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Abstract

Polymeric nanostructures for drug delivery applications including smart hydrogels and stealth micelles
have been developed to overcome many obstacles in the way of timing and targeting the delivery to fulfill therapeutic
potentiality of chemicals. The purpose of this investigation is to prepare and characterize novel nanoparticle-based
colloidal products composed of biocompatible polymers to use for rate-controlled release and targeted/spatial drug
delivery systems, aiming specifically at drug delivery via mucosal routes. We formulated the new products with inert and
biocompatible polymers including sodium carboxymethylcellulose (NaCMC) and polysorbates. The synthesis process
was performed by heating/cooling method, as a type of physical cross-linking method for producing hydrogel, in three
steps to optimize physical and chemical characteristics of the products to make them suitable for delivery through
mucosal routes. A series of nanoparticle-based colloidal products in the form of liquid suspensions were developed,
and from all three steps, thirty-nine samples were selected and rheologically investigated by bench-top experiments. A
freeze-thawing method was applied to two samples of product I1110 for five and one repeated cycles sequentially. Test
tube inversion method was also carried out on all the produced gels. Most of the products are new types of temperature-
sensitive, smart, physically self-assembled hydrogels and took the forms of sol, gel (opaque and transparent), and
precipitate. However, these hydrogels show opposite gelation property to customary temperature-sensitive gels. The
product of five repeated freezing-thawing cycles is also thermoreversible gel with a high mechanical stability and swelling
capacity, as opposed to the product of one cycle. Some types of produced hydrogels behave like a ternary system.
The products of this work, with microstructure consisting of the polymeric chains of sodium carboxymethylcellulose and
a large-scale self-assembly of micellar structures of polysorbates incorporated within a polymer network, show major

efficacy of site-specific and controlled release drug delivery system.
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Introduction

An extraordinary effort, over recent decades, has yielded a great
achievement of novel chemicals with a revolutionary potential as
therapeutics [1-4]. However, their potential has hit practical problems
because of many obstacles in the way of their delivery in the body [3]. The
chemicals need to get to the right place at the right time to be effective,
and thus drug delivery and targeting was taken into consideration [3].
Advanced drugdelivery and targeting has seen spectacular achievements
[1-4] including the development of a number of novel delivery systems
and state-of-the-art technologies by researchers from a wide range of
disciplines. More recently, utilizing the polymer science in modern-day
pharmaceutical science and technology, concurrent with a dramatic
increase in the types of available polymers, has started a technological
revolution in drug delivery systems and culminated in controlled
drug release and long-circulating pharmaceutical carriers [4-7]. It is
found that [8-10] nanocarriers composed of biocompatible materials
can be used as alternatives to current delivery systems. Nanoparticles
as drug delivery systems can passively target the drug preferentially
to intracellular targets, tumors, and inflammation sites by enhanced
permeability and retention effect (EPR) [8,11,12]. Using biodegradable
polymers in formulating nanoparticles brings sustained drug release
about [11]. Additionally, surface modification of nanoparticles with
hydrophilic polymers/surfactants such as polyethylene glycol (PEG),
polyethylene oxide (PEO), and polysorbate 80 decreases opsonization
and causes prolonged circulation time [11,12]. To minimize amount of
polymer matrix of delivery system, nanodelivery system needs to have
a high drug loading capacity [11].

By developing new types of polymer-based colloidal drug delivery
systems such as micelles [13], liposomes [5], nano- and microparticles
[5,12] and chemical and physical hydrogels [14,15], if capability
of the stimulus-responsive phase separation was provided, timing
and targeting the delivery can be developed [7,12,16]. With the
intention of inventing biomimetic systems capable of drug release
following biological need, hydrogel-based drug delivery systems
[4,6,14,15,17] and stimuli-sensitive intelligent hydrogels [18-20] have
been developed. The types of physically self-assembled hydrogels,
in which the microstructure is made up of arranged micelles, are
taking an increasingly prominent part in drug delivery and controlled
release [3,4,7,14]. It is known those types of micelles which formed by
aggregation of nonionic surfactants are the most commonly employed
micelles in controlled release delivery systems [21]. Physical mixtures
of polymers involving polymer blends or interpenetrating networks
[22,23] open up ample opportunity as desired delivery systems.

Several studies have been performed to prepare more efficacious
polymeric nanostructure based systems for controlled and targeted
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drug delivery [8,24]. The aim of the present work is to develop smart
hydrogel-nanoparticles colloidal products in order to employ as new
drug delivery and release systems to overcome the obstacles regarding
timing and targeting the delivery, and to use these systems for rate-
controlled release and targeted/spatial drug delivery, with special aim of
mucosal drug delivery. To succeed in facing up to these considerations,
we have formulated and synthesized a series of thermally sensitive
hydrogels in the form of liquid suspensions, which based on physically
blended polymer matrices of sodium carboxymethylcellulose (NaCMC)
and polysorbates (tweens). The temperature sensitivity of these gels are
explored by rheological experiments and test tube inversion method. In
order for these delivery systems to use for mucosal delivery, in addition
to mucoadhesion characteristics of the delivery systems, physical
and chemical properties of these liquid suspensions are optimized by
adjusting the concentration of NaCMC, tweens and glycerin [25].

Material and Methods

Materials

Sodium carboxymethylcellulose, some types of polysorbates
(tweens) including polysorbates 80, 20, 40, 60, and 65, and glycerol
(glycyl alcohol) were all purchased from Merck KGaA (Darmstadt,
Germany) and used as received without further purification.

NaCMC is an inert and biocompatible polymer and mostly
accepted as a non-toxic material [2]. Essentially, NaCMC, because
of great capability to absorb and react with water and moisture, can
form viscoelastic gum [26,27]. Polysorbates, and more especially
polysorbate 80, have been most commonly used [21,28] among the
micelle forming amphiphilic molecules. Polysorbates have generally
been acknowledged as non-toxic materials because of their relatively
low toxicities and inert nature [2,29,30]. Glycerol is widely used in
pharmaceutical formulations as a co-solvent and also to pre-wet the
powder, and is generally held to be a non-toxic material, with minimum
adverse effects because of its dehydrating property [2,29,30].

Preparation of physical cross-linking hydrogels

Heating/cooling method: Given that cellulose gum goes rapidly
into the solution, and afterwards, when dispersed into water will swell
to sticky gel grains and most likely form lumps, it is first necessary to
disperse and wet NaCMC powder in glycerin as a co-solvent water
miscible liquid that prevents NaCMC from swelling. The slurry is then
added to water, and a lump-free clear solution is prepared [31].

The experiments were implemented in a beaker equipped with a
mechanical stirrer. Firstly, at room temperature a preordained amount
of glycerin was exactly weighed into the beaker, and then the NaCMC
with prescribed concentration was sprinkled onto the glycerin and
stirred gently for ten minutes until all its particles were completely
wet. The slurry was then slowly added into various chosen amounts of
deionized water to obtain the solutions with given compositions, and
the mixture was then heated with moderate shear to about 60°C and
mixed to have the gum completely hydrated and obtain a homogenous
blended solution. The mixture was then cooled to 45°C, and thereafter
the polysorbates, under the given amounts of specified types, was
added. Mixing was continued while cooling the mixture to 30°C. The
polymer mixture was left to room temperature overnight leading to the
complete formation of a thermally sensitive hydrogel.

Optimization of properties: Concerning the physicochemical
properties of novel products, the formulation and synthesis process

was executed in three steps: (1) optimizing the viscosity and, more
especially, the kinematic viscosity; (2) lowering the surface tension; and
(3) optimizing all selected properties [25]. In the first step, with the aim
of optimizing the viscosity, only the concentration of NaCMC among
the ingredients was taken into consideration and considered variable
(Table 1). And on the other hand, for this step, the concentrations of
polysorbate 80 and glycerol were considered fixed and about 0.3% and
30 cm?® correspondingly.

Next, the experiments were focused on lowering the surface tension.
To this aim, the amounts of glycerin and NaCMC were considered
almost fixed and about 30 cm® and 0.7 gr respectively, and then various
concentrations of tween 80 started with 1% (w/w) were utilized to adjust
the surface tension values. In the final step, to synchronously optimize
and achieve the desired amounts of viscosity (dynamic and kinematic),
density and surface tension in a product type, polysorbate 20 and some
other types such as polysorbates 60 and 65 and finally polysorbate 40,
along with other ingredients, were utilized in varied concentrations
(Table 2). Viscosity was measured using a Programmable Rheometer
(Brookfield, DV.III, ULTRA, Engineering Laboratories, INC.,
Middleboro, USA) and surface tension was measured using a KRUSS
Tensiometer (model K100C, Germany).

Freeze-thawing method: Product type III, was used to prepare an
aqueous solution by heating the colloidal product to about 60°C under
stirring until it was completely homogeneous and an aqueous solution
was obtained. Thereafter, two samples of this aqueous solution were
placed in a freezer at -20°C and maintained for 24 hours. After the
freezing process, frozen samples were allowed to thaw at 25°C for 24
hours. This freezing and thawing method was repeated for four more
cycles for one of the above samples, but the other sample was left with
no further additional process. Afterwards, all the samples were stored
at4°C.

Suspension type 1
NaCMC 0.5%

|3

0.85%

IZ

0.75%

Table 1: NaCMC values in the selected suspensions of the first step of
formulation.

Suspension type NaCMC (gr) Gly (cm?®) Tweens

m, 15 30 20
2%
i, 1 30 20
20

i, 0.7 30
2%
20

i, 0.7 25
2%
60

I, 0.7 30
2%
n 1 30 60
e 2%
60

n 1 25
T 2%
65

1N 1.5 30
2gr
n 1 30 40
® 5%
65

i, 1.5 30
2%

Table 2: Compositions of ingredients in some selected samples of final step of
formulation.
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Test tube inversion method: Thermo-responsiveness, and swelling
and shrinking behaviors of the polymer gels were experimented
by a test tube inversion method. The sol (flow)-gel (no flow) phase
transformation was determined by warming up the stored samples at
4°C. The sample was considered to be in the gel state when no visual
flow was observed in 30 s after inverting the vial, and in the sol state if
it flowed.

Rheological characterization (Bench-top experiments)

Bench-top experiments were conducted on the selected samples
from the three steps of formulation and the products of freeze-thawing
method by employing simple and bifurcated glass capillary tube models
of airways and catheter combination [25]. Of these, various samples of
liquid suspensions that were instilled through a catheter inserted in the
capillary tube were rheologically investigated, as well as the effects of
different instillation and delivery protocols [25].

Results

Executing formulation and production, a number of polymeric
nanostructure-mediated systems as liquid suspensions were
synthesized. The new suspensions comprising thirty-nine types
selected from three steps of heating/cooling method and the products
of freeze-thawing method were all prepared to employ as the novel
polymer-based colloidal drug delivery and release systems, and also as
a new group of carriers aiming at mucosal routes of drug delivery. It
has been revealed over a long period of time that these products are
physically and chemically stable. Actually, most of these new samples
including the products of freeze-thawing technique were the new types
of temperature-sensitive smart hydrogels, which took amorphous
forms and were physically self-assembling polymer nanostructures.
All the hydrogel products of this work presented the three essential
physical forms including sol, gel, and precipitate. Furthermore, the
gels exhibited the quality of an opaque or transparent form. Figure 1
shows optical images of some hydrogel samples of the present study
in the forms of sol, transparent gel, opaque gel, and precipitate. All the
prepared products in step [ were transparent, while the products of step
IT and III were opaque.

For some types of these produced mixtures, such as I, and L, at
the end of the swelling process, hydrogel chains dissolved completely
in solvents and occupied the entire space of the mixtures, which was
occupied by the solvents heretofore (hydrosol). Both types I, and I,
seemed viscous transparent liquids, among which viscousness of type
I, appeared to be much more than I,. On the other hand, for type I,
which was in a fully swollen state, hydrogel molecules were totally
hydrated in considerable amounts and simply dissolved in solvents,
and therefore a weak and watery suspension was obtained. A lot of
products, such as III exhibited the pseudo-swelling behavior, which
was defined by no real physical swelling and made the transition to
polymer network (hydrogel). These types also developed water uptake
to a lesser extent and showed relatively higher strength, viscosity, and
elasticity, and were difficult to flow.

The thermo-reversibility of the novel hydrogels became pretty
obvious from both test-tube inverting experiments and rheological
studies, in which the hydrogels underwent sol-gel or gel-sol phase
transformation depending on changes in temperature. However,
these hydrogels showed the opposite gelation property to customary
temperature-sensitive gels in the manner in which temperature
increments brought the weaker gels about and dissociated the hydrogel
network, and ultimately made the transition process which resulted

in solution development (sol state). A higher rise in temperature in
prepared products eventually resulted in a precipitate state. Conversely,
lowering the temperature brought about a more integrated and
condensed gel network. These hydrogels showed reversible switching
between swelling and shrinking corresponding to temperature
changes. Keeping the produced hydrogels at around 4°C induced
swelling of the gels in solvent, but contrariwise the gel networks shrank
at higher temperatures. Figure 2 shows some visual images of these
thermoresponsive hydrogels in the swollen state. The visual images of
these polymer gels in the shrinking state are also shown in Figure 3.

The product of five repeated freezing-thawing cycles and some
types of the polymer gels developed in the three steps of optimization of
properties such as type III, behaved like a ternary system. The ternary
system consisted of three phases involving the denser and murkier part
of the colloidal suspension, which was placed on the looser and clearer
part. The third part, on the other hand, was the swollen gel, which
included the dendritic chains (agglomerates) suspended in the denser
part. Figure 4 displays some photographs of these ternary systems of
product type III, and product of five repeated freezing-thawing cycles
with the three phases.

Figure 1: Visual images of the sol, transparent gel, opaque gel, and
precipitate states of the produced hydrogels. Two types of sol products (A,
B), gel (C), and precipitate (D). Opaque gel (E) and transparent gel (F) in
bifurcated glass capillary tube models of airways at the time of rheological
characterization.

Figure 2: Optical images of some produced temperature-sensitive
hydrogels in a swollen state.

Figure 3: Optical images of some produced thermosensitive polymer
hydrogels in a shrinking state.
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The hydrogels produced in the two samples for which the method
of freezing-thawing was adopted were markedly different in their
characteristics including stability, behavior, nature, and mechanical
strength. In the aqueous polymer solution, which was exposed to
five repeated cycles, a strong hydrogel with high mechanical integrity
was formed. This hydrogel owned some unique properties including
significant densification and aggregation, stability at room temperature,
high swelling capacity, and high mechanical strength. After incubation
and storing, this sample took the form of a ternary system. The
produced gel in the sample with one freezing-thawing cycle was not
stable enough to preserve its weight and integrity even immediately
after the freezing, and it swelled to the full extent.

Optimizing the physicochemical properties of the products in
regard to using for mucosal delivery was discussed in detail by Nasri
et al. [25], in which these properties were adjusted to employing
in mucosal routes, and to the natural amounts of secreted mucus in
these routes including airway surface liquid. Among the prepared
suspensions in step I, three products were selected regarding their
viscosities, which were very different from each other (Table 3) [25].
Carrying out step II, the surface tension amount was lowered [25], and
accordingly, twenty-six types of prepared suspensions in this step were

Figure 4: Visual images of the ternary systems consisting of the swollen
gel (first phase), which included the dendritic chains (agglomerates)
suspended in a high molecular weight solvent (second phase). And the
third phase is the looser part of polymer solution.

Suspension Vis Den kVis TS
type (Pa.s) (kg m?) (m2s”) (N m)
1, 0.0175 1090 0.161 x 10* 0.05832
l, 0.0284 1070 0.265 x 10* 0.06000
1, 0.0681 1060 0.642 x 10 0.06300
L1 0.0601 1140 0.527 x 10* 0.03048
Il 0.0405 1400 0.289 x 10+ 0.03092
Il 0.0370 1300 0.285 x 10+ 0.03340
I, 0.0420 1230 0.341 x 10 0.02987
L 0.0530 1200 0.442 x 10* 0.02925
LN 0.0620 1059 0.585 x 10 0.02860
i, 0.0600 1100 0.545 x 10 0.02925
LN 0.0650 1050 0.619 x 10* 0.02860
i1, 0.0650 1088 0.597 x 10+ 0.02898
i, 0.0549 1116 0.492 x 10 0.02881
Table 3: Amounts of physicochemical characteristics including

dynamic viscosity (Vis), kinematic viscosity (kVis), density (Den) and
surface tension (TS) of three and ten selected types of suspension
products sequentially in step one and three of formulation.

selected. In the stage three, ten types among the produced samples
were selected. In this step, as represented in Table 3, measures of all the
parameters were optimized [25]. Table 3 shows the amounts of viscosity
(dynamic and kinematic), density, and surface tension of three and ten
selected types from prepared suspensions in the first and final stages of
formulation serially. The values of dynamic viscosity (Vis), kinematic
viscosity (KVis), density (Den), and surface tension (TS) are presented
sequentially in Pa.s, m?s”, kg m>, and Nm™.

Discussion

Novel drug delivery systems have been highly developed as the
latest in some technologies, including: (a) colloidal carriers to control
duration of local delivery, and the therapeutic blood and tissue level of
drugs aimed at prolonged or sustained release, (b) dispersed systems,
ie suspensions and particulate carriers, (c) hydrogel-nanoparticles and
smart hydrogels, ie temperature-sensitive ones to provide sustained
and controlled release, (d) stealth micelles, (e) bioadhesive polymers,
mucoadhesive in this case, to prolong contact time with the mucosal
surfaces and improve retention of delivery systems in the mucosal routes
with no local harm or adverse effects, and (f) penetration enhancers to
safely increase absorption of poorly absorbed moieties with no toxicity
during prolonged or sustained delivery. One main issue considered
in choosing each and every one of the essential ingredients and also
employing various compositions of them was the loading capacity of
the delivery systems with chemicals of different solubility states and
physicochemical and surface characteristics.

NaCMC was used to synthesize the new types of hydrogel with
demanded characteristics. NaCMC, in water, provides high viscosity
polyanionic hydrogel (physical or chemical) [23,32] with many
excellent properties such as high water content, good biodegradation,
excellent biocompatibility, and low-cost yielded advantages for a drug
delivery system [4,18,26]. Heating-cooling a polymer solution is one
of the assorted physical cross-linking methods cited in the literature
[14,33] to synthesize and characterize the physical hydrogels at the
micro- or nanoscale. During the synthesis process in this study, the
heated aqueous mixtures of NaCMC were cooled off to produce
physically cross-linked hydrogel of NaCMC in the form of reversible
gels. After warming a mixture up to 60°C, the polymer chains are
solubilized and take the form of random coils. Upon decreasing the
temperature, the chains begin to take on conformation transformation
and are associated and form (double) helices (coil-helix transition).
Subsequently, the double helices undergo a rearrangement in rigid
helical rods by forming junction zones (sol-gel transition), and bring
about the thermoreversible hydrogel [14,17]. These types of cellulose-
based hydrogel are reversible like other physically cross-linked
hydrogels. The microstructure of thermoresponsive physically cross-
linked hydrogel of NaCMC, based on coil-helix transition and forming
junction zones, is shown in Figure 5.

These produced hydrogels, which are highly responsive to changes
in temperature as an external stimulus and show thermoresponsive
swelling and shrinking behaviors, are types of temperature-sensitive
intelligent phase-reversible hydrogels, and show a bright future in
delivery systems. On the one hand, raising the temperature of the
suspensions decreases the number of junction zones, which brings
the weaker gels about and gradually creates the transition process
that results in solution development (sol state). On the other hand,
cooling off the suspensions, the junction zones become more stable and
therefore the stronger gels are obtained, which is in agreement with the
results acquired by Matricardi et al.[34].
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In addition to regular beneficial effects of hydrogel relating to
sustained or controlled release delivery and solute permeability [4,15],
NaCMC hydrogel as a type of intelligent (smart) hydrogel looks very
promising in drug delivery and shows some distinctive characteristics,
including compatibility with many loaded chemicals [14,27]. It was
found [35] that release of anionic and non-ionic loaded drugs from
polyanionic NaCMC matrix is usual, but it is significantly extended
for cationic drugs because of chemical bonds between these drugs and
carboxyl groups in the dissolution medium. Therefore, this type of
hydrogel can be used for designing novel prolonged release matrices
for cationic chemicals. Raising the concentration of NaCMC during the
time of formulation results in enhanced viscosity, degradation, swelling,

and porosity of composed gels, but, conversely, induces decrease in
stiffness, shear modulus and viscosity of the gels [36]. Furthermore,
those types of carriers with a lower proportion of NaCMC in their
matrix such as I, and IIL, provide faster chemical release; in an opposite
manner, sustained chemical release can be obtained by employing
those types composed of its higher ratios (Tables 1 and 2).

One outstanding restriction on application of hydrogel is the
lack of mechanical strength, and thus we incorporated polysorbates,
including a hydrophobic component, into the hydrogel to improve its
mechanical strength [37,38]. A schematic of amphipathic polysorbate
molecule is shown in Figures 6A and 6B. Polysorbates also provide the
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Figure 5: The basic scheme of developing the physical cross-linked hydrogel of NaCMC (sodium carboxymethylcellulose) in the form of reversible gel by heating-
cooling a polymer solution. (A) Random coils of the polymer chains after warming up the mixture; (B) (double) Helixes formation (coil-helix transition) upon
decreasing the temperature, (C) A rearrangement in rigid helical rods by forming junction zones (hydrogen bonding). Electrostatic repulsion between the carboxyl
groups of NaCMC results in an elevated level of gel elasticity.
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Figure 6: Schematic of polysorbate molecule and self-assembly into micelle and hydrogel. Polysorbates as amphiphile molecules (POE as hydrophilic segment
and long, unbranched aliphatic tail of fatty acid as hydrophobic segment) (A, B),in aqueous solution, are oriented to form core-corona micelles (C). The micelles are
crowded together in percolated network and ultimately in the gel state (D). POE, polyoxyethylene.
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delivery system with lipophilic moiety, which can prepare sustained
release of chemicals [39]. Additionally, this lipophilic segment can
protect the drugs from metabolism and prolong their retention time
within the delivery site [4]. It is known [38] that polysorbates, as
nonionic surfactants, adsorb to the NaCMC molecules in solution
and form polymer complex. Bonding between the polyoxyethylene
(POE) segment of polysorbates and the NaCMC hydrogel improves
biocompatibility and biodistribution of the gel matrix and reduces the
initial burst effect [24,35].

Formulating this delivery system, there has been a plan to take
great advantage of unvanquishable beneficial characteristics of
micellar systems [1,3,4,7,12,13,21] as powerful nanocarriers in these
supramolecular drug delivery systems. It is well known [40-42] that
polysorbates, like other amphiphile molecules, in aqueous solution,
are self-organized and oriented to form association colloids and
core-corona micelles as the most thermodynamically stable state
(Figure 6C). On the other hand, it is perfectly obvious that employed
concentrations of each type of polysorbates throughout this study are
far above its CMC (critical micelle concentration) amount [43,44], and
thus it seems reasonable to conclude that the majority of polysorbate
molecules in these matrixes take the form of micelles. Micelles, which
are types of rarely extravasating long-circulating microparticulates, can
be used as passive targeting systems for pathological sites with leaky
vasculature involving tumors, inflammations, and infarct areas [21].
Forming polysorbates micelles, POE head groups orient outward and
in the direction of the aqueous environment and form a corona (outer
shell). And long unbranched aliphatic tails of fatty acid molecules,
avoiding the water phase, associate at the center and constitute a core
(inner shell) (Figure 6C). Then this corona protects the core through
steric stabilization and prevents the absorption of proteins [1,3,4,35].
It has therefore been considered as a biocompatible polymeric
nanocarrier shell. These sterically stabilized micelles develop the ability
to avoid macrophages and the mononuclear phagocyte system (stealth
strategy) [45], and therefore the circulation time of the delivery systems
is prolonged. Therefore, these stealth micelles are regarded as long-
circulating drug delivery systems. However, this steric barrier increases
leakage of the loaded drugs.

Free of NaCMC, the aqueous mixture of polysorbates also forms a
gel through the course of action during which the polysorbates initially
self-assemble into flowable micelles, and then the micelles are crowded
together in percolated networks and ultimately in the gel state [20,46].
The microstructure of such self-assembled gels, which consisted of
ordered polysorbate micelles, is shown in Figure 6D. As a direct result,
in addition to the polymeric chains of NaCMC, a skeletal frame of
the produced hydrogels is composed of a large-scale self-assembly of
micellar structures of polysorbates. It was found [20] that after gelation,
the micellar structures survived virtually intact. In the opinion of Lin
et al,, [20,46] coarsening and increasing the size of micellar clusters
(mesh size) longer than the wavelength of visible light was explained as
the main reason why the gel becomes opaque. In agreement with them,
it is hypothesized in this study that the produced gels become opaque
or transparent on account of roughness and the size of the micelle
clusters and network. Since micelle particulates and their networks
are formed by aggregation of polysorbates, and precisely because all
of the opaque gels were produced in steps II and III of formulation in
which the concentration of polysorbates was augmented dramatically,
it seems reasonable to assume that this sharp increase in polysorbates
concentrations is one of the main reasons behind opaqueness of the
gels. However, for the transparent gels, including all the produced types
in step I, the amount of polysorbates in their compositions was several

times lower than the products of steps II and III. From this evidence,
it can be reasonably inferred that the degree of opaqueness and
transparency of the resultant gel is directly related to the concentration
of polysorbates. Some schematics of the percolated micelles network
and size and roughness of the micelle clusters in transparent and
opaque gels are presented in Figure 7.

As was evident, the polymeric mixture, through a repeated
freezing-thawing technique, develops into a strong, flexible, and
stable hydrogel structure which assembled by physical cross-linking.
Urushizaki et al., found [47] that an increase in the freezing and
thawing times augments the number of physical cross-linking points,
and also additionally causes arising of the chains entanglement and
aggregation, and an enhancement of the density. The different samples
of these hydrogels take three certain and well-defined states including
sol, gel, and precipitate (Figures 1 and 7). The gels are weak or strong
depending on their flow behavior in the steady state, and are presented
in opaque and transparent forms. The temperature reversibility of these
hydrogels is clearly evident from both test-tube inverting experiments
and rheological studies, in which these gels undergo sol-gel phase
transformation depending on changes in temperature. However,
these hydrogels show the opposite gelation property to the defining
characteristics of customary thermally reversible gels [3,20]. It seems
likely that freezing causes an increase in the close association and
compactness of polysorbates that is followed by micelle formation and
gelation as a direct consequence of the micelles packing (Figures 6D,
7B and 7C). Alternatively, thawing out deconcentrates the percolated
micelles and aggregated polysorbates, which results in a transition
to the sol phase (Figure 7A for a schematic). With a further increase
in hydrophobicity, which happened specifically following a constant
rise in temperature, the micellar systems could not survive intact and
are broken and destroyed, leading to a macroscopic precipitate state
(Figures 1D and 7D). It can therefore be concluded that the sol-gel
phase transition in these types of thermoreversible hydrogels, in
addition to the temperature, is directly related to the concentration and
compactness of polysorbates.

According to the literature [7,18,32], the produced hydrogels,
which formed through physical self-assembly, show weaker mechanical
characteristics than the chemical cross-linked ones. On the other hand,
physical hydrogels have been marked by ever increasing importance
in the pharmaceutical applications [14,15,27], mainly due to easy
production without a need for a cross-linker. Also, drugs can be loaded
into them fast and in large amounts compared to the chemically cross-
linked gels. Therefore, they prepare a suitable depot for incorporating
drugs. The produced systems, with a lack of chemical cross-link bonds,
can then also yield a faster delivery rate of drugs. However, the micelle
self-assemblies show slow release kinetics [7].

The produced hydrogels reach equilibrium swelling with the change
of their compositions. For some types of these produced mixtures such
asI,and L, at the end of the swelling process, hydrogel macromolecular
chains occupy the entire space of the mixtures due to the lack of cross-
link bond in these types. Thus, these produced systems are characterized
as liquid-like physical gel matrices possessing weak structures. For I as
a diluted type, a weak watery suspension is obtained. Some types such
as IIT and I1L, |, including infinite polymer network with high physical
cross-link density, exhibit the pseudo-swelling behavior, making the
transition to the polymer network (hydrogel).

Utilizing glycerol and slowly stirring water into the slurry of
NaCMC and glycerol induce a liquid-liquid phase separation process
and cause greater swelling than the other method of preparation. At

J Nanomed Nanotechnol
ISSN: 2157-7439 JNMNT, an open access journal

Volume 6 « Issue 4 + 1000301



Citation: Nasri M, Mirshekarpour H (2015) Polymeric Nanostructures as Colloidal Drug Delivery Systems: Thermosensitive Hydrogels Containing
Self-Assembled Micelles. J Nanomed Nanotechnol 6: 301. doi:10.4172/2157-7439.1000301

Page 7 of 9

B transparent gel

Figure 7: The simplified schematics of three states of temperature-sensitive phase-reversible hydrogels including sol, gel (transparent and opaque), and precipitate.
Schematically, a circle represents a core-corona micelle. (A) Sol as a fluid colloidal suspension included sparse micelles at the room temperature, (B) Transparent
gel as a result of an increase in concentration of polysorbates and compactness of the micelles and consequently mesh like micelles network formation, (C) At high
concentrations of polysorbates, because of coarsening and increasing the size of micelles network longer than wavelength of visible light, the gel becomes opaque,
(D) A macroscopic precipitate state resulted from breaking and destroying the micelless.

C opaque gel D precipitate

the time of formulation, due consideration was given to the bonding
capacity between ingredients. It was revealed [38] that polysorbates
molecules, after addition to the gum, attach onto the NaCMC polymer,
and further addition of the polysorbates causes micelle formation on
the NaCMC molecules. From a microstructure standpoint, bonding
between NaCMC and POE blocks of polysorbates results in the gel
with microstructure consisting of a polymer network with the micellar
structures sheltered inside. It was established [40] that aqueous
solution of glycerol promotes the micellization of polysorbates, and
gives stability to the micelles. It is known [7] that structural stability
of micellar particles systemically is such a decisive factor in the success
of delivery. Accordingly, combination of these essential ingredients
can form polymer complexes in interpolymer or intrapolymer types.
The interpolymer complexes resulting from combinations of non-ionic
(polysorbates) and ionic (NaCMC) polymers produce hydrophilic
matrices for near zero-order release. The drug release rate in these
systems can be controlled using two different approaches: polymer
matrix and reservoir system. Polysorbate micelles, as a reservoir
delivery system, can be drug-enriched cores with bioactive agents
physically entrapped in them and encapsulated within a membrane
of polymeric hydrogel. The NaCMC hydrogel can be augmented
homogenously with solid particles of the drugs, and thus its network
performs as a uniform matrix device into which the drugs can be
physically loaded. The drug will be either dispersed or dissolved in the
sol state. The suspension technique is generally employed for water
insoluble drugs, but for drugs of other solubility states, micelles as the
particulate system may offer comparative advantage.

Some of these produced polymeric suspension systems, such as
type III,  and the product of five freezing-thawing cycles, transformed
gradually into a ternary system consisted of three phases (Figure 4). One
of these phases comprises the swollen gel fraction made up of a partially
cross-linked polymers network, which is suspended in the denser part
of the bulk of suspension. The other phase is a high molecular weight
solvent with a seemingly murkier part of the suspension placed above
the clearer part which consists of finite unattached polymer chains (sol
fraction) diffused out of an infinite branched network (gel fraction)
into the solvents during the swelling of the gel. And the third phase
involves a low molecular weight solvent seemingly like a looser part
of the suspension, which is located at a lower part of it. Figure 8
shows a schematic of such ternary systems included three phases: (i)
a swollen gel fraction, (ii) a high molecular weight solvent, and (iii)

swollen gel
infinite branched polymer network

high molecular weight solvent
murkier part of polymer solution
finite unattached polymer chains
in the solvents

low molecular weight solvent
clearer part of polymer solution

Figure 8: Schematic representation of a produced polymeric suspension
involved a ternary system including: a swollen gel fraction as a partially
cross-linked polymers network suspended in the denser part of bulk of
suspension; a high molecular weight solvent as a murkier part of the
suspension placed above the clearer part; and a low molecular weight
solvent as a clearer part located at a lower section of the suspension.

a low molecular weight solvent. Introduction of glycerol as a non-
solvent induces ordered agglomerates to form, which mostly have the
appearance of dendrites, in the polymer solution (in the schematic of
Figure 8 is illustrated as the infinite branched polymer network). The
polymeric agglomerates in the gel state mainly exist in a layer at the top
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of the colloidal suspensions after solutions make the transition to gels,
and also in the sol state suspended at the top of the medium.

This formulation was developed to provide prolonged mucosal
adhesion and sustained delivery of a drug through the mucosal
membrane. As a new and different approach to extend the residence
time of dosage forms on the mucosa, NaCMC was incorporated in the
mixtures to augment the viscosity of the delivery systems. NaCMC,
additionally, was employed on account of its mucoadhesion property
(as represented in Figure 9 schematically) [4,15]. The physically self-
assembled hydrogels regularly hold mucoadhesion characteristics
in more strength compared to chemical types of hydrogel, simply
because cross-link bonds reduce chain flexibility and bring about a
large decrease in mucoadhesion. It is known [4] that mucoadhesive
micelles show the same mechanisms as bioadhesive powder in the way
that they absorb water and form a gel-like structure. For drug delivery,
these mucoadhesive micelle-like compositions can be formulated in
the form of suspension, aerosol, dry powder, or (semi)solid forms
such as gel and cream. On the other hand, as it was reported [4], a
combination of NaCMC as mucoadhesive and polysorbates as non-
mucoadhesive polymers is a systematic way of optimizing bioadhesive
characteristic of the carriers. The essential ingredients possess
known properties of mucosal permeation enhancer: 1.NaCMC is
recognized as a safe penetration enhancer for hydrophilic compounds;
2.polysorbates, especially polysorbates 80 and 20; and 3.fatty acid tails
of polysorbates [2-4]. However, there are potential harmful effects
in utilizing penetration enhancers which may be originated directly
from disturbing cell structures/functions or indirectly from enhancing
penetration of toxic agents and organisms.

Conclusion

This paper reports formulation, design, development, and
characterization of a new group of colloidal suspensions based on
hydrogel-nanoparticles. The novel products offer considerable future
potential to become nanostructure-mediated drug delivery and
release systems mainly because the essential ingredients and also
their compositions are almost biocompatible, non-toxic and non-
immunogenic, and biodegradable. Additionally, these delivery systems
provide a desired loading capacity with various types of chemicals
with different physicochemical and surface properties due largely to
pharmaceutical characteristics of NaCMC physically cross-linked
hydrogel and stealth polysorbates micelles. These polymeric matrices,
which contained POE, are crucially important to maintaining integrity
of the matrices and providing long circulating and extended drug
release. The novel delivery systems also minimize leakage during the

Figure 9: Schematic of NaCMC mucoadhesive hydrogel on the mucosa.
(Middle) In contact stage, an intimate contact between mucoadhesive gel matrix
and mucus is formed. (Right) In consolidation stage, NaCMC polymer chains
interpenetrate with mucus glycoprotein, carboxyl groups of NaCMC can bond
with hydroxyl end groups of oligosaccharide side chains of mucus protein,
providing a prolonged adhesion.

distribution, and protect sensitive chemical molecules. However,
these physically self-assembled hydrogels show the opposite gelation
property to conventional thermoresponsive hydrogels in biomedical
applications. We hypothesize in this study that the concentration
of polysorbates is one of the main reasons behind gelation of the
mixtures and also opaqueness of the produced gels. These new delivery
systems would be of great value to mucosal delivery regarding mucosal
penetration enhancers and mucoadhesion property.
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