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Abstract The rheological behavior of the ultrasound-induced
gelation of poloxamer aqueous solutions (Pluronic F-127,
Sigma-Aldrich) is analyzed in this work. A new rheometric
technique is proposed in which ultrasonic pulses are applied to
the sample under shear flow. An ultrasonic transducer was
adapted to the lower plate of a controlled-stress rheometer
with a parallel-plate fixture (AR-1000 TA Instruments).
Solutions were tested under linear oscillatory-shear flow at
constant angular frequency in time sweeps with and without
ultrasound. The mechanical response of the ultrasound-
formed gels was evaluated under linear oscillatory and instan-
taneous stress relaxation tests. Results suggest that these solu-
tions produce “weak gels” according to the Winter-Chambon
criterion.
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Introduction

Ultrasound-induced gelation of organic liquids has been
recognized as a new method to elaborate products with

novel molecular architectures (Bardelang 2009).
Recently, several gels made of organic liquids have
been successfully produced (Lu et al. 2015; Mahapatra
and Dey 2015; Isozaki et al. 2007), for instance,
ultrasound-induced gelation has been used to obtain
nano-structured hydroxyapatite (Lu et al. 2015).

Diseases of the ocular surface are usually treated with partic-
ular pharmaceutical dosages and methods (Greaves and Wilson
1993). Conventional ophthalmic-topical delivery systems often
result in poor bioavailability and therapeutic response due to eye
protective mechanisms (Edsman et al. 1998). Tears and blinking
cause rapid drainage of the formulation, and the corneal contact
is very short so that the bioavailability of the active agent is low.
As a result, the suitability for ophthalmic treatment is reduced,
because a more-frequent dosing and higher concentrations of the
drug are required to prevent rapid dilution (Greaves and Wilson
1993; Gratieri et al. 2010).

Transparent-gel delivery (in-situ) systems last longer in the
eye than conventional eye drops, and they have better toler-
ance than inserts and ointments (Greaves and Wilson 1993;
Preetha et al. 2010). However, as it is the case with ointments,
gels are also difficult to produce (Preetha et al. 2010). It has
been suggested that manufacturing problems can be overcome
using in-situ gelling systems. Theymay be produced primarily
as a solution, wherein the gel is formed as a result of a phys-
icochemical change induced by external methods such as ul-
trasound waves (Edsman et al. 1998; Gratieri et al. 2010).
Ophthalmic in-situ gels show advantages, such as the ease of
administering accurate and reproducible quantities, in contrast
to already-formed gel formulations which would require prop-
er shaping for different uses (Preetha et al. 2010). Therefore, it
is important to search for free-flowing liquid formulations at
environmental conditions that would fill correctly the eye sur-
face and readily undergo a post-administration phase transi-
tion to form a semi-solid gel. Moreover, the formulation
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should be able to withstand shear forces and support drug
release under ocular conditions.

Poloxamers are non-ionic bi-functional tri-block copoly-
mers (Gratieri et al. 2010) comprising a central block of
relatively-hydrophobic polypropylene oxide attached on both
sides to blocks of relatively hydrophilic polyethylene oxide
(Gratieri et al. 2010; Patel et al. 2009). Poloxamer solutions at
low temperatures are liquids, but when temperature ap-
proaches the critical micelle temperature, interaction ofmethyl
groups with water molecules is weakened by heat (Dumortier
et al. 2006; Escobar et al. 2006). As temperature increases, the
proportion of dehydratedmethyl groups increases. In addition,
a phase of hexagonal-packed cylinders (formed by multi-
micellar aggregates) leads to gel formation at higher tempera-
tures (Artzner et al. 2007). This molecular conformation can
be achieved by taking advantage of the properties of ultrasonic
waves to promote gelation.

Poloxamer gels are characterized by the ability to be drug-
carriers of significant amounts of particular drugs while being
bio-degradable, non-toxic, stable, and suitable controlled-
release agents (Patel et al. 2009; Baloglu et al. 2011;
Dumortier et al. 2006; Escobar et al. 2006). They are used in
pharmaceutical formulations as surfactants, emulsifying
agents, and dispersing agents (Patel et al. 2009; Escobar
et al. 2006; Domb et al. 1998). In this context, rheological
measurements are a very useful tool to characterize both flow
and structural properties of these solutions under stress or
strain tests (Edsman et al. 1998).

Fig. 1 Modified rheometer with fitted ultrasonic transducer

Fig. 2 a–d. Linear oscillatory time sweeps for poloxamer-407 solution
without gentamicin (a) and with gentamicin (b) at 1 Hz oscillatory
frequency with simultaneous ultrasound application of 40 Hz and 75 W

and linear oscillatory time sweeps for poloxamer-407 solution without
gentamicin (c) and with gentamicin (d) at 1 Hz oscillatory frequency with
simultaneous ultrasound application of 60 Hz and 75 W
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Scarce studies have been reported on the effect of
ultrasound on the rheological response of complex ma-
terials. Studies have been made in a curing resin under
dynamical-mechanical tests in which the propagation of
low-frequency ultrasound waves is used to measure the
sound velocity (storage modulus) and attenuation (loss
modulus) (Lionetto and Maffezzoli 2013). In the present
work, ultrasound waves are used to induce a gelation
reaction instead.

In this work, a new experimental set-up has been
designed to simultaneously measure the rheological re-
sponse of a system and the effect of the application of
ultrasound in the transverse direction to the flow. The
main objective of this study is the analysis of the ef-
fect of ultrasound on the gelation process of a
poloxamer solution (Pluronic F-127 in water) under
controlled-flow conditions. The ultrasound-formed gels
are characterized by linear oscillatory flow in a con-
ventional stress-controlled rheometer (AR-G2, TA
Instruments) and under instantaneous stress relaxation
tests.

Materials and methods

Gels preparation

Poloxamer 407 (Pluronic F-127®, Sigma-Aldrich) solu-
tions were prepared by the cold method using a
phosphate-buffered saline solution (0.1 M, pH 7.4) as
solvent. The required poloxamer amount for each solu-
tion was slowly added to the cold solvent (at approx.
8 °C) under magnetic stirring (300 rpm) until a clear
solution was obtained (the mix was kept under stirring
at 5 °C for at least 24 h). Samples were sterilized by

filtration through a 0.22 μm pore membrane and stored
under refrigeration. Pluronic F-127 (10 wt.%) samples
were prepared with a phosphate-buffered saline solution
(PBS) as solvent, with and without gentamicin at
1 wt.% as active agent.

Rheological tests

Solutions were tested under linear viscoelastic time
sweeps with simultaneous ultrasound application to
monitor the gelation process. The resulting gel was
characterized under linear oscillatory frequency sweeps
and stress relaxation tests at room temperature (25 °C).
A controlled-stress rheometer (AR-1000 TA Instruments)
was modified to fit an ultrasonic transducer replacing
the lower plate (Fig. 1). Rheological measurements were

Fig. 3 Linear oscillatory time
sweeps for poloxamer-407
without gentamicin solution at
1 Hz oscillatory frequency in the
absence of ultrasound

Fig. 4 Gel produced on the rugged transparent plate corresponding to the
sample of Fig. 3
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made by simultaneously applying ultrasonic pulses at a
fixed frequency (40 or 60 Hz) with 75 W power output
(Sanchez-Solis et al. 2013). A 40-mm parallel plate ge-
ometry (upper plate rugged), with a gap of 1000 μm
was used. Time sweeps were performed with blank so-
lutions with and without active agent (gentamicin)

recording the elastic modulus as a function of time.
No mechanical interference was observed with the
torque signal during ultrasound applications. A second
rheometer was used to characterize the ultrasound-
formed gels (AR-G2, TA Instruments) performing in-
stantaneous stress relaxation tests and small amplitude os-
cillatory shear (SAOS) measurements.

Scanning electron microscopy

Sample preparation of the poloxamer 407 (Pluronic
F-127®, Sigma-Aldrich) gel for scanning electron mi-
croscopy (SEM) measurements has been described
elsewhere (Medina-Torres et al. 2006). Primarily, the
sample was freeze-dried (K40 8C, 50 mbar for 3 h).
The lyophilized sample was placed on an aluminum
slide using an electrically conductive tape (Bal-Tec,
Fürstentum Liechtenstein, Germany) and coated with
gold at 10 mbar for 90 s (Polaron SC-7610, Fisson
Instruments, CA, USA). The images were obtained
w i t h a s c ann i n g e l e c t r on m i c r o s c ope Le i c a
Stereoscan S420i (Cambridge, England).

Fig. 6 a, b Instantaneous stress
relaxation tests for the gels
produced under ultrasound at
10 wt.% a without gentamicin
and b with gentamicin

Fig. 5 Frequency sweeps of the gels produced under ultrasound
(poloxamer-407 solution without gentamicin)
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Results and discussion

Ultrasound gelation

Time sweeps of the evolution of moduli G′ and G″ of the
poloxamer solution with ultrasound are shown in Fig. 2.
In the absence of ultrasound, the sample is initially stabi-
lized under a linear oscillatory time-sweep at a fixed fre-
quency of 1 Hz during 10 min. Under ultrasound, the
viscous and elastic moduli are monitored throughout the
entire test. In Fig. 2, a predominant viscous behavior is
observed at the beginning of the test with the viscous
modulus (G″) dominating over the elastic modulus (G′),
as expected for a viscous liquid (see Fig. 3). After
600 s of ultrasound application (a vertical line in the fig-
ure signals the initiation of the ultrasound application pro-
cess at 1500 s), a sudden increase in the moduli at ap-
proximately 2500 s (Fig. 2a) signals the onset for the
gelation kinetics leading to a build-up of a gel-like net-
work in the sample. A crossover of the curves (G′ = G″)
is observed at approximately 3000 s after which G′ is

expected to exceed the viscous modulus G″ (onset for
solid-like behavior) (Winter and Chambon 1986), but gel
breakage occurs caused by volume changes in the sample.
The gel produced under these conditions is shown in
Fig. 4.

The same protocol was followed for the poloxamer solu-
tion with gentamicin (Fig. 2b). In this case, gelation is faster
since the sudden increase of the moduli begins almost imme-
diately upon ultrasound application, and the equal-modulus
point is reached at 2000 s. With regard to the applied ultra-
sound waves, various frequencies were tested in the range
1–100 Hz. However, gelation was only induced at 40 and
60 Hz. At 40 Hz, gelation times amount to 50 min without
gentamicin (Fig. 2a) and 30 min with gentamicin (Fig. 2b),

Fig. 7 a, b Master curve of the
stress relaxation with various
applied strains for gels produced
under ultrasound a without
gentamicin and bwith gentamicin

Table 1 Stress relaxation slopes of the gels produced with ultrasound.
Poloxamer-407 solution at 10 % with and without gentamicin

% strain Slope 1 (fast) Slope 2 (slow)

Without gentamicin 0.5859 0.1267

With gentamicin 7.58 0.1951
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while at 60 Hz the gel reaction is slowed (gelation starts after
1 h of ultrasound application with gentamicin, see Fig. 2d) and
no gelation was observed after 2 h without gentamicin (see
Fig. 2c).

When the same procedure is followed in the absence of
ultrasound, no gel production is observed (Fig. 3), but only a
slight increase in the moduli probably due to evaporation.
Effectively, gelation is solely induced by the ultrasonic waves
applied to the sample during the rheological measurements.

Gel rheological characterization

To characterize the ultrasound-produced gels, care was
taken in switching-off the ultrasound immediately after
gelation to avoid gel breakage. The gels produced were
removed from the lower plate and placed in another
rheometer (AR-G2, TA Instruments) to perform frequen-
cy (SAOS) and stress relaxation tests. Figure 5 shows
the SAOS data of gels produced under ultrasound with-
out gentamicin. The moduli correspond to a gel with
frequency-independent behavior and with a predominant
storage modulus (G′ > G″).

Figure 6a and b showed the normalized instantaneous
stress relaxation tests at various initial strains for the gel
produced under ultrasound. It is interesting to note that
all stress relaxation curves have similar terminal behav-
ior at long times, i.e., all curves have the same terminal
quasi-plateau which is an indication of power-law be-
havior as predicted by Chambon and Winter (1987).
The lower curve in Fig. 6a is that corresponding to
the largest strain, illustrating two different slopes, one
at short times (initial slope) and the other at long times

(terminal behavior). As the strain is increased, the
curves show a gradual slope increase corresponding to
the fast mode, indicative of potential curve-superposi-
tion. The data of the gels produced under ultrasound
with gentamicin (Fig. 6b) show a similar tendency.

The curve with the largest applied strain (lower
curve, Fig. 6a, b) was taken as the reference (envelope
curve). Superposition is obtained (Fig. 7a, b) by shifting
all curves in the vertical and horizontal directions. Two
different slopes are observed in the master curves,
namely, the slope corresponding to the initial relaxation
mode and that of the terminal quasi-plateau behavior.
The slope of the initial relaxation is characteristic of
the power-law gel behavior (Ng and McKinley 2008).
It is interesting to note that the terminal behavior is
independent of the gentamicin content since both master
curves have approximately the same slope (Fig. 7a, b).
However, the initial slope illustrates a faster relaxation
for the system with gentamicin, which is associated with
the molecular interaction of gentamicin with the

Fig. 8 Phase angle as a function
of frequency obtained from
SAOS data for poloxamer-407
solutions and gels produced with
ultrasound

Table 2 Frequency at
the gel point from Fig. 8 Concentration Frequency (rad/s)

10 % 1050

10 % gentamicin 1300
Fig. 9 SEM image of the poloxamer gel corresponding to Fig. 2a. 1 Hz
oscillatory frequency with simultaneous ultrasound application of 40 Hz
and 75 W
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poloxamer. Values of the slopes corresponding to the
relaxation master curves are reported in Table 1.

The gelation-point of the gel produced with ultrasound was
revealed by extrapolation of the phase-angle curve as a func-
tion of frequency (Fig. 8) from the SAOS data. In this case, the
two characteristic mechanical spectra, one obtained before
ultrasound application (viscous solution behavior) and the
other one measured after ultrasound application (gel behavior,
Fig. 5) are compared in Fig. 8. As stated by Winter and
Chambon (1986; Chambon and Winter 1987), phase-
angle curves obtained from gelled systems should cross
at the gel point. In the present analysis, it is not possi-
ble to arrest the gelation process to measure the devel-
opment of the reaction as a function of time, but, in-
stead, only the initial and final stages are sufficient to
determine the gel point (Table 2).

SEM micrographs reveal that micro-phase separa-
tion is absent in the resulting gels (see Fig. 9). The
gel exhibits a 3D network with homogeneous distri-
bution of pore sizes. This is consistent with the linear
viscoelastic characterization of the gels where the
storage modulus, G′ is larger than the loss modulus
G″. Similar observations by Nnamani et al. (2013) on
gentamicin sulfate hydrogels concluded that the
poloxamer 407 based-hydrogels exhibit the best in-
vitro performance.

Conclusions

A novel experimental set-up consisting in a rheometer adapted
with an ultrasound transducer enables the analysis of ultra-
sound-induced gel behavior in linear oscillatory time sweeps.
Loss and storage modulus were monitored simultaneously as
ultrasound was applied to poloxamer solutions under linear
oscillatory shear flow. This new rheometric technique allows
the characterization of the effect of ultrasound waves on com-
plex materials under controlled-flow conditions.

The ultrasound-induced gelation is promoted when genta-
micin is added to the poloxamer solution. The ultrasound-
induced gel was characterized under oscillatory flow and
stress relaxation tests, exhibiting a uniform microstructure
with homogeneous pore-size distribution.

The gelation point and characteristic gel constants were
reported for this system. Results indicate that these solutions
produce weak gels according to the Chambon and Winter
criterion.

Finally, this work reveals that ultrasound-induced
poloxamer gels are real alternatives to classical temperature-
induced gels in view of their potential in-situ application for
ophthalmic drug-delivery systems. The issue concerning fur-
ther applications of this technique is currently under
investigation.
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