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ABSTRACT

In the present study, gelatine - based hydrocolloids with glass microbubbles were designed and investigated as 
potential tissue mimicking materials for adipose and lung tissues in Computed tomography. Hydrocolloids contained 
0.04 or 0.08 g mL-1 gelatine and glass microbubbles in the range 0.04 - 0.28 g.mL-1. Hounsfield units were derived 
for voltages in the range 70 - 120 kVp. All obtained values were negative with limits from about - 10 HU to about 
-445 HU. Mechanical performance was also investigated, giving comparatively high Young’s modulus up to about 
1.2 MPa. Hounsfield units’ further decrease might be possible by 3D printing of the hydrocolloids, when printed 
with a speed from 60 to 90 mL h-1, at a minimum temperature of 40oC.  Printability is limited up to 0.20 g mL-1 glass 
microbubbles concentration.
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INTRODUCTION

Growing concerns on human health issues raises 
question on appropriate care in the imaging diagnostics. 
It is especially important for modalities employing 
ionizing radiation, such as Computed tomography (CT). 
The professionals are now looking for opportunities 
to reduce the patient dose, without degrading the 
quality of the images, and to explore the possibilities 
for detecting new diseases, or diseases in their early 
stages, by appropriate adjustment and optimization of 
the equipment parameters. In carrying out these efforts, 
medical phantoms are used to replace real patients.

There is a broad spectrum of tested materials for 

mimic the real biological tissues but the production 
of phantoms from those materials very often requires 
special equipment, expensive compounds and it takes 
long production time [1, 2]. In addition, commercially 
available phantoms are suited to general purpose cases, 
such as equipment calibration. Going to personalized 
medicine, one demands phantoms for each particular 
case. Therefore they have to be made of cost - effective 
materials, with easy, eco - friendly and fast production, 
which can mimic broad spectrum of biological tissues.

Hydrogels meet these recommendations and can be 
easily shaped by pouring into moulds or filling cavities, 
matching exactly the desired anatomy [3]. In our 
previous works we demonstrated, that gelatine hydrogels 
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with different low budget fillers can be used as tissue 
mimic materials in CT for broad range of soft tissues 
such as liver, heart, and muscles [4, 5]. There were 
difficulties to find appropriate composition to mimic 
lung tissue and to a certain extent adipose tissue. For 
such materials, one needs filler with low density. Glass 
microbubbles (GMB) appear to present a potential for 
such low density filler, being already used in formulation 
of tissue mimicking phantoms for ultrasound guided 
breast biopsy training   [6], for B - mode imaging of the 
blood flow [7] for peripheral nerve blocks, a heart atrium, 
and a placental phantom for minimally - invasive fetal 
interventions in ultrasound [8], for diffusion kurtosis 
imaging for quality assurance in diffusion - weighted 
magnetic resonance imaging [9], for liver phantom for 
PET/CT [10], and for transmission X - ray imaging 
[11], showing a potential in the tissue mimic material 
formulations.

In the present work, gelatine hydrocolloids with 
glass microbubbles were fabricated and their potential to 
mimic adipose and lung tissue in computed tomography 
was investigate. Their mechanical performance was 
evaluated by means of Young’s modulus and gel 
strength, in connection with their practical usage.

EXPERIMENTAL

Materials
The main gel matrix consisted of gelatine (bovine, 

food grade, 250/260 Bloom, CAS 9000 - 70 - 8). Glass 
microbubbles (3M, Advanced Materials Division, QSM 
193.0 Company, USA. K20 type), with a concentration 
range 0.04 - 0.28 g mL-1 were used as filler. Their true 
density is about 0.20 g cm-3, with and an effective top 
size of 105 mm. GMB are hollow, so that they form a 
high air volume fraction in the hydrocolloids, like that of 
lung tissue. Distilled water (DW) (from MilliQ system) 
and Glycerol (Gly), (Rai him, Bulgaria, CAS: 56 - 81 - 5) 
were used as co - solvents in two different DW to Gly 
ratios 50:50 and 90:10. A disadvantage of water - only 
hydrogels is their short shelf life of about 2 weeks. 
Adding Gly increases the durability of the hydrogels to 
at least 1 year, according to our previous findings.

Gelatine - glass microbubbles hydrocolloids 
preparation

Two main types of hydrocolloids were prepared: 

0.08 g mL-1 gelatine concentration with 50 : 50 ratio 
(Series A), and 0.04 g mL-1 gelatine content with 90 :10 
ratio (Series B). In both cases, the GMB content range 
was 0.04 - 0.28 g mL-1. The GMB concentration of 0.28 
g mL-1 is the upper limit, since above it mixing with the 
gelatine solution is impossible.

The gelatine powder, measured with an accuracy of 
0.1 mg, was mixed with DW and left to swell for 10 mins 
at room temperature. Then the mixture was transferred 
onto magnetic stirrer, where it was heated to 63oC, and 
constantly stirred for 10 mins. GMB and Gly were then 
added and the final colloidal solution was further stirred 
for 10 mins at the same conditions. 

For CT tests, the hydrocolloid sols were poured into 
small sterile vessels and tested with the vessels. For 
mechanical testing, the hydrocolloid sols were poured 
into home - made holders, so that solid free standing 
cylindrical samples with diameter and height of 30 
mm were prepared. Due to high density differences, 
GMB and the main sol tend to phase separate (Fig. 1). 
Therefore, sols were manually stirred until reaching the 
gelation point to ensure the homogeneity of the samples. 
The samples were then stored at 4oC for about 24 h prior 
to the experiments.

Experimental methods
The main requirement for tissue mimicking 

materials for CT is their X - ray attenuation coefficients 
to coincide with those of the real biological tissues, in the 
employed diagnostic photon energy range [12]. Since 
the study is of a strictly applied nature, CT equipment 
(Somatom Definition AS64, Siemens, Germany) was 
used directly to determine the attenuation. We have 
used parameters, typical for CT tests: tube current of 

Fig.1. Computed tomography images of Series A samples 
mechanically agitated (left) and unagitated (right), with a 
GMB concentration of: (a) 0.04 g mL-1 and (b) 0.16 g mL-1. 
In unagitated samples, grey areas represent the GBM phase, 
separated from the gelatine sol (white areas).
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30 mAs and tube voltages in the range 70 - 120 kVp. 
Images were taken at a slice thickness 0.6 mm and the 
acquisition was 64 × 0.6 mm. X - ray attenuation was 
estimated in terms of Hounsfield units (HU) within 
regions of interest (ROI) of size 1.5 cm2 (Eq. (1)):

HU = [(μ - μH2O)/(μair - μH2O)] × 1000,		  (1)

where m, μH2O, and μair are the linear X - ray attenuation 
coefficients of the sample, water and air, respectively. 
DW, placed in the same container as the samples, was 
also tested. The HU values were derived from the CT 
images by the help of Singo.Via software, version 
VB60, with reconstruction kernel medium smooth, 
B30. The HU values of DW were 4 ± 43 (at 70 kVp) 
and 3 ± 42 (at 120 kVp). Note that the meaning of 
the values, given as deviations, represent the inherent 
voxels colour deviation, due to sample characteristics 
(water in a plastic container) and the chosen calculation 
algorithm (kernel). They are not standard deviations in 
the classical mean. Hence, similar deviations might be 
expected for the colloids as well. 

In the literature, values from -600 HU to -900 HU 
were reported for lung tissue and from -51 to -215 HU for 
adipose tissue but the equipment and the experimental 
conditions are often not specified. Therefore, we 
performed tests, at the same CT conditions, as those 
for the hydrocolloids, with fresh porcine tissues (less 
than 2 h post - mortem), considered to be very close to 
the human tissues. Our results [4] showed that adipose 
tissue had -15 ± 36 HU (at 70 kVp) and 23 ± 70 HU (at 
120 kVp), whereas for lung tissue the values were -609 
± 66 HU (at 70 kVp) and -611 ± 70 HU (at 120 kVp), 
when measured in the middle part of the organ, and -551 
± 69 HU (at 70 kVp) and -551 ± 70 HU (at 120 kVp) 
close to the edge. 

Lloyd Universal Instrument LS (Ametek) mechanical 
tester was used to evaluate the mechanical performance 
of the hydrocolloids: Young’s modulus, as a measure of 
sample elasticity; and gel strength, giving the mechanical 
resistance of the sample to compression forces, estimated 
as the force at maximum compression. Compression 
tests were performed at room temperature (22°C) in a 
cyclic loading. A preload of 0.1 N, and a preload speed 
of 0.1 mm s-1 were chosen. Loading was set to 40 % 
and unloading to 1 %. The cycles were performed at a 
rate of 0.2 mm s-1.

Scanning electron microscopy (SEM Philips 515) 
was used to reveal the morphology of the hydrocolloids. 
Samples for SEM were lyophilized in a chamber TOPT-
10B Lab Vacuum Freeze Dryer, Toption Instrument Co. 
Ltd, China. Prior to the tests, the samples were coated 
with a thin layer of gold-palladium alloy.

Printability of the colloids was investigated by the 
help of a syringe infusion pump, with a 20 mL syringe, 
filled with colloid. The temperature of the colloid was 
about 40oC. Flow rate varied from 60 to 95 mL h-1. The 
syringe was connected to a flexible hose, ending with a 
needle (three different diameters were tested: 0.34 mm - 
orange, 0.84 mm - green), and 1.36 mm - amber), so that 
the colloidal jet was injected onto a cold surface (-11oC) 
for rapid cooling, allowing the sol - gel transition was 
fast enough to maintain the initial jet size.

RESULTS AND DISCUSSION

In Fig. 2a, HU for Series A are given as a function of 
the GMB content for 4 different tube voltages. As seen, 
the HU cover a broad range of values down to -361 HU 
(at 70 kVp) and -394 HU (at 120 kVp). HU decrease 
exponentially with GMB concentration. In order to 
establish the tube voltage dependences, in Fig.2b HU 
values are given as a function of the voltage. For all 
GMB concentrations, the dependences are linear. After 
fitting the data, the intercept and slope dependences are 
used to derive a master curve of Series A hydrocolloids 
GMB dependence. The slopes (Fig. 3a) are negative, 
and their magnitude increases linearly with increasing 
GMB content: (R2 = 0.96512):

Slope = 0.033 (± 0.002) - 0.024 (± 0.002) × cGMB,                         
						      (2)
where cGMB is the GMB content in g mL-1, whereas the 
intercept dependence (Fig. 3b) is exponential (R2 = 
0.99949):

Intercept = 502 ( ± 7) exp[-cGMB  / 11.9 ( ± 0.5)]-367 ( ± 8)               
						      (3)

Eq. (2) and Eq. (3) can be used to calculate the 
needed GMB content to achieve particular HU value. 
The results show that this series can mimic adipose 
tissue and some solid nodules or benign and malignant 
tumours in the lungs (known for their higher density 
than the healthy lung tissue) but healthy lung tissue HU 
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were not achieved.
Series A has two main practical advantages: a) 

comparatively high gelatine content, which ensures 
mechanical and thermal stability, when stored in 
refrigeration; b) long shelf - life up to 1 year (at least). 
Unfortunately, the desired HU values for lung tissue 
were not reached. Further decrease can be achieved by 
lowering the gelatine and Gly concentrations. Hence, 
a new series (Series B) with 0.04 g mL-1 gelatine 

concentration and 90 : 10 DW to Gly ratio was prepared. 
The results for HU dependences on the GMB content 
and on tube voltage are presented in Fig. 4.

Similarly to the previous case, master equations 
for Series B were derived. The slopes (Fig. 5a) are 
negative and their magnitude increases linearly with 
increasing GMB content, similar to the previous case 
(R2 = 0.96936):
Slope = -0.12 (± 0.02) - 0.023 ( ± 0.002) × cGMB,       (4)

Fig.2. HU dependences for Series A on: (a) GMB content for different tube voltages, given in the figure; (b) the tube voltage, 
where GMB concentration is given in the figure in g mL-1. The dashed lines in (a) are for eye guidance only, whereas the 
solid lines in (b) represents linear fits of the data.

Fig. 3. GMB concentration dependences of Series A of: (a) the slopes; (b) intercepts. The data are taken from linear fits of 
the data, shown in Fig. 2b. The solid lines represent linear in (a) and exponential in (b) fits. HU stands for Hounsfield units.
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where cGMB is the GMB content in g mL-1, and the 
intercept dependence (Fig.5b) is exponential again 
(R2 = 0.97492):

Intercept = 548 (± 81) exp[-cGMB / 25 (± 6)] - 559 (± 
94)      						      (5)

The slope dependence of Series B is steeper in 
comparison to that of Series A, and all parameters in 
Eq. (5) are higher in magnitude with respect to those of 

Series A, Eq. (3). Series B gives the possibility to reach 
lower HU values up to -405 HU (at 70 kVp) and -445 
HU (at 120 kVp). The conclusion here is that in Series B, 
indeed the HU are lower but the challenge of obtaining 
HU of healthy lungs still remains.

Mechanical performance is important from two 
different reasons: 1) to have sufficient durability during 
usage and handling; 2) to check the potential of the 
hydrocolloids to be used as multimodal phantom 

Fig. 4. HU dependences for Series B on: (a) GMB content for different tube voltages, given in the figure; (b) the tube 
voltage, where GMB concentration is given in the figure in g mL-1. The dashed lines in (a) are for eye guidance only, 
whereas the solid lines in (b) represents linear fits of the data.

Fig. 5. GMB concentration dependences of Series B (a) the slopes; (b) intercepts. The data are taken from linear fits of the 
data in Fig. 4b. The solid lines represent linear in (a) and exponential in (b) fits. HU stands for Hounsfield units.
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materials, for instance in both CT and elastography. 
The results for both series are shown in Fig.6. Young’s 
modulus and the gel strength increase up to 0.20 g mL-1 
GMB concentration, showing a good compatibility 
between the gelatine matrix and the filler. These 
colloids benefit from the high elastic modulus and 
hardness of the GMB. At higher concentrations both 
parameters deteriorate, suggesting changes in the colloid 
microstructure. Nevertheless, all colloids remained 
intact after the tests and their mechanical performance 
is suitable for mechanical manipulation during daily 
usage. The values of Young’s modulus vary from 0.05 
to 1.2 MPa, being much higher than those of adipose 
(0.001 - 0.30 MPa) and lung (0.001 - 0.16 MPa) tissues, 
excluding potential multimodal (CT and elastography) 
applications of these colloids. Even though some authors 
used successfully similar hydrocolloids of gelatine, GMB 
and some more additives, as tissue mimicking materials 
for photoacoustic imaging of soft tissues, where matching 
of ultrasound velocity and attenuation were achieved, 
together with appropriate optical properties [13].

To gain deeper understanding on the processes, 
leading to the decreasing values of the mechanical 
parameters, the hydrocolloid morphology was revealed 
by SEM. Representative SEM images at varying 
co  -  solution concentration for 0.08 g mL-1 GMB 
content are shown in Fig.7. The hydrocolloids with DW 
only, 100:0 ratio (Fig. 7a) are highly porous. GMB are 

interlocked in the gelatine network, partially covered 
with gelatine. The network is denser (smaller pore sizes) 
in comparison to Series B (Fig. 7c). Gly has plasticizing 
effect, so that the gelatine - Gly - DW mixture forms 
shells around the individual GMB (Fig. 7b). At lower 
gelatine concentration porosity remains high and the 
shells have granular - like structure (Fig. 7d). Increasing 
gelatine content, in the presence of Gly, improves the 
structure in the sense that the shells are thicker and they 
look smoother.  Based on the results here, the decrease 
in Young’s modulus and gel strength at large GMB 
contents seems to be a consequence of the inability to 
form a stable gel due to the spatial limitation of contact 
between individual gelatine molecules as their volume 
fraction decreases.

Our observations so far showed that further 
reduction of HU by varying gelatine, Gly, and GMB 
is hardly achievable. Another option, already used in 
practice for obtaining phantom materials in medicine, is 
3D printing [14 - 17]. The initial conducted experiments, 
even requiring 3D process optimisations, showed good 
printability of all colloids with GMB content up to 0.20 
g mL-1. At higher contents, the sol was too dense to form 
jet. The colloids clogged the needle with the smallest 
diameter 0.34 mm but the jets flow smoothly and were 
constant in shape for the other needles (0.84 mm and 
1.36 mm diameters). Representative photographs of the 
printed free - hand filaments are given in Fig.8.

Fig. 6. GMB concentration dependences for both series of: (a) Young’s modulus; (b) gel strength. The dashed lines are 
eye guidance only.
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Fig. 8. Photographs of printed filaments from the investigated hydrocolloids of Series A: (a) 0.04 g mL-1 GMB, speed of 90 
mL h-1; (b) 0.04 g mL-1 GMB, speed of 95 mL h-1; (c) 0.08 g mL-1 GMB, speed of 50 mL h-1; (d) 0.08 g mL-1 GMB, speed 
of 85 mL h-1; (e) 0.08 g mL-1 GMB, speed of 90 mL h-1.

CONCLUSIONS

Hydrocolloids consisting of gelatine, distilled water 
and glycerol as co - solvents, and glass microbubble, as 
high air fraction filler, were prepared and their potential 
as tissue mimicking materials for adipose and lung tissue 
in Computed tomography was investigated. Hounsfield 
units of the hydrocolloids span between -10 HU (at 
70 kVp, Series A) to -445 HU (at 120 kVp, Series 
B), fully covering Hounsfield units of adipose tissue 
and corresponding to some hard nodules and benign 
or malignant tumours in lung tissue but the challenge 
remains to mimic healthy lungs. One possible way of 

further HU lowering would be a 3D printing of porous 
structures. We conducted preliminary studies, which 
showed good printability of the hydrocolloids up to 0.20 
g mL-1 GMB concentration, at speeds of 60 - 95 mL h-1, 
with a needle (nozzle) diameter of at least 0.84 mm.
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