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Abstract: Gellan gum is a hydrogel with several applications
in ultrasonic imaging, novel drug delivery, and tissue regenera-
tion. As hydrogels are dynamic entities, their viscocelastic and
therefore their acoustic properties change over time, which is
of interest to monitor. To determine the speed of sound from
brightness-mode images, however, rather large quantities of
hydrogel are needed. In this study, we investigated torsion
rheometry as a means to determine acoustic properties. Per-
ceived speeds of sound were derived and computed from tor-
sion rheometry measurements of gelating gellan gum mixed
with spermidine trihydrochloride crosslinker. For comparison,
brightness-mode ultrasonic images were recorded of the same
material inside a phantom well. The rheometry data converged
to a speed of sound within a standard devitation of the speed
of sound measured from the brightness-mode images. We have
shown that dynamic acoustic properties of gelating gellan gum
can be simulated and experimentally determined using torsion
rheometry.

Keywords: Hydrogel gelation, shear modulus, dynamic
modulus, acoustic imaging, B-mode, Zener model, perceived
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1 Introduction

Biocompatible hydrogels have been under investigation for
their role as tissue-mimicking phantoms, artificial cell niches,
and drug delivery vehicles [1–3]. An example of such a bio-
compatible hydrogel is gellan gum, a strong and thermally sta-
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ble polysaccharide gel [4]. Gellan gum has been used in med-
ical applications including cell culturing [5–8], imaging [4],
drug delivery [9], and tissue regeneration [10].

Gellan gum forms self-supporting hydrogels in the pres-
ence of cations [11]. During the sol–gel transition generally
referred to as gelation, crosslinking agents couple polymer
chains to form a three-dimensional network via radical, chem-
ical, or physical reactions [12]. Gelation increases both the
elasticity and the dynamic viscosity of hydrogels over time
[1]. This process may be accelerated or decelerated by exter-
nal factors, including temperature and sound [13], and may
even be inverted [14].

Real-time gelation monitoring is crucial in the develop-
ment of novel hydrogel applications. The measurement of the
gelation process is done by means of dynamic testing, e.g.,
with a rotating-plate rheometry setup, through which the dy-
namic moduli are determined [15]. Reliable outcomes of rhe-
ology experiments require less than a mL of testing mate-
rial. However, the outcomes of rheology experiments have not
been directly related to acoustics parameters. As a hydrogel
does not solely exist in one phase, and as it is inherently dy-
namic in its viscous and elastic properties, it is not straight-
forward how to relate the moduli measured to the speed of
sound. Conversely, ultrasonic imaging is rather straightfor-
ward, but inherently requires substantially larger quantities of
near-homogenous material, whilst small testing quantities re-
sult in notoriously inaccurate measurements. In addition to
measuring acoustic propagation, it has been of interest to de-
termine whether the gelation process can be monitored using
diagnostic ultrasound.

In this study, we monitored the gelation of gellan gum us-
ing diagnostic brighness-mode ultrasonic imaging. From these
images, we measured the speed of sound in gellan gum as
a function of time. This outcome was compared to the time-
dependent speed computed from rotating-plate rheometry ex-
periments.
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Fig. 1: Maxwell representation of a Zener model of an isotropic

hydrogel, adapted for shear strain and subjected to a periodic

displacement function x(t).

2 Theory

Let us consider an isotropic hydrogel undergoing periodic
shear displacement, whose Zener model is schematically
shown in Figure 1, similar to [16]. The displacement driving
function has the form x(t) = Asinωt, where A is the displace-
ment amplitude and ω is the angular displacement frequency.
The Maxwell representation of the Zener model separates a
storage component with elasticity E1 from a loss component
with dynamic viscosity η . For a hydrogel under consideration
here, the resistance to plastic deformation, E2, abides E2�E1.

Choosing a fixed phase angle in the oscillation cycle, we
can define a storage modulus function

G′(t) = E1

(
1− e−

E2
η t

)
(1)

and a loss modulus function

G′′(t) = η ω
(

1− e−
E2
η t

)
. (2)

Combining the storage and loss moduli yields the dynamic
modulus G∗, whose magnitude is given by [17]

|G∗(t)|=
√

G′(t)2 +G′′(t)2 . (3)

If the hydrogel is not gelating or not gelating anymore, no
crosslinking of polymers takes place, resulting in the dynamic
modulus to converge to the static shear modulus G(t = ∞).

If the medium is isotropic and homogeneous, and if Pois-
son’s ratio ν approximates 0.5, we may assume that Young’s
modulus equals 3G [17], and therefore

c(t) =

√
2G(t) (1+ν)

ρ
≈

√
3G(t)

ρ
, (4)

where c(t) is the speed of sound of the hydrogel and ρ is the
density of the hydrogel [18]. It should be noted, that the dy-
namic modulus itself cannot simply be related to acoustic pa-
rameters, unless t = ∞. In this study, however, we define a per-

ceived speed of sound c(t) based on the dynamic modulus,

c(t) =

√
3 |G∗(t)|

ρ
, (5)

which converges to the actual speed of sound at t = ∞:

lim
t→∞

c(t) = lim
t→∞

c(t) . (6)

3 Materials and methods

3.1 Gellan gum preparation

The materials for gellan gum preparation were acquired
from Merck KGaA (Darmstadt, Germany) unless stated oth-
erwise. G1910 Gelzan™ CM Gelrite (low acyl, Mw =

103 kg mol−1) was dissolved at 0.5% w/v in HEPES/sucrose
(25 mM, 10% w/v sucrose, pH 6.5) buffer at 50◦C for 30 min.
This gellan gum solution was stored at 4◦C but warmed to
37◦C prior to experiments. Henceforth, we refer to this poly-
mer solution as hydrogel precursor. For crosslinking, solutions
of spermidine trihydrochloride (2 mM in HEPES/sucrose) was
used in a 1:5 ratio of crosslinker to gellan gum.

3.2 Phantom preparation

An ultrasound phantom of dimensions 80.0×80.0×39.9 mm3

was produced as previously published [19], using Finax Psyl-
lium 85% kostfiber (Abdon Food AB, Helsingborg, Sweden)
instead of psyllium husk powder. Before pouring and cooling
the phantom material, a 15.8× 15.8× 39.9-mm3 cuboid well
was created with its proximal side at a distance of 32.2 mm
from the front plane of the phantom. Prior to ultrasonic imag-
ing experiments, the well was filled with prepared water (c =
1480 m s−1) for calibration, emptied, and subsequently filled
with gellan gum. The speed of sound of the phantom at exper-
imenting temperature was measured to be 1501±110 m s−1.

Fig. 2: Top view of the position of the ultrasound probe with re-

spect to the phantom and the cuboid well filled with optically trans-

parent hydrogel. A 1-SHP coin has been added for scale.
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Fig. 3: Brightness-mode images of the cross-section of a cuboid

well filled with gelating gellan gum at selected times (a–c) and a

control with prepared water (d).

3.3 Ultrasonic imaging

An HFL38x 13–6-MHz linear probe of a SonoSite® M-
Turbo® sonography device (Fujifilm Sonosite, Inc., Bothell,
WA, USA) was positioned in horizontal orientation with its
surface touching the front plane of the phantom, such that the
cross-section of the well was in the central field of view of
the probe, as shown in Figure 2. The sonography device was
operating in musculoskeletal pulsed brightness mode with a
penetration depth of 60 mm relative to the probe surface. Ul-
trasound pulses were indicated to have a mechanical index of
0.6 and a thermal index of 0.1. The machine settings remained
unaltered throughout the experiments.

A still frame was captured immediately after well filling.
The gellan gum poured was allowed to settle for four min-
utes, after which video clip recording commenced. Brightness-
mode video clips were collected continuously during the sub-
sequent 18 minutes. Thereafter, a brightness-mode still frame
was collected every five minutes.

3.4 Rheometry

Rheological time sweep experiments were performed with a
DHR-2 hybrid rheometer (TA Intruments, New Castle, DE,
USA) in torsion mode. For each torsion experiment, 400 μL
hydrogel was pipetted on the bottom plate of the rheometer,
after which the gap between plate and geometry was lessened
to 1500 μm. A quantity of 80 μL crosslinker was added whilst
the geometry was spinning at 7 rad s−1 during 7 s. Immediately
after this mixing procedure, a 60-min time sweep recording of
torsion analysis commenced. The oscillation strain amplitude
was 0.75% at an oscillation frequency of 0.75 Hz. For each
experiment, the measurement duration was limited to 1 hour.

3.5 Processing

All brightness-mode video clips were converted to still frames.
A total number of 8109 frames was processed. For each imag-
ing line in each brightness-mode image, the change in distal
well surface was determined by automatically selecting the

Fig. 4: Perceived speed of sound of gellan gum as a function of

gelation time, measured from brightness-mode ultrasonic images

(black with grey error bars), perceived from torsion rheometry

(blue), and simulated from rheometry input (red).

distal peak amplitude and converting the corresponding per-
ceived distance to speed of sound, knowing the true unchang-
ing distances to both well surfaces.

For each rheometry measurement, the dynamic modulus
magnitude was computed from the storage and loss moduli.
From (5) followed the perceived speed of sound, presuming a
constant hydrogel density of 8×102 kg m−3.

The respective moduli and the time-dependent speed of
sound in (1)–(6) were simulated using MATLAB® (The Math-
Works, Inc., Natick, MA, USA). The rheometry data at t =
3600 s were used as first input parameters, after which curve
matching was done manually.

4 Results and discussion

Figure 3 shows brightness-mode images of gelating gellan
gum inside the cuboid well at selected times. For comparison,
a frame has been added of the same well filled with prepared
water. In all four frames, critical refraction artefacts were ap-
preciated from the sides of the well perpendicular to the ultra-
sound probe [19]. Immediately after filling the well with gel-
lan gum, speckle was observed from inside the well. This can
be attributed to the presence of microbubbles entrapped in the
hydrogel as a result of pouring. Although gas presence would
lessen the speed of sound in a medium, the speed of sound of
gellan gum was initially higher than the speed of sound in pre-
pared water, as observed from the lower perceived distance to
the distal reflector. The distal reflector was perceived to shift
farther away from the proximal reflector over time. This indi-
cates that the speed of sound of gellan gum became less during
gelation. After one hour, the distal reflector was perceived to
be at the position of the control. This indicates that the speed of
sound after gelation had become the same as that of prepared
water.
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On overview of the speed-of-sound data collected from
brightness-mode images and rheometry is demonstrated in
Figure 4. In addition, a simulation curve has been added
based on the simulation parameters E1 = 0.50 GPa, E2

η =

1.7×10−3 Hz, and ηω = 20 MPa. The brightness-mode mea-
surements had an inaccuracy of more than 10%. The mea-
sured speed of sound was not observed to change notably af-
ter 1000 s. The speed of sound measured from the brightness-
mode images appeared to drop from 1542±211 m s−1 at 240 s
to 1481±176 m s−1 after 3600 s. The perceived speed of sound
computed from the rheometry data was computed to have risen
to 1379 m s−1 after 3600 s, a value 92.5% of the mean speed
of sound, but within the standard deviation of the brightness-
mode measurement. From the storage and loss modulus data
(not shown), it was confirmed that the gelation process was not
yet complete, as both moduli were still gradually increasing.

5 Conclusion

In this study, we demonstrated the feasibility of using rheom-
etry input for modelling and estimating the speed of sound
during the gelation of gellan gum. The instantaneous speed
of sound measured with brightness-mode ultrasound was ob-
served to range from 1542±211 m s−1 to 1481±176 m s−1

during one hour. For this specific hydrogel, the speed of sound
could be simulated from the dynamic modulus magnitude. The
perceived value after one hour was 7.5% less than the mean
speed of sound measured from brightness-mode images, but
within a standard deviation thereof. It is noted that the gela-
tion process was yet incomplete after one hour.
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