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Microgel, nanogel and hydrogel-hydrogel
semi-IPN composites for biomedical
applications: synthesis and characterization

Abstract Quaternary ammonium salt
hydrogels from a cationic monomer,
(3-acrylamidopropyl)-trimethylam-
monium chloride (APTMAC]), in a
variety sizes such as bulk, micro- and
nano- has been prepared. The synthe-
sis of micro- and nanogels were
carried out in the microenvironment of
water-in-oil microemulsions using
two types of surfactants, namely, L-o-
phosphatidylcholine (lecithin) and di-
octyl sulfosuccinate sodium salt
(AOT). Additionally, hydrogel-hy-
drogel composite semi-interpenetrat-
ing polymer networks (semi-IPN) was
synthesized by dispersing previously
prepared micro/nanogel into neutral
monomers such as acrylamide (AAm)
or 2-hydroxylethyl methcarylate
(HEMA) before network formation.
Hydrogel swelling and pH response

Introduction

behaviors have been investigated for
bulk gels. Morphology, structure, and
size of nano-, micro- and bulk mate-
rials were explored utilizing trans-
mission electron microcopy (TEM),
scanning electron microscopy (SEM)
and atomic force microscopy (AFM).
It was confirmed with gel electropho-
resis that completely charged nanogel
form a strong complex with DNA.

Keywords Nanogel -
Nanocomposite - Hydrogels -
Polymeric biomaterials - pH-sensitive
nanohydrogel

Many biological applications of polyelectrolytes are due

Hydrogels are an extremely important class of materials
with tremendous application potential in biology and
pharmaceutical sciences [1-6]. Synthetic hydrogels are
polymeric networks of hydrophilic groups containing
chains that are swollen in water. Polyelectrolyte hydrogels
are especially useful as they either carry, or are able to
develop charges on the chain. Hydrogels can be designed
to exhibit significant volume changes in response to small
changes in their environment such as pH, ionic strength,
temperature [4, 7, 8] electric field [5], solvent [9], or
magnetic field [10].

to their ability to bind oppositely charged species to form
complexes. Recently, numerous studies have utilized
cationic systems for gene and antisense therapies and bile
acid sequestrants [11] and have devoted to the development
of viral and nonviral vectors for DNA and oligonucleotide
delivery [12, 13]. Among the synthetic carriers, major
attention is paid to cationic polymers which are able to do
both condense large structure into smaller ones and mask
the negative DNA charges, which is necessary for
transfecting most types of cells [14]. A good delivery
system should provide resistance to premature enzymatic
degradation and aggregation, be able to target specific
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tissues, cross the cell membrane, facilitate the nuclear
uptake, and supply controlled release of the genetic
material, while inducing no toxicity or immune response
[15, 16]. For these reasons, suitable coating of delivery
system is very important for certain applications [17].

Micro- and nanosized hydrogels are faster in responding
to changes in their environment than their macroscopic or
bulk counterparts and can be used more efficiently in
medical and sensor applications [18, 19]. Due to their much
higher interfacial area per unit mass, they have greater
exchange rates [20].

In this work, we determine the feasibility of preparing
highly charged cationic hydrogels in the micro- and
nanometer size range. Our approach has been to use self-
assembling surfactant systems that serve as confined media
to restrict the growth of hydrogels. An additional aspect is
the use of phospholipids in synthesis so that the hydrogels
are synthesized with phospholipid coatings for enhanced
biocompatibility. This paper, therefore, reports the synthe-
sis and characterization of a cationic hydrogel in various
sizes using the templating environment of surfactant
microstructures. We have also examined the complexation
of such cationic hydrogel particles to anionic DNA to
substantiate the concept that such particles can be used as
gene delivery vehicles. Finally, we show that novel
hydrogel-hydrogel composites can be obtained by embed-
ding cationic hydrogel particles into matrices of neutral or
anionic hydrogel.

Materials and methods
Materials

(3-Acrylamidopropyl)-trimethylammonium chloride
(APTMACI), acrylamide (AAm) and 2-hydroxyethyl
methacrylate (HEMA) as monomers, and N,N’-methylene-
bisacrylamide (Bis) as a cross-linker (X), ammonium
persulfate (APS) as redox initiator, N,N,N',N'-tetramethy-
lethylenediamine (TEMED) as an accelerator, dioctyl
sulfosuccinate sodium salt (AOT) and L-«-Phosphatidyl-
choline (lecithin) as surfactants, 2,2 4-trimethylpentane
(isooctane) and cyclohexane as organic solvents, 2,2'-
azobisisobutyronitrile (AIBN) as a radical initiator, and
fluorescein sodium salt (FSS) as fluorescence dye were
used, and are all products of Aldrich Chemical Company
(Milwaukee, Wisconsin).

Bulk hydrogel preparation

Typical hydrogels of APTMACI, AAm, and HEMA were
prepared using the following steps. One gram monomer
was dissolved in 0.5-ml water, containing the specified
amount of X, and 100-ul TEMED (the accelerator) was
added. To this solution, 0.5 ml of 1 mol % (with respect to
the monomer) of APS solution (the redox initiator) was
added. After mixing thoroughly, the solution was injected
into plastic straws (for bulk synthesis) and/or between
sealed two glass slides (for bulk films) and kept at least
24 h to complete the polymerization/cross-linking reaction
at room temperature. Following the cutting procedure for
the preferred size and shape (ca 0.5 mm in length and
0.3 mm radius for cylindrical hydrogels), hydrogels were
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Fig. 1 Swelling kinetic curves of a 1 % cross-linked 4APTMACI
hydrogel water. b In F vs In ¢ for determination of diffusion type

kept in distilled water for 2 days with frequent replenish-
ment of the water to remove any impurities and unreacted
species. With the UV irradiation method, the same
procedure was employed except that TEMED and APS
were replaced with 5-10 mg of AIBN (the free radical
initiator) and the solution was irradiated in a photochemical
reactor operating with 120 V, 50/60 Hz. (The Southern
New England Ultraviolet Company, CT, USA, Model #
RPR-100).

Microgel/nanogel preparation

The cationic microgel was synthesized in lecithin (Lec)
solution in cyclohexane via UV irradiation technique of
different amounts of Xs containing APTMACI aqueous
solution and AIBN as initiator with wy=7.5 (wo=[H,O]/
[Lec]) value. Upon mixing of 0.1 ml of APTMACI
precursor solution with 15 ml, 0.1 M of Lecithin solution,
a yellowish transparent gel-like solution was formed. This
gel (surfactant-hydrogel precursors) was irradiated for 8 h,
followed by a washing process to remove/partially remove
the surfactant. Acetone and ethyl alcohol at a volume ratio
of 1:1 was chosen as the solvent as the surfactant is fully
soluble in this mixture of solvents and does not stabilize the

hydrogel which precipitates out of solution. To completely
remove the surfactant, the obtained mixture was centri-
fuged at 2,500 rpm for 10 min several times.

Polymeric nanogels of APTMACI were also synthesized
by means of inverse microemulsion system at room
temperature by redox polymerization method. The poly-
merization was carried at wy=10 medium with various
amounts of X ratios. In a typical route for nanohydrogel
synthesis, the following steps were employed: (1) 0.5 ml of
APTMACI is diluted with the required amount of distilled
water and transferred to a 150-ml, one-necked flask
containing 75-ml, 0.1-M AOT solution in isooctane. This
solution was vortexed to obtain clear water-in-oil micro-
emulsions. (2) In a separate vial, varying amounts of X,
0.5-2 mol % were dissolved in distilled water with 50-pl
TEMED. (3) In another vial, the initiator solution, APS,
was prepared, which is 1 % (with respect to monomer
amount) in 0.5-ml distilled water. The water level of the
solution was adjusted to bring the final water content to
wp=10 condition. After mixing all these three solutions in
the sealed flask, the system was purged with nitrogen for at
least 1 min to remove the dissolved oxygen, followed by
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Fig. 2 a pH sensitivity of different % cross-linked (X) hydrogel.
(squares: 5 %, open squares: 2 %, and triangles: 1 % X p(APTMACI)
cationic hydrogels, respectively.) b The reversible pH response of
different % X p(APTMACI). Hydrogels were alternatively kept in pH
values of 2 and 11 for a day
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Fig. 3 SEM images of freeze
dried 2 % X cationic microgels
a with phospholipid, and b after
removing phospholipid, and
TEM images, ¢ and d after
filtering and partially removing
the phospholipid (scale bars are
500 and 100 nm, respectively)

the addition of another 50-ul TEMED. The reaction was
carried out for 24 h with stirring on a magnetic stirrer set
up, at room temperature. After the reaction, the mixture
remains clear indicating that any polymer formed remains
sustained in the microemulsion droplets. The polymer was
then precipitated using excess acetone to destabilize the
micelles. Repeated centrifugation and washing with ace-
tone removes virtually all surfactant.

Hydrogel-hydrogel semi-interpenetrating network
(IPN) composites

The hydrogel-hydrogel composite semi-IPN synthesis was
carried out in the form of hydrogel films between the two
glass slides using AAm, HEMA, or APTMACI as matrix
material and the APTMACI cationic microgel/nanogel as
the second composite materials. In semi-IPN synthesis, 1-g
AAm (or matrix monomers) and the X, Bis (0.5 mol %) are
dissolved in 1-ml water and mixed with 25-ul TEMED and
the desired amount of the different percentages of X
cationic microgel/nanogel. This was followed by the
addition of 0.25 ml of APS initiator solution (0.5 %).
After mixing thoroughly, the mixture is spread on a pre-
cleaned glass slide and is covered with more glass slides
and is reacted for 12 h. After cutting the semi-IPN
hydrogel-hydrogel composite to appropriate sizes, they
were immersed in distilled water for the washing proce-
dure, as described previously, to remove unreacted species
such as AAm, APS, Bis, or unbind microgels/nanogels.

lf):gnm Qf‘

Hydrogel imaging

Dry hydrogels were imaged using scanning and transmis-
sion electron microscopy (Hitachi S3000 N (SEM) and
JEOL 2010 (TEM), respectively). SEM imaging of the
microgels was obtained with the particles freeze-dried on
SEM stubs and gold sputtered before imaging. For TEM
imaging of nanoparticles, a drop of aliquot is taken after
completion of the polymerization/cross-linking reaction
and diluted 60- to 80-fold with isooctane and placed on
formvar-coated copper grids and kept in a closed environ-
ment at ambient temperature for 12 h before imaging.
Atomic force microscopy (AFM) (I-MAC Molecular
Imaging) was used to characterize hydrogels. The powdery
nanohydrogel was first swollen in distilled water before
placing on mica surface, and was dried in the closed
environment at an ambient temperature for 24 h before
imaging. It was found that the intermittent contact mode
(tapping mode) technique was capable of imaging the
polymeric nanoparticles.

Gel electrophoresis

Nanohydrogels were complexed with 4,460 bp containing
plasmid DNA by lyophilizing with 100 to 1 charge ratio
(+: —) in Tris Acetic acid Ethylene diamine tetra acetic acid
(TAE) buffer solutions. After lyophilization, the complexes
were resuspended in TAE solution at different times, 2, 1
and 0 days, respectively, and analyzed by electrophoresis
on 0.6 % (w:v) agarose gel containing ethidium bromide.
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Scheme 2 Schematic representation of hydrogel-hydrogel semi
interpenetrating (semi-IPN) hydrogel synthesis

Results and discussion

The water-soluble acrylamide derivatives as monomers
were used for cationic and neutral hydrogel syntheses. All
the monomers used in this study can be polymerized either
by UV irradiation or by redox polymerization methods [21,
22]. Generally, for micro/nano-material synthesis, reverse
micelle technique is employed [23-25]. The microemul-
sion systems were formed using different surfactants such
as Lec and AOT. With both surfactants, the swollen inverse
micelles were obtained containing aqueous monomer
solution, cross-linker, and accelerator dispersed in contin-
uous organic phase, cyclohexane, and isooctane respec-
tively. Upon polymerization with the addition of initiator or
irradiation, micro- or nanogel materials were obtained.
Scheme 1 summarizes both bulk (a) and nanomaterial (b)
synthesis. Although the conversions were almost complete
for bulk hydrogels, the microgels or nanogels have lower
polymer recoveries as the multiple washing and centrifu-
gation steps to remove the surfactant lead to loss of the
polymer.

Bulk hydrogel swelling characteristics

For bulk hydrogel characterization, the most common
methods, swelling and sensitivity experiments, were
carried out. The swelling experiments of 1 % X cationic
bulk hydrogel of APTMACI were performed in distilled
water at room temperature, and water diffusion coefficient
was calculated. The certain amount of dried gel placed in
distilled water and the water intake of initially dry hydrogel
was followed in terms of weight increase with time. The
hydrogel was removed periodically from the swelling

medium and after blot drying and reweighing, was replaced
back into the same media. The percentage swelling value
(%S) is calculated applying the following equation;

W — Wy
%S = —
Wo

x 100 (1)

Where wy and w;, are the weights of the hydrogels initially
and at time ¢. Figure la shows the %S values of 1 % X
APTMACI hydrogel with time. As can be seen from the
figure, the percentage of the equilibrium swelling value is
about 2,400 and was reached in about 6 h. As soon as the
glassy hydrogel is in contact with water, the hydrogel starts
to uptake water and begins to swell. Diffusion involves
transport of water into preexisting or dynamically formed
spaces between hydrogel chains. Swelling of a hydrogel
requires a larger scale of segmental motion, resulting in an
increase in the distance of separation among the hydrogel
chains. Due to the importance of cross-linked swellable
hydrogel in many fields such as biomedical, pharmaceu-
tical [26-28], diffusion of water into or out of the hydrogel

100 pum

Fig. 4 The microscopy images of 0.5 % X AAm film containing 2
% X cationic microgel (hydrogel-hydrogel semi-IPN) under white
light a, and b fluorescence microscopy image after absorption of
fluorescein dye(FSS)



1126

Fig. 5 AFM images of 1 % X
cationic hydrogel obtained
with tapping mode

is important, and the equation below is used for the
calculation of the diffusion parameters [29].

_ M,
L

F = kt" ©)

Here, F'is the fractional water uptake, M, and M., is the
amount of water absorbed at time ¢ and at infinity [(at
equilibrium) (time in sec)], respectively, and £ is a constant
incorporating the characteristic of the macromolecular
network and the diffusing species. The »n is the diffusion
exponent that elucidates the transport mechanism. Eq. 2 is
applied only to the initial 60 % of the normalized solvent
absorption of the swelling curve. To determine the
diffusion coefficient, the plot of In F vs In ¢ is constructed
and shown in Fig. 1b. The two limit values for » are 0.5 and
1, which corresponds to Fickian (case I) and non-Fickian
(case 1) type of diffusions, respectively. From the slope of
Fig. 1b, it was found that the value of 7 is between 0.5 and
1 (n=0.58), indicating that the water diffusion into
P(APTMACI) hydrogel is non-Fickian anomalous or case
II in character implying that the relaxation rate to polymer
chains is slow.

To investigate the pH sensitivity of the different % X
cationic APTMACI hydrogel, a known amount of dried
bulk hydrogels were immersed into 100 ml of different pH
buffer solutions (Hydrion Chemvelope Assorted Buffers—

Aldrich Chemical Company) at room temperature, and
their percent swelling values at equilibrium (%S) were
calculated after 2 days. The constructed %S vs pH graph is
shown in Fig. 2a, which is characteristic of the behavior of
cationic hydrogels [17]. In the figure, the most noticeable
feature is the sharp change in the %S values between pH 2
and 5, which corresponds to a transition from charged to
uncharged state on the network. Additionally, Fig. 2a
shows that the pH sensitivity diminishes with increase in
the cross-linker levels. This is a consequence of the
increased cross-linking density that limits the hydrogel
from swelling. The feature is also noticeable in Fig. 2b,
which depicts an alternating swelling behavior of the two
extreme pH values. Known amounts of different % X
hydrogels were placed in a 100-ml buffer solution of pH
values 2 and 11 and alternated daily by blot drying before
placing the sequential displacement.

Hydrogels synthesized in surfactant systems

Our initial experiments were done using lecithin, a fully
biocompatible zwitterionic phospholipid. At very low
water contents (wy values of 5 and lower), lecithin forms
inverse microemulsions in hydrocarbon solvents such as
cyclohexane. As the water content is increased to around
10, the viscosity of the solution dramatically increases as a
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Fig. 6 TEM images of 2 % X
p(APTMACI) nanohydrogels

a scale bar: 20 nm, b 5 nm, and
copolymeric APTMACLI:AAm
nanohydrogels (1:1 mole ratio)
¢ scale bars 20 nm d 5 nm,
respectively

consequence of the wormlike water channels in solution
leading to entanglements and the formation of a gel phase.
For microhydrogel synthesis, this zwitterionic phospholip-
id surfactant which commonly occur in biological
membranes [30], was used. The SEM images in Fig. 3a,b
depict the freeze-dried 2 % X p(APTMACI) cationic
hydrogels, obtained in lecithin system before and after the
removal of surfactant, respectively. Although lecithin is
phosphatidylcholine, it gives the broad particle size
distributions when used for material synthesis as can be
seen from SEM images in Fig. 3a,b. However, lecithin
makes it possible to obtain the phospholipid-coated
nanohydrogel by partially removing the lecithin with the
appropriate washing procedure as shown in Fig. 3c.d,
which refers to these types of phospolipid-coated nanohy-
drogels. TEM images were obtained by moderately
removing the surfactant and filtering the sample with
0.2-pm syringe filter. In Fig. 3c, the haze around the
nanoparticles ascribed to the surfactant coating, lecithin,
and the close-up images in Fig. 3d demonstrates that the
nanohydogels are made up of smaller aggregates of
hydrogel particles with phospholipid coatings. These
types of phospholipid-coated cationic nanoparticles are
very useful due to their bio-compartmental structures,
which are able to load a variety of molecules. The cationic
core act as an ion exchange matrix, carrying ionic
compounds while the external layer can adsorb amphiphilic
or hydrophobic compounds providing a cell-like mem-

brane and insert membrane proteins [23, 31]. These kinds
of coated material has a wide range of application from
cosmetic to drug carries or for gene therapy purposes as
they facilitate cell internalization and provide advanta-
geous over noncoated systems [32, 33]. Fenart et al. has
shown a three- or fourfold increase in the crossing of the
blood brain barrier (BBB) of lipid-coated, ionically-
charged, 60-nm particles in comparison with uncoated
particles [34].

We also prepared microgel- and nanogel-containing
polymeric hydrogel-hydrogel semi-IPN in which a func-
tional (charged) micro/nanogel was dispersed in non-
functional (neutral) (AAm or HEMA) or a charged (anionic
or cationic) matrix before polymerization. Scheme 2 is the
schematic representation of the hydrogel-hydrogel semi-
IPN network synthesis. We call this semi-IPN because the
micro/nanogel is synthesized initially, and the second
hydrogel matrix is formed in the presence of the first
network. The microscopy images of the hydrogel-hydrogel
semi-IPN is shown in Fig. 4a under white light and Fig. 4b
after FSS dye absorption. As can be seen from Fig. 4b, only
the cationic microgel is imaged, as the matrix AAm or
HEMA is neutral in character and does not absorb the FSS
dye, while the oppositely charged microgel is strongly
binding through electrostatic interactions. The cationic
nanogel containing p(AAm) or p(HEMA) hydrogel-hy-
drogel semi-IPN was also prepared as composites materi-
als. However, a clear image could not be obtained via
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Fig. 7 Gel electrophoresis analysis of complexes formed by DNA—
cationic nanohydrogel with 1:100 charge ratios

fluorescence microscopy because the resolution of fluo-
rescence microscopy is well above the size of the cationic
nanogels. However, after FSS dye absorption of a relatively
high amount of nanogel loaded p(AAm)-IPN, the matrix
has shown the scatter of fluorescence light images
throughout the matrix implying the nanogel presence
(image is not shown). As a result, it is probable to impart a
functionality to a nonfunctional matrix, as the microgels
are pH sensitive, whereas, the matrix material is neutral.
These types of hydrogel semi-IPN materials have a
potential in prolonged and sustained release of active
agents [11]. For example, in ophthalmologic applications
[35], instead of dispersing drug particles inside contact
lenses, drug loaded nanogel can be incorporated into
contact lenses that can provide continuous and extended
delivery of active agents.

Furthermore, we have directly prepared a completely
charged nanohydrogel by means of water-in-oil micro-
emulsion utilizing another surfactant such as AOT. The
nanogel precursors were dissolved in inverse micelles of
AOT in isooctane continuous phase, and upon addition of a
redox initiator (APS) in the presence of an accelerator,
polymerization was done at room temperature. Figure 5
illustrates the AFM images of 1 % X-ed cationic
nanohydrogels obtained with tapping mode. As can be
seen from Fig. 5, the sizes of the particles are about 20—
50 nm that are bigger than expected. Due to the smaller
amount of X (1 %), the swollen hydrogels spread out on the
mica surface, and it is also known that there is an
interaction between the charged nanogel and the tip of the
AFM. This is in accordance with the result of McAllister et
al., in which the hydrogels they prepared have relatively
low amounts of cationic charge in a copolymeric structure
[36]. As the nanogels were loosely cross-linked (1 %), they
posses a flattened spherical morphology when dried onto a
charged surface (mica). To further examine the particle
size, TEM images of nanogels were taken and illustrated in
Fig. 6a,b which present the 2 % X nanohydrogel taken
from the reaction medium and diluted with isoctane and

placed on a formwar-coated cupper grid. As these particles
are ultrasmall and highly charged, it is very difficult to
obtained clear images. So, to render rigidity to the
structure, the copolymer of APTMACI with AAm was
synthesized with equal mole ratios and corresponding
TEM images are shown in Fig. 6¢,d. AAm was chosen as a
comonomer because it is neutral and has the same chemical
repeating units; therefore, the reactivity ratios of the
monomers were assumed to be not very different, and
additionally, the presence of a neutral comonomer can
provide the ability of distribution of a positive charge along
the network by just adjusting the stoichiometry. As can be
seen from Fig. 6, the nanogel structure is more rigid and
homogenous in size (Fig. 6¢,d). It is also noteworthy to
mention that to the best of our knowledge, these
nanohydrogel particles are the smallest hydrogel particle
imaged in the literature considering the highly charged
nature and relatively low X extent.

To investigate whether these nanohydrogels can interact
with DNA (for possible future gene delivery opportunity),
a gel retardation assay was performed. After freeze-drying
the nanohydrogel-DNA complex in 100 to 1 charge ratio,
the complexes were resuspended in TAE buffer solutions at
different times and analyzed by electrophoresis on 0.6 %
(w:v) agarose gel, and the corresponding image is depicted
in Fig. 7. From the figure, number (#) 1 denotes the MW
ladder while # 2 is showing the free DNA; all the other
sequential numbers were assigned as duplicates for the
days that polycation—-DNA complexes were placed in TAE
solution before running the electrophoresis. From the
agarose gel analysis, it can be said that these nanogels form
strong complexes with DNA because the DNA band wave
shifted as an indication of the interaction of APTMACI
nanoparticles with DNA. The light color in the wells is due
to the nanoparticle—-DNA complex. Besides, the smearing
is also a further evidence of DNA binding. The result
obtained here is consistent with the results of Giammona et
al. for polyaminoacidic copolymers as nonviral gene
vectors [16]. Hence, these nanogel particles pose a great
potential for gene therapy applications.

Conclusions

With this investigation, it was shown that cationic hydrogel
can be prepared in a variety of sizes utilizing inverse
microemulsion polymerization technique. Due to a very
small size and a highly charged nature of the prepared
micro/nanohydrogel, it can be assumed that their response
time is much faster in comparison with the bulk counter-
parts to external stimuli such as pH, ionic strength, or a
solute molecule. These materials, including semi-IPN
hydrogel-hydrogel composites, have potential applications
in many fields as carriers for sustained and uniform drug
delivery devices, gene therapy, and biosensor applications.
Additionally, it was also shown that a nonfunctional
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material can be made functional, i.e., pH sensitive by
inserting a micro/nanohydrogel to a neutral matrix. This
could have compelling applications in the field of
ophthalmology. For instance, nanogel-containing contact
lenses (semi-IPN) can be loaded with different drugs to be
used for treatment of the eye while not hindering the vision,
or contact lenses can be further functionalized for absorp-
tion/adsorption of some fluid species or afford more
porosity for transport features. The nanogels of different
sizes and with phospholipid coatings are also very useful as

devices for therapeutic purposes to facilitate cell internal-
ization, and it can be shown that these particles can be
attached to DNA. As a result, hydrogels of nanosized
materials have many and viable applications in biotech-
nology and biomedicine.
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