior, superb loading capacity even for biological macromolecules,
simple scale-up preparation, and constant colloidal stability [1–3].
Biopolymer-based nanogels like polysaccharides and proteins have
recently considered as macromolecular carriers due to their physic-
ochemical properties such as biocompatibility, several functional
groups for chemical modification, proper biodegradability, and
mimicking human tissue structure [4–6]. Polyelectrolyte complex-
ation is a physical crosslinking method for developing nanogels.
This is formed by means of electrostatic interaction between two
anionic and cationic diluted biopolymers in aqueous solution.
Numerous studies revealed the dependence of concentration ratio,
pH, solvent, and operational/environmental conditions on diame-
ter size, surface charge, swelling ratio, entrapment efficiency, and
loading capacity [7–10].

Nanogels have promising prospective in field of biomedical
engineering due to their relatively high drug entrapment and
loading capacity, uniformity, tunable size, simple preparation,
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physiological stability, and stimuli responsiveness, which enables
researchers to use nanogels in field of controlled release of drug
or bioactive substances. Up to now, several polysaccharide-based
nanogels were developed and successfully evaluated to deliver pro-
teins such as interlukin-10 [11], interlukin-12 [12], insulin [13],
bone regeneration growth factors [14], and polypeptides [15].

Chondroitin sulfate (ChS) is a sulfated glycosaminoglycan found
in the structure of glycocalyx (polysaccharide-based membrane
structure of eukaryotic cells) and extracellular matrix of different
tissues in the skeletal system (bones and cartilages), central ner-
vous systems, and connective tissues. It is composed of alternating
saccharide units (d-glucuronic acid and N-acetyl-d-galactosamine)
with sulfate group at either the 4- or 6-position of N-acetyl-
d-galactosamine [16,17]. ChS might have considerable swelling
behavior like the other mucopolysaccharides due to sulfate groups,
which could inhibit the protein adsorption phenomena during the
bloodstream [18]. With pKa value of 3–3.5, ChS is considered as
negatively charged biopolymer in aqueous solution. Therefore, it
can form electrostatic complexes with positively charged agents
such as cationic antimicrobial peptides with an isoelectric point of
above 7.0 [19,20].

Nisin is one of the smallest cationic antimicrobial peptides
(isoelectric point = 8.8) with a molecular weight of about 3350 Da
produced from certain strains of Lactococcus lactis [21]. This
polypeptide has 34 amino acid residues including unusual amino
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acids didehydroalanine and didehydroaminobutyric acid, which
can participate in five thioether bonded macrocyclic rings. This
structure has important functional properties such as higher sol-
ubility in aqueous solutions compared to other bacteriocins and
possesses thermodynamic stability even in low pH environment.
It might also cause specific bactericidal activity against various
gram-positive bacteria (including foodborne illnesses bacteria and
infectious diseases pathogens i.e. Staphylococcus aureus,  Listeria
monocytogenes, and Bacillus cereus)  and has low cytotoxicity. There-
fore nisin is a unique bacteriocin which has been recognized safe
(GRAS) by US Food and Drug Administration (FDA) [22–24]. Never-
theless, the proteolytic degradation and losing antibacterial activity
can happen after using nisin in its free form. In order to dimin-
ish this limitation, several carriers were developed to improve not
only the stability and the solubility, but also enhance the antibac-
terial activity, especially in polysaccharide-based nanocarriers. The
physicochemical characteristics of nisin in complex form might
depend on several parameters including pH, temperature, concen-
tration, type of solvent, and other operational conditions [25–27].

To achieve the desired preparation profile, we use quality by
design (QbD) approach. By using QbD, impact of process parameters
comprehends to obtain predictable, desired, and tunable quality of
products in a set of few experimental runs. Design of experiments
(DoE) is a valuable tool to characterize quality profile by recog-
nizing and optimizing the main effective process factors [28–30].
Plackett-Burman design (PBD) is a two-level statistical screening
design, which is commonly used to recognize main effective fac-
tors that influence process parameters [31]. After figuring out main
factors, response surface methodology (RSM) is designed to obtain
an empirical model in terms of actual or coded values of the main
factor. RSM includes different statistical methods such as central
composite design (CCD) (5-level), Box-Behnken design (3-level),
full three factorial design, D-optimal design, and Doehlert design.
Finally, the optimized formulation is achieved by numerical analy-
sis [32,33].

The present study aims to elaborate a novel polysaccharide-
based nanogel prepared through the mechanism of electrostatic
interaction between biopolymers with opposite charges. Factors
affecting ChS-nisin nanogels characteristics are operational con-
dition (such as stirring rate, centrifuge-cooling temperature, and
centrifuge rotation speed), materials (such as solvent/buffer type),
and procedure condition (such as concentration ratio of nisin to
(ChS), pH, and injection rate of nisin solution added to ChS solu-
tion). To improve solubility and stability of nanogel in our study,
the quality target product profile (QTPP) of nisin loaded ChS is
(I) mean hydrodynamic diameter of below 150 nm,  (II) optimized
nisin entrapment efficiency and loading capacity, and (III) thermo-
dynamic stability.

We  used PBD to screen critical factors affecting main properties
of nanogel such as hydrodynamic diameter, entrapment efficiency,
and loading capacity, which could be essential factors for further
studies toward clinical approaches. Finally, we found the optimized
formulation by CCD quadratic model and evaluated some physico-
chemical features of nanogel such as zeta potential, polydispersity
index, and swelling ratio. These features can lead us to understand
the nanogel behavior when carrying nisin and also engineered and
optimized parameters can help us to control antimicrobial drug
delivery in clinical applications.

2. Materials and methods

2.1. Materials

Chondroitin-6-sulfate (ChS) sodium salt (average molecular
weight of 20.9 kDa) was kindly supplied from Farabi Pharmaceuti-

cals co. (Isfahan, Iran). Nisin from Lactococcus lactis was purchased
from Sigma-Aldrich Chemie GmbH (Munich, Germany). Acetic acid
(glacial) 100%, citric acid monohydrate, sodium acetate trihydrate,
trisodium citrate 5,5-hydrate, and all other solvents and reagents
were analytical grade without further purification and they were
purchased from Merck Chemicals GmbH (Darmstadt, Germany). All
experiments were carried out using deionized water supplied from
Zolal Iran co. (Tehran, Iran).

2.2. Preparation of ChS − nisin nanogel

ChS–nisin nanogel was  prepared using electrostatic self-
assembly method by adding diluted nisin solution (low molecular
weight component, Mw = 3534 g/mol) into the ChS solution (high
molecular weight component). Both nisin and ChS solutions were
prepared in 0.1 M citrate or acetate buffer solution at 4 ◦C and
were filtered using 0.22 �m syringe filters (PVDF, Millex

®
). The

concentration ratio of nisin to ChS (on basis of 0.1 mgmL−1 ChS),
the injection rate of nisin solution, magnetic stirring rate, and pH
of buffer solution were defined by Plackett-Burman design (PBD)
and central composite design (CCD) of experiment table. All buffer
solutions were prepared with 0.1 M concentration at different pHs
using Henderson-Hasselbalch equation [34].

1 mL  of positively charged nisin solution was  injected drop-
wise into the starting solution (negatively charged ChS solution)
to obtain desired concentration ratio. A constant magnetic stir-
ring was  maintained during the complex formation for 3 h at 4 ◦C.
After 3 h, complex solution was left for 12 h at 4 ◦C to allow for
complete hydration. The complex solution was ultrasonicated at
200 W for 30 min  at 4 ◦C. The obtained solution was centrifuged at
speed of 12000–18000 rpm (10625–23900 rcf) at 2–8 ◦C for 15 min
to separate the nanogel from unloaded components, using a Hettich
Universal 16R Centrifuge, (Hettich, Bavaria, Germany). After triple
centrifuging and washing the precipitate with buffer solution, the
supernatant was collected for calculation of unloaded nisin. The
final pellet precipitate was only the nanogel and was  storaged at
4 ◦C for further investigation. To get a solid powder of nanogel, this
precipitate was dried using vacuum desiccator for 12 h.

2.3. Characterization of ChS − nisin nanogel

2.3.1. Fourier transform infrared spectroscopy (FT-IR)
Solid powder of nisin, ChS, and nisin-loaded nanogel were mixed

with KBr powder (spectroscopic grade), compressed at 10,000 psi to
make pellets for FT-IR analysis. FT-IR spectra of nisin, ChS, and nisin-
loaded nanogel were obtained using an FT-IR spectrophotometer
(Frontier, PerkinElmer, Waltham, US) in the scanning region of
4000–1000 cm−1 at a resolution of 2 cm−1.

2.3.2. Hydrodynamic diameter analysis
The mean hydrodynamic diameter and size distribution of

nisin-loaded nanogel were measured at 25 ◦C using dynamic light
scattering technique (DLS) (ZSP, Malvern Instruments Ltd., Worces-
tershire, UK) equipped with a helium-neon laser (632.8 nm) and
a scattering angle of 173◦. Nanogel solution was  prepared with
0.1 mg/mL  concentration in buffer. Glass cuvette was used for size
measurement.

2.3.3. Entrapment efficiency and loading capacity
The amount of nisin entrapped in nanogel was  determined

indirectly. The free nisin concentration left in supernatant was
calculated using UV–vis spectrophotometer (Cary 50-Conc, Var-
ian, California, US) based on established nisin standard curves at
275.1 nm, which is assigned to imidazole ring of histidine [35].
Entrapment efficiency and loading capacity of nisin in ChS-nisin
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