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Abstract 

Materials with tailored acoustic properties are of great interest for both the development of tissue-mimicking 

phantoms for ultrasound tests and smart scaffolds for ultrasound mediated tissue engineering and regenerative 
medicine. 
In this study, we assessed the acoustic properties (speed of sound, acoustic impedance and attenuation 
coefficient) of three different materials (agarose, polyacrylamide and polydimethylsiloxane) at different 
concentrations or cross-linking levels and doped with different concentrations of barium titanate ceramic 
nanoparticles.  
The selected materials, besides different mechanical features (stiffness from few kPa to 1.6 MPa), showed a 

wide range of acoustic properties (speed of sound from 1022 to 1555 m/s, acoustic impedance from 1.02 to 

1.67 MRayl and attenuation coefficient from 0.2 to 36.5 dB/cm), corresponding to ranges in which natural 
soft tissues can fall. 

We demonstrated that this knowledge can be used to build tissue-mimicking phantoms for ultrasound-based 

medical procedures and that the mentioned measurements enable to stimulate cells with a highly controlled 

ultrasound dose, taking into account the attenuation due to the cell-supporting scaffold. Finally, we were able 

to correlate for the first time the bioeffect on human fibroblasts, triggered by piezoelectric barium titanate 

nanoparticles activated by low-intensity pulsed ultrasound, with a precise ultrasound dose delivered. 

These results may open new avenues for the development of both tissue-mimicking materials for ultrasound 

phantoms and smart triggerable scaffolds for tissue engineering and regenerative medicine. 

 
Keywords: Acoustic properties; mechanical properties; ultrasound phantoms; ultrasound cell stimulation; smart scaffolds. 

1. Introduction 

Tuning material physical properties is an effective way to engineer artificial or bioartificial systems for a 

wide range of biomedical applications. Materials with finely tuned features can indeed play a key role as 

synthetic replacements for biological tissues, substrates for tissue engineering, components of 

medical/surgical devices, drug delivery systems, diagnostic and array technologies and tissue-mimicking 

systems [1, 2]. In particular, material properties play a key role in two specific and rather distinct application 

domains, namely the development of tissue-mimicking phantoms for ultrasound (US) tests and the 

development of scaffolds for tissue engineering and regenerative medicine.  
Tissue-mimicking phantoms are an important tool for performance testing and optimization of medical US 

systems and photoacoustic devices, as well as for medical training [3]. US phantoms must closely reflect the 

 

 
* Corresponding author. Tel.: +39 050 883091. 

E-mail address: a.cafarelli@sssup.it. 



  

2 

typical acoustic properties, such as speed of sound (SoS), acoustic impedance (Z) and attenuation coefficient 

(α) of natural tissues in order to reproduce US images similar to those obtained in vivo conditions.  
US stimulation of cells and cell-seeded scaffolds has recently emerged as an intriguing tool to enhance 

certain cell responses in tissue engineering and regenerative medicine fields, by exploiting either direct 

mechanical effects [4, 5] or smart materials-based mediated ones [6, 7]. In this context, smart substrates can 

be defined as materials that are able to produce different types of stimuli (electrical, mechanical, thermal, 

chemical, etc.) and convey them to cells, once they are invested by a US wave. 

Whenever an acoustic wave interacts with materials positioned within the propagation path, the material 

acoustic properties deeply influence the US attenuation or reflection and thus the US dose actually delivered 

to cells. 

Therefore, an accurate knowledge of the acoustic properties (such as SoS, Z and α) of different materials is 

extremely useful both for the development of tissue-mimicking ultrasound phantoms and for the estimation of 

the effective dose to cells in ultrasound mediated tissue engineering applications.  
In this study, three polymers were considered: agarose (AG), polyacrylamide (PAA) and 

polydimethylsiloxane (PDMS). They have been extensively used in both tissue-mimicking phantoms and 

tissue engineering/regenerative medicine fields.  

In the field of tissue-mimicking phantoms, several materials were designed and characterized to be used as 

tissue-mimicking materials (TMMs) with the aim to tailor acoustic properties of tissues for specific 

applications in US-related medical fields [2]. 

The use of PDMS in this domain implies several advantages including stability, long-term duration and the 

possibility to mimic elastic properties of different tissues, making this material a valid solution for US 

phantoms in general and for elastography in particular. PDMS phantoms can be useful for surgical training, to 

simulate procedures such as biopsies and needle insertions and also for the development of new diagnostic 

strategies. However, silicone-like materials are usually discarded as TMMs for US phantoms, due to their 

high α (usually >2 dB/cm), low SoS (around 1000 m/s) and low Z (around 1 MRayl) [8] that make them 
rather different from natural soft tissues [9]. For the RT601 silicone, Zell et al. found a longitudinal SoS of 

1030 m/s, a Z of 1.10 MRayl and an α of 14 dB/cm (at 7MHz) [3]. In a study focused on the estimation of 

ultrasonic shear rate in vascular applications, Tsou et al. [10] reported the longitudinal SoS and the α of 

PDMS at different formulations. It was found that PDMS acoustic properties are very different from 

biological tissues, but they can be adjusted by changing the monomer/curing agent ratio (e.g. by changing the 

ratio from 1:10 to 1:5, the SoS increased from 1076,5 up to 1119.5 m/s and the α decreased from 21.30 down 

to 14.86 dB/cm, at 5 MHz). 

PAA shows very good acoustic properties and an acceptable stability over time, thus making it a good 

solution for US phantoms. A 10% PAA gel was used by Zell et al. [3]. The measured SoS (1580 m/s), Z (1.7 

MRayl) were within a suitable range for mimicking soft tissues, while  α (0.7 dB/cm at 5 MHz) resulted lower 

with respect to values shown by natural tissues. Prokop et al. proposed PAA gels at different concentrations 

as coupling media for focused ultrasound therapy [11]. Here, it was shown that acoustic properties varied 

linearly with acrylamyde concentration from 10% to 20% w/v: SoS ranged from 1546 to 1595 m/s, Z from 
1.58 to 1.68 MRayl and α from 0.08 to 0.14 dB/cm, at 1 MHz. 

PAA is also widely used for the fabrication of thermal phantoms, exploited, e.g., in the evaluation of high 

intensity focused ultrasound (HIFU) procedures [12, 13]. In these studies, PAA is commonly mixed with a 

thermosensitive material, such as bovine serum albumin (BSA) or egg-white, in order to become optically 

opaque when denatured [14, 15]. 

As reported by Culjat et al., AG-based materials are widely used for US phantoms, due to the ease of 

fabrication, good acoustic (and mechanical) properties and the possibility to easily incorporate additional 

ingredients [2]. Therefore, AG-based materials have been rather well characterized in the previous literature 

[16]. 

The main AG acoustic properties, which are anyhow strongly influenced by material formulation and 
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manufacturing techniques, are the following: SoS in the range 1498–1600 m/s, α in the range 0.04–1.40 

dB/cm and Z in the range 1.52–1.76 MRayls [17].  
Cannon et al. developed AG-based materials for the production of a heterogeneous breast phantom, 

mimicking different anatomical structures of the breast (glandular tissue, subcutaneous fat, pectoral muscle, 

areola, malignant and benign lesions) under US [18]. In this study, the authors kept a constant concentration 

of AG (3% w/v) and modified the concentrations of different dopant agents (glycerol, silicon carbide and 

aluminum oxide) in order to slightly change the acoustic properties. 

In addition to formulation, preparation conditions may play also an important role in determining the final 

properties of AG gels: Browne et al. found that AG SoS increases with increasing temperature by a rate of 

approximately 1.5 m s-1 °C-1, while changes in α are negligible [19]; Ross and colleagues found that mixing 

conditions also strongly influence mechanical and acoustic properties of agar gels [20]. 

In the field of tissue engineering and regenerative medicine, PDMS, PAA and AG materials have been also 

extensively used, especially for mechanobiological studies. Substrate mechanical and (in some cases) surface 
chemical properties regulate in fact important cells behaviors such as adhesion, proliferation and 

differentiation [21-26]. 

In recent years the use of ultrasound as a therapeutic tool is a continuously expanding field and can find 

different applications in medicine including tissue ablation, regenerative medicine, gene therapy and targeted 

drug delivery [27, 28]. 

Scaffolds are commonly used to support cells also during US stimulation experiments, both in vitro and in 

vivo. However, a proper knowledge of their acoustic properties is almost always lacking. This hampers to 

estimate the actual US dose delivered to the target and, as a consequence, makes US exposure poorly 

repeatable: it has been demonstrated that the uncertainty on US exposure, during in vitro experiments, can be 

up to 700% [29]. 

No insights on acoustic properties of PDMS, PAA and AG materials intended for the development of cells 

substrates were reported. 
To the best of our knowledge, a systematic analysis of acoustic characterization of PDMS, AG, PAA at 

different concentrations and cross-linking extents and doped with different concentrations of barium titanate 

(BaTiO3) nanoparticles, has been not performed yet.  

Ceramic BaTiO3 nanoparticles were selected as filler because their presence in the matrix can modify the 

mechanical properties of the composite [30, 31]. In addition, although no specific data are available in the 

literature, they were expected to affect also the acoustic properties of the matrix, similarly to other ceramic 

materials [8, 17]. Finally, it is known that BaTiO3 exhibits piezoelectric properties [32]. Therefore, when 

stimulated by US waves (mechanical inputs), they are able to generate local electrical charges that 

demonstrated to provide beneficial stimuli, thus enhancing cell adhesion, proliferation or differentiation [33]. 

Our hypothesis is that a precise measurement of such properties enables the development of tissue-

mimicking phantoms and a highly controlled US exposure of living cells, thus overcoming the uncertainties 
connected with US wave attenuation and reflection, due to the scaffold on which cells are seeded. 

Thus, in this paper we reported the acoustic characterization (speed of sound, acoustic impedance and 

attenuation measurements) of PDMS, AG and PAA and corresponding barium titanate-based nanocomposites. 

We also reported two case studies; the former is a simplified tissue-mimicking phantom and the latter is a 

smart scaffold for controlled US stimulation of cells, with the aim of correlating the bioeffects triggered by 

the interaction between piezoelectric nanocomposites and US waves with a precise US dose delivered. 
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2. Materials and methods 

2.1. Material preparation 

AG samples were prepared by dissolving agarose powder (Sigma-Aldrich) in deionized and degassed 

water (dd-H2O) at 6 different concentrations (2, 3, 4, 5.5, 6.5, 7.5 % w/v). Solutions were kept at 90° C for 1 h 

under continuous stirring and then cooled down at room temperature to allow material reticulation. 
PAA gels were produced at 6 different concentrations by varying the percentages of acrylamide (A) and 

Bis-acrylamide (B-A) (Sigma-Aldrich) in dd-H2O as follows: PAA5% (5%A, 0.1%B-A w/v), PAA7% (7%A, 
0.2%B-A w/v), PAA9% (9%A, 0.3%B-A w/v), PAA11% (11%A, 0.4%B-A w/v), PAA13% (13%A, 0.5%B-

A w/v) and PAA15% (15%A, 0.6%B-A w/v). All samples were supplemented with 1/200 v/v of 10% 

ammonium persulfate (Sigma-Aldrich) and 0.15% v/v of N,N,N',N'-tetramethylethylenediamine (TEMED, 

Sigma-Aldrich) to promote crosslinking reactions. 

PDMS samples (Sylgard 184, Dow Corning) were prepared in 6 different monomer/curing agent ratios 

(60:1, 50:1, 40:1, 30:1, 20:1, 10:1 w/w); the mixture was degassed under vacuum for 30 min, poured into 

proper molds and then thermally treated at 65°C, overnight.  

Three additional formulations for each class of material were produced by doping the stiffest formulation 

(AG 7,5%, PAA 13% and PDMS 10:1) with barium titanate nanoparticles (BaTiO3, 99.9% barium titanate, 

100 nm of nominal size, Nanostructured & Amorphous Materials, Inc). BaTiO3 nanoparticles were added in 

solution at 3 different concentrations (0.1, 1 and 10% w/v) before the reticulation process completed, to obtain 

homogeneous nanocomposites. 

To overcome the issue of a rather poor nanoparticle dispersibility in aqueous solutions (for PAA and AG 

gels), they were first mixed with a 0.1% w/v glycol chitosan (Sigma-Aldrich) solution and sonicated 

overnight (2510, Bransonic sonicator). This treatment guaranteed a polymer wrapping around nanoparticles, 

which enhanced their dispersibility and long-term stability [34]. Then, the glycol chitosan-wrapped 

nanoparticles were used to prepare the composite samples. Figure 1 summarizes the different sample types 

prepared and tested in this study. 

All material types were obtained through properly designed Teflon molds. Cylindrical specimens of 

diameter (d) = 30 mm and height (h) = 20 mm were used for acoustic tests.  

2.2. Acoustic characterization 

Material speed of sound (SoS) and attenuation coefficient (α) were measured by using an insertion 

technique (also referred as through-transmission technique), in which the unknown acoustic properties of the 

material under investigation were obtained from comparison with the properties of a reference material (i.e. 

water) [35]. The used experimental set-up is depicted in Figure 2a. The sample was positioned between a US 

transducer used as transmitter (WS75-2 or WS75-5, Ultran Group) and a needle hydrophone (0.2 mm, 

Precision Acoustics Ltd) used as receiver. dd-H2O was used as coupling medium and reference material. 

Sample and hydrophone were aligned along the main axis of the US transducer in order to maximize the 

acquired signal. 

The US transducer was driven by a wave generator (33220A, Agilent Technologies), connected in series 

with a 50 dB power amplifier (240L, Electronics & Innovation). A dedicated LabVIEW graphic user interface 

Figure 1. Schematic representation of material formulations used for preparing the different sample types analyzed in this 

study. 
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allowed the remote control of the wave generator and its synchronization with an oscilloscope (7034B, 

InfiniiVision, Agilent Technologies), from which the hydrophone signal was acquired at a 40 MHz sampling 

frequency. For all measurements, signals were mediated 10 times in order to significantly reduce noise. At 

least 3 independent samples for each formulation were tested. 

Material SoS was calculated according to Equation 1, where h is the sample thickness, ∆t is the delay 

between the time of flight measured in presence of the sample and the time of flight measured in absence of 

the sample. SoS in water (SoSw) was calculated as a function of temperature, by using the polynomial 

interpolation proposed by Marzak [36]. For a simple evaluation of the time of flight, the US transducer 

(WS75-2) was driven with a pulse signal (250 ns width and 5 ns edge time) and the maximum peak of the 

acquired signal was considered for time of flight estimation. An example of the acquired signals for SoS 

measurements in presence and in absence of the sample is shown in Figure 2b. 

Acoustic Impedance (Z) was calculated by multiplying SoS by material density (ρ), calculated as the ratio 

between sample mass and volume (Equation 2). Volume was assessed with a water-displacement technique 

[11], using a measurement sensitivity of 100 µL and using a Hirox microscope (Hi-scope KH-2700), mounted 

orthogonally to the liquid column in which the sample was immersed, to precisely discriminate volume 

changes. 

α was evaluated at 5 different frequencies (1, 2, 3, 4 and 5 MHz) using Equation 3, where Am and Aw are 

the root mean square of the acquired signal when the US transducer (WS75-2 for frequency f=1,2,3 MHz and 

WS75-5 for f=4,5 MHz) was driven with a sinusoidal tone burst of 40 cycles at frequency f in presence and 

absence of the sample, respectively, and h is the sample thickness. Representative signals acquired in presence 

and absence of the sample and used for α estimation are shown in Figure 2c. 

To validate the system, the SoS of castor oil (Eur. Pharm. Grade, Acros Organics), featured by well-

established properties and commonly used as acoustic reference material [37], was measured. The castor oil 

SoS value resulted 1508.8 ± 2.8 m/s at 28.8 °C, while α values were 0.85 ± 0.22, 2.68 ± 0.16, 5.02 ± 0.55, 

8.90 ± 0.32 and 12.22 ± 0.79 dB/cm for f=1,2,3,4 and 5 MHz, respectively. These values were in line with 

those ones reported in previous studies [38, 39], thus confirming the reliability of the described set-up. 
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Figure 2. (a) Scheme of the experimental set-up used for speed of sound (SoS) and attenuation (α) measurements. Examples of 

signals acquired for SoS (b) and α (c) evaluation: reference signals (corresponding to water) and sample signals are represented 

with black and red lines, respectively. 
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2.3. Tissue-mimicking phantom development and ultrasound imaging 

In order to demonstrate the possible application of the tested materials as tissue-mimicking phantoms for 

US tests, a simplified cirrhotic liver phantom [40-42] was fabricated. 

Typical echoes of US imaging are mainly caused by differences in the acoustic impedance of materials (Zi) 

at their interfaces. Thus, in order to reproduce an echographic representation of the interface similar to that 

one of a real cirrhotic liver in presence of ascites, materials showing a reflection coefficient (γr, Equation 4) 

matching the one of the real tissues were selected.  

The phantom was built by using two different AG formulations. The liver was made of AG 7.5% BaTiO3 

10% and fabricated by reflecting the main anatomical features of the native tissues. To this aim, a dedicated 

mold developed through a 3D printer (3DSystem Projet HD 3000) was used. The upper layer of the phantom, 

mimicking the properties of the surrounding ascites, was made of AG 2% and obtained by dropping the agar 

solution on top of a AG 7.5% BaTiO3 10% substrate, previously casted in the mold. US images were acquired 

by using an Esaote CA430E conventional 2D imaging convex ultrasound probe (Esaote) with a curvature 

radius of 40 mm and a working frequency of 3.5–5 MHz, positioned perpendicular to the liver/ascites 

interface. 

2.4. Cell cultures and ultrasound exposure experiments 

In order to minimize the typical exposure errors due to the use of commercial plastic well plates [29], 

custom culture wells with a Teflon structure and a 20 µm US-transparent polystyrene film with cells cultured 

on it were used for ultrasound cell stimulation experiments. First, polystyrene membranes were coated with 

collagen, to maximize their cell adhesiveness. They underwent oxygen plasma treatment (50 sec, 50 W) 

(Plasma Cleaner, Gambetti s.r.l.) and subsequent incubation with a 100 µg/mL collagen solution (Sigma-

Aldrich) for 6 hours at 37 °C. Before cell seeding, samples were sterilized through UV light irradiation for 30 

min. 

Normal human dermal fibroblasts (nHDFs, purchased from Lonza, cat. CC-2511) were used for cell 

stimulation experiments. Cells were cultured in standard medium composed of 90% Dulbecco’s Modified 

Eagle’s Medium (DMEM, Euroclone) supplemented with 10% Fetal Bovine Serum (FBS, Euroclone), 100 

IU/mL penicillin (EuroClone), 100 mg/mL streptomycin (EuroClone) and 2 mM Lglutamine (Sigma-

Aldrich). During culture, the cells were maintained at 37 °C in a saturated humidity atmosphere containing 

95% air and 5% CO2. nHDFs (passage, 10) were seeded on the collagen-coated polystyrene membranes at a 

density of 3,000 cells/cm2. Twenty-four h after seeding, cells underwent ultrasonic stimulation. 

To this purpose, the Teflon structures holding the cell-seeded polystyrene membranes were filled of culture 

medium, sealed with parafilm, immersed in dd-H2O and stimulated using an unfocused immersion ultrasound 

transducer (WS75-2, Ultran Group) previously calibrated and driven by a 1 MHz sinusoidal signal in pulsed 

mode (10 ms of burst period and 20% of duty cycle). The exposure time was set to 3 min and three different 

intensities (spatial peak pulse average, in the target) within the typical exposure regime of Low Intensity 

Pulsed Ultrasound (LIPUS) stimulation, were used: 200 mW/cm2, 800 mW/cm2 and 1600 mW/cm2. This 

exposure regime was previously demonstrated to be safe [43] and effective in enhancing the proliferation of 

fibroblasts already at 200 mW/cm2 [44]. 

(4) 
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Two additional exposure experiments were performed by interposing two different attenuating materials 

(PDMS 10:1 and PDMS 10:1 BaTiO3 10%) between the transducer and the cells. The materials were put into 

contact with the bottom side of the polystyrene membrane (the opposite side respect to the one covered by 

cells). The two materials were featured by a thickness of 12 and 4 mm, respectively, in order to attenuate half 

of the US dose delivered (1600 mW/cm2). The attenuation was properly calculated by exploiting the results of 

acoustic characterization, reported in the next sections. Overall, the US dose at the target, with the mentioned 

materials interposed, resulted 800 mW/cm2. Overall, six sample types were compared in US cell stimulation 

experiments: (1) samples stimulated at 200 mW/cm2, (2) samples stimulated at 800 mW/cm2, (3) samples 

stimulated at 1600 mW/cm2 , (4) samples stimulated at 1600 mW/cm2 but with a 12 mm, PDMS 10:1 material 

interposed, thus resulting in an overall dose of 800 mW/cm2, (5) samples stimulated at 1600 mW/cm2 but with 

a 4 mm, PDMS 10:1 BaTiO3 10% material interposed, thus resulting in an overall dose of 800 mW/cm2 and 

(6) untreated controls. 

The bioeffects triggered by US exposure were evaluated 24 h after stimulation experiments. At this time-

point, samples were analyzed in terms of DNA content, to quantify the cell proliferation rate. Samples were 

rinsed three times with PBS (Euroclone), then 500 µL of milli-Q H2O were added for each sample. Proper cell 

lysates were then obtained by two freeze/thaw cycles and ultrasonication. The DNA content in the cell lysates 

was measured by using the PicoGreen kit (Thermo Fisher Scientific). The PicoGreen dye binds to DNA, and 

the resulting fluorescence intensity is directly proportional to the DNA concentration. 50 µL of each sample 

were loaded for quantification in each well of a 96-well black microplate, together with working buffer and 

PicoGreen dye solution (100 and 150 µL/well, respectively), prepared according to the manufacturer 

instructions. After 10 min of incubation in the dark at room temperature, fluorescence intensity was measured 

through a microplate reader (Victor X3, Perkin Elmer), using an excitation wavelength of 485 nm and an 

emission wavelength of 535 nm. Four independent samples were analyzed for each sample type and each 

sample was read in triplicate in the microplate.  

At the same time-point, cell number and shape were also qualitatively investigated, by using calcein AM 

imaging (Molecular Probes, L3224). Briefly, after removing the culture medium, the samples were rinsed 

with PBS. Then, 2 µM calcein AM in PBS was added and samples were incubated at 37 °C for 20 min. The 

samples were finally observed with an inverted fluorescent microscope (Eclipse Ti, FITC/TRITC filters, 

Nikon) equipped with a cooled CCD camera (DS-5MC USB2, Nikon) and with a NIS Elements imaging 

software. 

3. Results and Discussion 

3.1. Acoustic Characterization 

The results of SoS and Z measurements are reported in Figure 3. The average SoS values were in the range 

from 1490.0 to 1512.1 m/s for AG (Figure 3a), from 1514.2 to 1555.4 m/s for PAA (Figure 3c) and from 

1021.6 to 1054.7 m/s for PDMS (Figure 3e). 

There was a clear trend of SoS values, which increased in correspondence to more concentrated solutions 

or more cross-linked formulations for each class of material. By contrast, the presence of nanoparticles in the 

matrix generally resulted in a decrease of SoS values. 

The average values of Z ranged from 1.490 to 1.643 MRayls for AG (Figure 3b), from 1.535 to 1.667 

MRayls for PAA (Figure 3d) and from 1.017 to 1.129 MRayls for PDMS (Figure 3f), with greater values in 

correspondence to more concentrated or more cross-linked formulations, similarly to SoS results. Doped 

materials generally showed higher Z values in comparison with non-doped counterparts, with the exception of 

PAA samples. 
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Such results confirm previous findings [3, 9] and further expand the knowledge on acoustic properties of 

these material classes, by analyzing a broader formulation range and BaTiO3 nanoparticle-based composites. 

The presence of BaTiO3 reduced speed of sound. This may appear as counterintuitive, but it is confirmed by 

other studies reporting reduced SoS values for materials provided with metal or ceramic fillers, in comparison 

with non-doped controls [8]. A different trend can be observed for Z measurements, probably because the 

decreased speed of sound was compensated by the higher density values of nanocomposites. SoS and Z 

numerical values for all sample types are reported in Table S1 (AG), Table S2 (PAA) and Table S3 (PDMS). 

Regarding α measurement, results are reported in Table 1 for AG, Table 2 for PAA and Table 3 for PDMS, 

for US frequencies ranging from 1 up to 5 MHz. 

The measured α of non-doped AG and PAA materials are in-line with typical values of hydrogels [11, 17], 

with values smaller than 1 dB/cm. PDMS samples showed significantly higher α values in comparison with 

AG and PAA samples, up to 17.63 dB/cm (PDMS 20:1 @ 5MHz) and 36.48 dB/cm (PDMS 10:1 BaTiO3 

10%, @5MHz). Although a trend was rather clear (α values increasing with material concentration), no 

statistically significant differences are always evident between different concentrations of non doped 

materials. Statistically significant differences were found almost between doped and non-doped materials, at 

high nanoparticle concentrations, demonstrating that the adjunction of BaTiO3 statistically increases the 

attenuation coefficient of AG, PAA and PDMS. Doped materials showed in fact α values up to 10.46 dB/cm 

for AG (AG 7.5% BaTiO3 10%, @5MHz), 3.13 dB/cm for PAA (PAA 15% BaTiO3 10%, @5MHz) and 

36.48 dB/cm (PDMS 10:1 BaTiO3 10%, @5MHz). The variation of acoustic properties due to BaTiO3 

nanoparticles had been never analyzed before. Figure S1, S2 and S3 show graphical representations of α 

measurements. 

Figure 3. Speed of Sound (SoS) and Acoustic Impedance (Z) for the tested materials: (a) AG SoS; (b) AG Z; (c) PAA SoS; (d) PAA Z; 

(e) PDMS SoS; (f) PDMS Z. Gridded bars refer to samples doped with BaTiO3 nanoparticles. At least 3 independent samples were tested 

for each sample type. *=p<0.05, **=p<0.01. 

Table 1. Attenuation Coefficient α (average ± SD) for AG and related nanocomposites. At least 3 independent samples were tested for 

each sample type. Statistical comparisons refer to values on each column: each sample is compared with the one reported in the row 

immediately above. *=p<0.05, **=p<0.01. 

MATERIAL FORMULATION 
α (dB/cm) 

1 MHz 2MHz 3MHz 4MHz 5MHz 

AG 2% 0.18 ± 0.14  0.16 ± 0.12  0.23 ± 0.19  0.27 ± 0.11  0.26 ± 0.14  

AG 3% 0.21 ± 0.16 0.22 ± 0.12 0.27 ± 0.11 0.43 ± 0.26 0.33 ± 0.22 

AG 4% 0.27 ± 0.23 0.39 ± 0.25 0.35 ± 0.25 0.52 ± 0.30 0.32 ± 0.22 

AG 5.5% 0.33 ± 0.22 0.40 ± 0.31 0.39 ± 0.18 0.62 ± 0.14 0.88 ± 0.30 (*) 

AG 6.5% 0.28 ± 0.16 0.27 ± 0.20 0.33 ± 0.23 0.54 ± 0.20 0.78 ± 0.21 

AG 7.5% 0.39 ± 0.19 0.47 ± 0.23 0.41 ± 0.17 0.76 ± 0.23 0.99 ± 0.16 

AG 7.5% BaTiO3 0.1% 0.58 ± 0.32 0.55 ± 0.28 0.44 ± 0.32 0.97 ± 0.50 1.40 ± 0.35 

AG 7.5% BaTiO3 1% 0.96 ± 0.61 1.48 ± 0.72 (*) 1.11 ± 0.62 1.75 ± 0.55 (*) 2.42 ± 0.93 

AG 7.5% BaTiO3 10% 6.97 ± 1.03 (**) 6.76 ± 1.86 (**) 8.28 ± 2.15 (**) 9.38 ± 1.47 (**) 10.46 ± 1.22 (**) 
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Table 2. Attenuation Coefficient α (average ± SD) for PAA and related nanocomposites. At least 3 independent samples were tested for 

each sample type. Statistical comparisons refer to values on each column: each sample is compared with the one reported in the row 

immediately above. *=p<0.05. 

MATERIAL FORMULATION 
α (dB/cm) 

1 MHz 2MHz 3MHz 4MHz 5MHz 

PAA 5% 0.17 ± 0.15  0.32 ± 0.26  0.26 ± 0.17 0.36 ± 0.30 0.39 ± 0.26 

PAA 7% 0.17 ± 0.12 0.26 ± 0.21 0.23 ± 0.17 0.25 ± 0.16 0.47 ± 0.35 

PAA 9% 0.13 ± 0.08 0.19 ± 0.13 0.24 ± 0.18 0.35 ± 0.24 0.53 ± 0.41 

PAA 11% 0.19 ± 0.10 0.28 ± 0.19 0.18 ± 0.11 0.26 ± 0.22 0.65 ± 0.47 

PAA 13% 0.21 ± 0.12 0.23 ± 0.17 0.30 ± 0.16 0.43 ±0.30 0.42 ± 0.22 

PAA 15% 0.25 ± 0.17 0.25 ± 0.20 0.24 ± 0.16 0.36 ± 0.22 0.61 ± 0.36 

PAA 15% BaTiO3 0.1% 0.47 ± 0.17 0.49 ± 0.20 0.55 ± 0.41 0.97 ±0.55 (*) 1.65 ± 0.58 (*) 

PAA 15% BaTiO3 1% 0.64 ± 0.26 0.53 ± 0.24 0.91 ± 0.51 1.15 ± 0.55 2.16 ± 0.57 

PAA 15% BaTiO3 10% 0.70 ± 0.30 0.85 ± 0.40 1.81 ± 0.61 1.78 ± 0.59 3.13 ± 0.62 

Table 3. Attenuation Coefficient α (average ± SD) for PDMS and related nanocomposites. At least 3 independent samples were tested for 

each sample type. Statistical comparisons refer to values on each column: each sample is compared with the one reported in the row 

immediately above. *=p<0.05, **=p<0.01. 

MATERIAL FORMULATION 
α (dB/cm) 

1 MHz 2MHz 3MHz 4MHz 5MHz 

PDMS 60:1 1.95 ± 0.31 3.88 ± 0.35 7.48 ± 0.84 11.12 ± 0.27 15.78 ± 0.39 

PDMS 50:1 1.71 ± 0.39 4.56 ± 0.42 8.05 ± 0.56 11.52 ± 0.78 15.92 ± 1.12 

PDMS 40:1 2.10 ± 0.42 4.94 ± 0.21 8.54 ± 0.54 12.49 ± 0.31 16.60 ± 0.51 

PDMS 30:1 2.00 ± 0.36 4.78 ± 0.67 8.75 ± 0.73 12.60 ± 1.18 17.29 ± 1.04 

PDMS 20:1 2.23 ± 0.21 5.55 ± 0.75 9.37 ± 0.53 13.57 ± 1.07 17.63 ± 0.89 

PDMS10:1 2.35 ± 0.28 5.72 ± 0.48 9.53 ± 0.95 13.74 ± 1.02 16.58 ± 1.95 

PDMS10:1 BaTiO3 0.1% 2.72 ± 0.55 6.19 ± 0.63 10.36 ± 0.59 14.20 ± 1.25 17.74 ± 1.53 

PDMS 10:1 BaTiO3 1% 3.21 ± 0.22 7.52 ± 0.38 (*) 12.50 ± 0.35 17.34 ± 0.51 (*) 21.01 ± 1.40 (*) 

PDMS10:1 BaTiO3 10% 6.73 ± 0.15 (**) 17.03 ± 0.31 (*) 22.99 ± 0.46 (**) 28.30 ± 2.00 (**) 36.48 ± 1.52 (**) 

3.2. Development of ultrasound phantoms 

The phantom, fabricated with AG 2% and AG 7.5% BaTiO3 10% (Figure 4a) showed a γr value 

(calculated by means of Equation 4) of 0.0024, which was close to the one that can be found at the 

liver/ascites interface (γr = 0.0013) [2, 40]. Therefore, the echo generated in correspondence to the boundary 

was expected to be similar to the in vivo one. Figure 4b and Figure 4c show echographic images obtained 

with natural tissues and with the phantom, respectively. The two images appear very similar, thus 

qualitatively demonstrating that the tested materials can be used to effectively reproduce the echoes generated 

at certain tissues’ boundaries and, more in general, the acoustic behavior of different anatomical structures.  

Figure 4. a) Representation of the AG-based phantom and the US imaging acquisition system. US scanner images of a real cirrhotic liver 

[42] (b) and US images of the liver phantom made of AG 2% and AG 7.5% BaTiO3 10% (c). Figure (b) is reproduced with permission 

of the American Institute of Ultrasound in Medicine (Copyright Clearance Center’s permission). 
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As visible in Table 4, human tissues possess specific mechanical and acoustic features, showing in some 

cases minimal differences among them [2, 9, 25, 40, 41, 45, 46]. Materials used for the development of 

ultrasound phantoms should as much as possible faithfully replicate natural tissue acoustic properties. In 

addition, mechanical properties must be also reproduced in applications such as ultrasound elastography, 

needle insertion and other US-guided procedures. 

Table 4. Acoustic and mechanical properties of some human tissues. 

Tissue Young’s 

Modulus [kPa] 

Density 

[kg/m
3
] 

Speed of Sound 

[m/s] 

Acoustic Impedance 

[MRayl] 

Attenuation 

Coefficient 

[dB/(cm MHz)] 

Blood / 1060 1584  1.68 0.2 

Brain 1-4 1040 1560 1.62 0.6 

Breast 1-3 1020 1510 1.54 0.75 

Cardiac 10-15 1060 1576 1.67 0.52 

Fat 0.5-3 950 1478 1.40  0.48 

Liver 8-12 1060 1595 1.69 0.50 

Diseased Liver 6-25 1050 1527 1.60 0.58 

Marrow 0.5-1.5 / 1435 / 0.5 

Muscle 10-20 1050 1547 1.62 1.09 

Tendon 1300-1700 1670 1750 1.84 4.7 

Air / 1.2 330 0.0004 / 

Water / 1000 1480 1.48 0.0022 

 

Although in recent years some ultrasound phantoms have been developed [2, 3], the majority of tissue 

substitutes have been modeled by means of homogeneous materials, which do not realistically mimic the in 

vivo scenario. The systematic analysis made in this work, concerning characterization of AG, PAA and PDMS 

samples at different concentrations and cross-linking extents and corresponding nanocomposites, represents 

an added value in this field, since it allows to properly reproduce the features of a rather wide range of soft 

tissues.  

3.3. Controlled in vitro ultrasound cell exposure 

It is widely known that stiffness plays an important role in promoting/inhibiting cell processes [47] and 

substrates used for cell cultures in the field of tissue engineering are normally developed by properly taking 

into account such factor. However, when biomaterials are used in combination with US waves, acoustic 

properties must be also precisely known in order to stimulate cells with a highly controlled US dose. In fact, 

the interfaces between the US transducer and the cells can determine reflections or attenuations which must be 

estimated, to provide cells with a known US dose. This aspect is largely neglected in tissue engineering and 

related fields, but it is crucial to obtain reliable results, when US stimulation is involved [48]. 

Figure 5 shows the results obtained 24 h after stimulation of nHDFs in a highly controlled and reliable 

way, through a dedicated US set-up. We stimulated cells at 1 MHz for 3 min, providing different US 

intensities (200 mW/cm2, 800 mW/cm2 and 1600 mW/cm2). One sample type was stimulated at the maximum 

intensity (1600 mW/cm2) but a 12 mm specimen made of PDMS 10:1 was interposed between the transducer 

and the cells. Due to the acoustic properties of the specimen (α = 2.35 db/cm @ 1MHz, Table 3), we predicted 
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that the US signal should be attenuated at half of its intensity, thus resulting in a net US stimulation to cells 

equivalent to 800 mW/cm2.  

Fluorescence images (Figure 5a) showed a clear positive correlation between US dose and fibroblast 

proliferation, while no evident differences were found between samples stimulated at 800 mW/cm2 and the 

ones provided with the 12 mm - PDMS 10:1 specimen. This was confirmed by quantitative data on DNA 

content, shown in Figure 5b. 

As reported by ter Haar [49], pulsed ultrasound may produce transient cavitation effect as well as a change 

in volume and pressure caused by bubbles formed in the liquid medium, which when hitting one another 

release energy that may break chemical bonds, thereby producing reactive free radicals and provoking 

chemical changes in the cells. A pressure change due to this stimulation regime may modify the permeability 

of the cellular membrane to calcium and sodium ions, thus increasing protein synthesis. Furthermore, 

organelles may be altered due to irradiation forces. These alterations are thought to be responsible for the 

enhanced cell proliferation observed. 

The bioeffect triggered by US stimulation (enhanced proliferation, correlated with US intensity) matches 

with the evidences reported by de Oliveira and colleagues [44]. In comparison with this study we achieved 

more marked proliferation differences at 24 h, due to a wider stimulation intensity range. In addition, the 

mentioned study focused on I929 (murine) fibroblasts, while we analyzed the response of human dermal 

fibroblasts. Furthermore, we demonstrated that the knowledge on the acoustic properties of the material 

interposed between the transducer and the cells allowed to correctly predict the actual intensity delivered, and 

thus the triggered bioeffect. In fact, the DNA content of the 800 mW/cm2 sample and the one of the 1600 → 

800 mW/cm2 (12 mm – PDMS 10:1) were statistically equal and their average values were really close (1.375 

and 1.414 µg/mL, respectively).  

Another experiment aimed at assessing the potential of BaTiO3-based nanocomposites as smart responsive 

substrates for cell culture was performed. In fact, BaTiO3 nanoparticles show piezoelectric properties that can 

convey the mechanical stimuli provided by US waves in electrical ones, thus targeting a series of possible 

intriguing bioeffects [50]. With the aim to assess if the presence of piezoelectric nanoparticles could result in 

a different bioeffect on nHDFs, we compared the sample type stimulated at 800 mW/cm2 with another one 

stimulated at 1600 mW/cm2 but provided with a 4 mm specimen made of PDMS 10:1 BaTiO3 10% (α = 6.73 

db/cm @ 1MHz, Table 3) interposed between the transducer and the cells. Due to the acoustic properties of 

the specimen, we predicted that the US signal should be attenuated at half of its intensity, thus resulting in a 

net US stimulation to cells equivalent to 800 mW/cm2. In addition, the piezoelectric nanoparticles entrapped 

in the top part of the specimen were in direct contact with the bottom side of the 20 µm polystyrene 

membrane (the opposite side respect to the one covered by cells). 

Results are shown in Figure 6: interestingly, the proliferation effect was clearly enhanced in the presence 

of the interposed material, although the net US doses provided to the cells were the same. This was probably 

due to the piezoelectric effect and the electric field generation mediated by BaTiO3 nanoparticles, which had a 

significant effect despite the nanocomposite was not in direct contact with the cells. 

Figure 5. (a) Fluorescence images of nHDFs stimulated at different US intensities. Images were acquired 24 h after US stimulation. 

(b) DNA content for the different sample types 24 h after US stimulation. *=p<0.05. 

Figure 6. (a) Fluorescence images of nHDFs stimulated with an US dose of 800 mW/cm2 (top image) and with a net dose of 800 

mW/cm
2
, due to the attenuation of a 4 mm specimen made of PDMS 10:1 BaTiO3 10% (bottom image). Images were taken 24 h after 

US stimulation; (b) DNA content 24 h after US stimulation for the two sample types. **=p<0.01. 
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Few scientific evidences have been recently reported on this topic. A proliferation increase of H9c2 

cardiac-like cells was observed by the authors on nanocomposites of poly(lactic-co-glycolic) acid and BaTiO3 

nanoparticles [51]. However, no US stimulation was performed in this study. More recently, Marino and 

colleagues reported enhanced osteoblast (Saos-2 cells) differentiation on a resin-based BaTiO3 nanoparticles-

doped scaffold, due to US stimulation [52]. Genchi and colleagues demonstrated enhanced neuron (SH-SY5Y 

cells) differentiation on poly(vinylidene fluoride-trifluoroethylene) films doped with the same nanoparticle 

type and stimulated with US waves [53]. In all these studies, US stimulation was performed in a poorly 

controlled way and the actual dose reaching the cells was not accurately measured, making the triggered 

bioeffects poorly repeatable. The same consideration applies for different yet connected evidences, related to 

intracellular stimulation mediated by piezoelectric nanoparticles [13, 14]. This work quantifies for the first 

time the bioeffect triggered by piezoelectric nanoparticles stimulated by US waves, by relating such bioeffect 

to a precise US dose delivered. From a biological viewpoint, the main mechanisms responsible for such 

biological responses are still rather unclear. In our case, the generation of electrical charges during US 

stimulation, due to the piezoelectric features of the composite substrate, probably influences voltage-gated 

channels on cell membranes, thus modifying the permeability of the cellular membrane to calcium and 

sodium ions, which alter protein synthesis and lately cell proliferation. The generated electrical charges may 

be also responsible for an enhanced adsorption of proteins (e.g. available in the culture medium) on the 

substrate, another event which may have a role in the marked enhancement of cell proliferation. 

Finally, it is worth mentioning that the different material compositions and doping extents described in this 

study imply a significant tuning of matrix mechanical properties (see Figure S4 Table S7, Table S8 and Table 

S9 in the Supplementary Material). This is relevant in the field of tissue-mimicking phantoms, since in some 

cases (such as ultrasound elastography [54] or US guided needle insertion procedures [55, 56]), mechanical 

properties play a key role. Mechanical properties are also of paramount importance in the field of tissue 

engineering and regenerative medicine. It is well-known, in fact, that matrix local stiffness strongly influences 

cell adhesion, proliferation and differentiation [47, 57, 58]: integrins, cadherins, and other adhesion molecules 

that form cell focal adhesions allow to transmit forces to substrates. However, a normal cell not only applies 

forces but also responds through cytoskeleton organization (and other cellular processes) to the resistance that 

the cell senses, with deep implications on the main cell functions. 

4. Statistical methods 

All results were reported as mean values ± standard error of the mean. Analysis of variance (1-way 

ANOVA) was used to identify statistically significant differences among different groups. A Student’s t-test 

was performed for comparison between two groups. Significance was set at 5 %. 

5. Conclusions 

This paper reports the acoustic characterization (speed of sound, acoustic impedance and attenuation 

measurements) of three different materials (agarose, polyacrylamide and polydimethylsiloxane) at different 

concentrations or cross-linking levels and doped with different concentrations of barium titanate 

nanoparticles. We demonstrated that a precise characterization of such material classes can be useful for the 

development of custom heterogeneous ultrasound phantoms that mimic the features of real tissues under 

ultrasound monitoring and for controlled acoustic exposure biological experiments, with the aim of triggering 

specific bioeffects. 

We demonstrated that a proper material acoustic characterization allows to correctly predict the precise US 

dose delivered to cells, and thus the bioeffect to be triggered. In addition, we quantified for the first time the 
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bioeffect on human fibroblasts triggered by piezoelectric nanoparticles stimulated by US waves, namely a 

significant increase of proliferation, by relating such bioeffect to a precise US dose delivered.  

We also mentioned the importance of mechanical properties, which were also tuned, together with the 

acoustic ones, by changing material composition and doping. 

Future efforts will aim at developing new materials covering broader ranges of both mechanical and 

acoustic features, in order to mimic a larger number of soft and hard tissues. In addition, new dopant agents 

could be investigated with the aim to slightly modify both mechanical and acoustic properties. The promising 

results regarding the bioeffects triggered by the interaction between piezoelectric nanocomposites and US 

waves could be also investigated further, in view of a possible clinical translation of these evidences. 
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This study reports for the first time the results of a systematic acoustic characterization of agarose, 

polyacrylamide and polydimethylsiloxane at different concentrations and cross-linking extents and doped 
with different concentrations of barium titanate nanoparticles. These results can be used to build tissue-

mimicking phantoms, useful for many ultrasound-based medical procedures, and to fabricate smart materials 

for stimulating cells with a highly controlled ultrasound dose.  

Thanks to this knowledge, we correlated for the first time a bioeffect (the proliferation increase) on human 

fibroblasts, triggered by piezoelectric nanoparticles, with a precise US dose delivered. These results may open 

new avenues for the development of both tissue-mimicking phantoms and smart triggerable scaffolds for 

tissue engineering and regenerative medicine. 

  


