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Abstract 22 

Acoustic properties of biomaterials and engineered tissues reflect their structure and cellularity. 23 

High-frequency ultrasound (US) can non-invasively characterize and monitor these properties with 24 

sub-millimetre resolution. We present an approach to estimate the acoustic properties of cell-laden 25 

hydrogels that accounts for frequency-dependent effects of attenuation in coupling media, 26 

hydrogel thickness, and interfacial transmission/reflection coefficients of US waves, all of which 27 

can bias attenuation estimates. Cell-seeded fibrin hydrogel disks were raster-scanned using a 40 28 

MHz US transducer. Thickness, speed of sound, acoustic impedance, and acoustic attenuation 29 

coefficients were determined from the difference in the time-of-flight and ratios of the magnitudes 30 

of US signals, interfacial transmission/reflection coefficients, and acoustic properties of the 31 

coupling media. With this approach, hydrogel thickness was accurately measured by US, with 32 

excellent agreement to confocal microscopy (r2 = 0.97). Accurate thickness measurement enabled 33 

acoustic property measurements that were independent of hydrogel thickness, despite up to 60% 34 

reduction in thickness due to cell-mediated contraction. Notably, acoustic attenuation coefficients 35 

increased with increasing cell concentration (p<0.001), reflecting hydrogel cellularity independent 36 

of contracted hydrogel thickness. This approach enables accurate measurement of the intrinsic 37 

acoustic properties of biomaterials and engineered tissues to provide new insights into their 38 

structure and cellularity. 39 

  40 
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1 Introduction 41 

Ultrasound (US) is an emerging measurement technique in biomaterials and tissue 42 

engineering (TE) applications due to its non-invasive, non-destructive, and real-time monitoring 43 

capabilities [1-5]. Beyond its well-known imaging capabilities, US can also be used to measure 44 

acoustic properties related to structural, functional, and intrinsic material properties of interest for 45 

biomaterials and engineered tissue applications. For example, US measurements of the speed of 46 

sound, acoustic impedance, and acoustic attenuation in a biomaterial correlate with the material’s 47 

microstructure [6], elastic properties [7], and cellularity [8, 9], respectively. 48 

High frequency US (>10 MHz) is particularly attractive for in vitro TE applications, as it 49 

offers sub-millimetre spatial resolution to enable tissue- and cell-scale measurements (at tens and 50 

hundreds of MHz, respectively). However, a particular challenge with the application of US in 51 

these applications at high frequencies is that the bandwidth of the US transducers is large, the 52 

attenuation high, and the relationship between attenuation and frequency can become non-linear. 53 

Thus, an accurate estimation of the acoustic attenuation of biological media at high frequencies is 54 

critical to determining other acoustic properties (e.g., backscatter coefficient) and inferring the 55 

material properties of engineered tissues and cells.  56 

In previous studies, attenuation in biological samples was estimated using a substitution 57 

method, whereby the US signals propagating between two transducers [7, 8, 10, 11], or reflected 58 

from a reference substrate (e.g., quartz) [12-14], were acquired in the presence and absence of the 59 

sample in the US path, and their amplitudes compared in either the time- and/or frequency-domain. 60 

However, as implemented in these studies, the method fails to fully compensate for the attenuation 61 

in the coupling medium, for the transmission of US waves at the coupling medium-biomaterial 62 

interface and, when required, for the reflection at the biomaterial-substrate interface. If not 63 
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compensated for, transmission and/or reflection coefficients at interfaces introduce a bias in the 64 

estimate of the sample attenuation coefficient. This bias increases with the difference in acoustic 65 

impedance between the sample and coupling medium and is inversely proportional to the sample 66 

thickness. This bias becomes significant for attenuation measurements in thin samples and/or for 67 

significant differences in impedance between media. Furthermore, the sample thickness is often 68 

assumed based on sample preparation [8,9,11], which fails to account for dynamic reorganization 69 

of biomaterials by embedded cells that can alter thickness [15] and consequently affect the 70 

attenuation coefficient estimate. As an alternative to substitution methods, Ruland et al. [16, 17] 71 

recently introduced a reference phantom method (RPM) for quantitative US of cell-laden 72 

hydrogels and bioscaffolds. In the RPM, a sample's acoustic properties are determined by 73 

comparison to a reference phantom of known attenuation and sound speed. However, this approach 74 

is limited to samples with similar acoustic properties to the RPM and also does not account for 75 

cell-mediated effects on the biomaterial shape and size and their effect on acoustic properties, and 76 

thus would be challenging to implement to track dynamic changes.  Thus, compensation for 77 

transmission/reflection at interfaces and measurement of the biomaterial sample thickness is 78 

critical for accurately determining its acoustic attenuation coefficient and microstructural 79 

assessment. 80 

Here, we present an US method of estimation of the thickness and acoustic properties of 81 

engineered tissues. We benchmarked this technique against published acoustic property values of 82 

polymethlypentene (TPX). This method accounts for the frequency- and thickness-dependent 83 

effects of attenuation in the coupling medium and reflection/transmission of US waves at 84 

interfaces. We demonstrate thickness-independent measurement of the speed of sound, acoustic 85 

impedance, and acoustic attenuation coefficient of fibrin hydrogels as a model biomaterial, at four 86 
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different cell densities (cell-free control, 1105, 1106, or 1107 cell/ml) and three different initial 87 

thicknesses (1.25 mm, 1.00 mm, 0.75 mm). From the estimated acoustic properties, we derive the 88 

density and elastic modulus of the cell-laden hydrogels.  89 

2 Methods 90 

2.1 Acoustic characterization 91 

Acoustic properties of samples were estimated at high frequency using a substitution method 92 

adapted from Briggs et al. [18] and depicted in Fig. 1A. US echoes reflected from the substrate 93 

surface (polystyrene in our case) with and without the sample inserted in the propagation path and 94 

reflected from the surface of the sample (𝑠2(𝑡), 𝑠1(𝑡) and 𝑠3(𝑡), respectively) are collected. Their 95 

Fourier transforms 𝑆𝑖(𝑓) (𝑖 = 1, … 3) are calculated to evaluate, in the frequency domain 96 

(Supplementary Figure 1), the coefficients of reflection (𝑅𝑤−𝑠) and transmission (𝑇𝑤−𝑠) at the 97 

water-sample interface, the coefficient of reflection (𝑅𝑤−𝑝) at the water-substrate interface, and 98 

the coefficient of reflection (𝑅𝑠−𝑝) at the sample-substrate interface. These coefficients are 99 

compensated for in equation (1), to get an unbiased estimation of the frequency-dependent 100 

attenuation in the sample 𝛼𝑠 (Supplementary Figure 1):  101 

 102 

𝛼𝑠(𝑓) = 𝛼𝑤(𝑓) +
1

2𝑑
∙ 20 log10 [

𝑆1(𝑓)

𝑅𝑤−𝑝
∙

𝑅𝑠−𝑝(𝑓)

𝑆2(𝑓)
∙ 𝑇𝑤−𝑠

2(𝑓)] (1) 103 

where: 104 

𝑇𝑤−𝑠
2 (𝑓) = 1 − 𝑅𝑤−𝑠

2 (𝑓) (2) 105 

with: 106 

𝑅𝑤−𝑠(𝑓) = 𝑅𝑤−𝑝

𝑆3 (𝑓)

𝑆1 (𝑓)
 (3) 107 
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𝑅𝑤−𝑝 =
𝑍𝑝 −  𝑍𝑤

𝑍𝑝 +  𝑍𝑤
 (4) 108 

In equation (4), 𝑍𝑤 and 𝑍𝑝 are the acoustic impedances of water and the polystyrene 109 

substrate, respectively, and known. The reflection coefficient at the sample-substrate interface 110 

𝑅𝑠−𝑝 in equation (1) is calculated from 𝑍𝑝  and the acoustic impedance of the sample 𝑍𝑠: 111 

𝑅𝑠−𝑝(𝑓) =
𝑍𝑝 −  𝑍𝑠(𝑓)

𝑍𝑝 +  𝑍𝑠(𝑓)
 (5) 112 

with: 113 

𝑍𝑠(𝑓) = 𝑍𝑤

1 + 𝑅𝑤−𝑠(𝑓)

1 − 𝑅𝑤−𝑠(𝑓)
 (6) 114 

The thickness of the sample 𝑑 is estimated from the difference in time of flight ∆𝑡 between 115 

the echo from the uncovered substrate 𝑠1(𝑡) and the echo from the top of the phantom (Fig. 1A, 116 

green arrow) while focusing on the substrate, and the speed of sound in water 𝑐𝑤: 117 

𝑑 =  𝑐𝑤

∆𝑡

2
(7)  118 

Time of flight was estimated as the times at which the peaks of the envelope of these echoes 119 

(𝑠1(𝑡) and 𝑠3(𝑡)) were detected relative to US pulse transmission. Finally, since the logarithmic 120 

term in equation (1) corresponds, once normalized to the sample thickness, to the difference in 121 

attenuation between sample and water, water attenuation 𝛼𝑤 is added to calculate the attenuation 122 

in the sample 𝛼𝑠. 123 

The speed of sound in the sample can be calculated from the thickness of the sample 124 

estimated in (7), and the difference in time of flight ∆𝑡′ between the echo from the surface of the 125 

sample (Fig. 1A, green arrow) and the echo from the underlying substrate 𝑠2(𝑡):  126 

𝑐𝑠 =
2𝑑

∆𝑡′
 (8) 127 
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Finally, the sample density 𝜌𝑠  and elastic modulus 𝜀𝑠 can be estimated from the sample 128 

acoustic impedance and speed of sound, and speed of sound and density, respectively: 129 

𝜌𝑠 =  
𝑍𝑠

𝑐𝑠
(9)  130 

𝜀𝑠 =  𝜌𝑠𝑐𝑠
2 (10) 131 

 132 

 133 

Figure 1: (A) Schematic representing the experimental system used to estimate the sample 134 

acoustic properties where S is the sample, P is the polystyrene substrate, F is the focal distance of 135 

the 40 MHz transducer, and d is sample thickness. 𝑠1(𝑡) is the signal collected from the substrate 136 

surface (polystyrene in our case), 𝑠2(𝑡) is the signal collected with the sample inserted in the 137 

propagation path, and 𝑠3(𝑡) is the signal reflected from the surface of the sample. 𝑠1(𝑡) and 𝑠2(𝑡) 138 

are measured together (see description in B.) and 𝑠3(𝑡) is measured separately. The thickness of 139 

the sample 𝑑 is estimated from the difference in time of flight between the echo from the uncovered 140 

substrate 𝑠1(𝑡) and the echo from the top of the phantom (green arrow) while focusing on the 141 

substrate. (B) Top view of a hydrogel sample cast in an 8 mm diameter polydimethylsiloxane mold 142 

positioned in the polystyrene Petri dish. The overlaid dotted lines represent the 15 mm x 15 mm 143 

raster scan with 100 µm step size in the x- and y-directions for the ultrasound measurements. The 144 

black squares represent the region where 𝑠1(𝑡) was acquired. (C) Picture of the imaging system 145 

with the front face of the ultrasound transducer immersed into the polystyrene Petri dish filled with 146 

water. 147 

 148 

2.2 High-frequency ultrasound system and signal acquisition 149 

A custom-built US system was developed to acquire ultrasound signals from the sample 150 

and substrate. This system comprises a single-element spherically focused 40-MHz transducer 151 

(focal distance F=8.56 mm, f-number 3) providing a 36 µm axial resolution, 110 µm lateral 152 
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resolution (in the focal zone), and 4 mm depth-of-field (all measured at -6 dB) using a 40-µm 153 

aperture needle hydrophone (NH0040, Precision Acoustics Ltd, Dorchester, U.K.). The transducer 154 

was affixed to a microscope (IX71, Olympus America Inc., Melville, NY) equipped with a 3D-155 

motion stage (Prior Scientific, USA; 2 motorized lateral axes X and Y, 1 manual vertical axis Z) 156 

on which the sample was positioned in a polystyrene Petri dish (Greiner Bio-One, North Carolina, 157 

USA), covered with water. The sample was moved relative to the transducer in a raster scan 158 

manner with a 100 μm step size in both lateral directions and such that a 15 mm x 15 mm region 159 

of interest (ROI). The ROI incorporated the sample, underlying substrate, and some uncovered 160 

substrate (Fig. 1B). US signals 𝑠1(𝑡), 𝑠2(𝑡) and 𝑠3(𝑡) (Fig. 1A) were acquired at each lateral 161 

position (𝑥, 𝑦), in two separate raster scans. For these acquisitions, monocycle pulses generated 162 

by a pulse generator (AVB2-C-OCIC, Avtech Electrosystems Ltd, Nepean, ON, Canada) were 163 

transmitted through a radiofrequency (RF) switch (Mini-Circuits, Brooklyn, NY, USA) to the 164 

transducer. Reflected ultrasound signals were collected by the same transducer, amplified by a 30 165 

dB amplifier (Model # AU-2A-0150, Narda-MITEQ, Hauppauge, NY, USA) then digitized at 625 166 

MS/s by 14-bit resolution A/D board (Teledyne SP Devices, Linköping, Sweden). At each 167 

location, signals were averaged 45 times to increase the signal-to-noise ratio and saved to a 168 

computer for offline processing and analysis using MATLAB (MathWorks, Natick, MA, USA). 169 

With a pulse repetition frequency of 10 kHz, the time to acquire data from a single raster scan was 170 

8 minutes. The acquisition system hardware was computer-controlled using a trigger card 171 

(SpinCore Technologies, Gainesville, FL, USA). The entire system was enclosed in a temperature-172 

controlled incubator (In Vivo Scientific LLC, Salem, SC, USA). 173 

US data acquisition was performed with a thin polymethyl-pentene film (DX-845 TPX, C. 174 

S. Hyde Company, Lake Villa, IL, USA) and with hydrogel samples for validation of the acoustic 175 
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characterization method (see below). Finally, cell-laden hydrogels were scanned and 176 

characterized. For TPX, the incubator temperature was set to 22°C, whereas for the hydrogel 177 

samples it was set to 37°C. 178 

2.3 Method validation 179 

To validate our method, the acoustic properties of a thin DX-845 grade TPX film were 180 

estimated and compared to those reported in [19] and [20]. The film was taped to a polystyrene 181 

Petri dish and covered with water at 22C to match the temperature conditions of [19]. RF signals 182 

were collected as described in 2.2, and all material properties were calculated using equations (1) 183 

to (10), with 𝑐𝑤 =  1488 m/s [20], 𝜌𝑤 = 997.77 kg/m3 [21], 𝑐𝑝 = 2410 m/s [22],  𝜌𝑝 = 1050 kg/m3 184 

(general purpose polystyrene) and resulting acoustic impedances 𝑍𝑤 = 1.485 MRayl and 𝑍𝑝 = 185 

2.531 MRayl. For the attenuation in water in equation (1), which can be expressed as 𝛼𝑤(𝑓) =186 

𝑎𝑓2 , 𝑎 was set to 2.22 x 10-4 dB/mm/MHz2. For comparison, the film thickness was measured 187 

using a spherical digital tube micrometer (Mitutoyo Canada Inc., Mississauga, CA) before the 188 

acoustic measurement. 189 

Since sample thickness plays a critical role in evaluating the acoustic properties, the 190 

acoustic measurement of the thickness of fibrin hydrogel samples was compared to laser confocal 191 

microscopy measurement. To fabricate the fibrin hydrogel, equal volumes of fibrinogen (Sigma-192 

Aldrich, CAT# F8630) solution in Dulbecco's phosphate-buffered saline (Gibco™ DPBS -/-, 193 

ThermoFisher Scientific, CAT# 14190144) and thrombin (Sigma-Aldrich, CAT# T6634) solution 194 

in complete cell culture medium were mixed to reach final concentrations of 5 mg/ml and 3 unit/ml 195 

for fibrinogen and thrombin, respectively. The mixture was cast in polydimethylsiloxane (PDMS) 196 

disk-shaped molds with a diameter of 8 mm (Fig. 1B) and initial thicknesses of 0.75 mm, 1.00 197 

mm, and 1.25 mm. The mixture was incubated at 37 C and 100% humidity for 90 min for 198 
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crosslinking, after which DPBS +/+ (Corning, CAT# 21-030-CV) was added, and US 199 

measurements were conducted. Then, fibrin gels were stained by exposure to 50 l of 200 

tetramethylrhodamine isothiocyanate (TRITC)–Dextran (Sigma-Aldrich – CAT# T1037) solution 201 

in DPBS +/+ at a concentration of 5 mg/ml and incubation at 37 C for 1 hr. The hydrogels were 202 

washed using DPBS +/+. Their thickness was measured using a laser confocal microscope 203 

(Olympus FV3000) with emission at 640 nm by focusing on the lowest and highest surfaces where 204 

a meaningful signal was detected at a single location. The distance between these two surfaces was 205 

taken as the hydrogel sample thickness and compared with US measurements (eq. 7), for which 206 

the speed of sound in DPBS at 37°C was assumed to be that of pure water at the same temperature 207 

(𝑐𝑤 =  1524 m/s [21]). All the MATLAB processing codes, A-line data, statistical analyses, and 208 

selected ROIs are publicly available here for other researchers to reproduce the results of this study.   209 

2.4 Cell-laden hydrogel acoustic characterization 210 

Cell contraction can change the thickness and size of a cell-laden gel [13]. Although high-211 

frequency US studies have examined cell-laden gels, cell contraction in hydrogels and engineered 212 

tissues have not been taken into account [7-11, 16, 17], despite the unavoidable effects on the 213 

physical and acoustic properties of these media. To address this issue, we seeded fibrin hydrogels, 214 

with initial thicknesses of 0.75, 1, and 1.25 mm, with cells at densities of 1×105, 1×106 and 1×107 215 

cells/ml. 216 

Cell-laden hydrogels were prepared using human umbilical perivascular cells (hUCPVC) 217 

(Tissue Regeneration Therapeutics Toronto, Ontario, Canada). Cells at passage three were cultured 218 

in T175 flasks (CAT# 431080, Corning Life Sciences®, Tewksbury, Massachusetts, United 219 

States) in Minimum Essential Medium (MEM) Alpha (Gibco™ MEM α, CAT# 12561056, 220 

ThermoFisher Scientific, Mississauga, Ontario, Canada), at 37C in an atmosphere of 5% CO2 221 
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and 100% humidity. MEM was supplemented with 20% v/v fetal bovine serum (Gibco™ FBS, 222 

CAT# 12483-020, ThermoFisher Scientific, Mississauga, Ontario, Canada), 0.24% v/v L-223 

glutamine 200 mM (CAT# G7513, Sigma Aldrich, Oakville, Ontario, Canada), and 0.24% v/v 224 

penicillin-streptomycin 10,000 unit/ml (Gibco™, CAT# 15140122, ThermoFisher Scientific, 225 

Mississauga, Ontario, Canada). The culture medium was refreshed every three days. Then, 226 

hUCPVCs at passage four were suspended in the thrombin solution used in the hydrogel 227 

preparation described in section 2.3, before mixing with the fibrin solution. The final cell densities 228 

produced in hydrogel were 1105, 1106, or 1107 cell/ml. Cell-laden hydrogels were then cultured 229 

in MEM for one day before US measurements.  230 

Ultrasound data were acquired as described in section 2.2, and processed as in section 2.1, 231 

with the assumptions that the attenuation, speed of sound and density of MEM and DPBS were 232 

equal to those of water at 37°C (i.e., 𝑐𝑤 =  1524 m/s [21], 𝜌𝑤 = 993.33 kg/m3 [22], and  𝑎 = 233 

1.39×10-4 dB/mm/MHz2). As for the polystyrene substrate, its speed of sound was set to  𝑐𝑝 = 234 

2380 m/s [23], and its density is assumed to be unchanged relative to 22°C (𝜌𝑝 = 1050 kg/m3) due 235 

to the material’s low expansion coefficient. The resulting acoustic impedances for coupling 236 

medium and polystyrene were therefore set to 𝑍𝑤 = 1.513 MRayl and 𝑍𝑝 = 2.499 MRayl. The 237 

average standard deviations for the thickness and speed of sound across the entire gel ROI area is 238 

provided in Supplementary Table 1. The average standard deviation in thickness and speed of 239 

sound across the selected 6 mm ROI for an entire gel across all cell conditions was 38 µm and 5 240 

m/s which is <7% of the mean thickness values <1% of the mean speed of sound values 241 

(Supplementary Table 1).  242 
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2.7 Statistical analyses 243 

Results are presented as mean ± standard deviation of the acoustic, physical, or mechanical 244 

properties measured over the ROI for each fibrin gel. Measurements were performed in three to 245 

six different samples for each cell density and each sample thickness. A one-way ANOVA was 246 

used to evaluate the significance of the differences in the means of all measured properties between 247 

cell concentrations, with pairwise comparisons using Tukey’s multiple comparisons test (α = 248 

0.001) (GraphPad Prism v8.0, San Diego, USA). Correlations of the speed of sound and acoustic 249 

attenuation coefficient with thickness were tested by performing a two-tailed Pearson’s correlation 250 

analysis with α = 0.01.  251 

3 Results 252 

3.1 Acoustic characterization validation  253 

Speed of sound, acoustic impedance, density, and acoustic attenuation coefficient of TPX 254 

estimated using the method described in sections 2.1 and 2.2, are compared to those obtained using 255 

other measurement methods in Table 1. We found strong agreement between measured and 256 

reference values, with a maximum difference of 6.6% (Fig. 2, Table 1). To further validate our 257 

technique, we measured the thickness of cell-free fibrin gels in comparison with laser confocal 258 

microscopy and found that the thicknesses of cell-free fibrin gels measured by US were highly 259 

correlated with those measured by confocal microscopy (r2=0.97; p<0.001; Fig. 2C).   260 
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 261 
Table 1: Properties of the TPX film at 22C (± standard deviation, n=3) compared to published 262 

reference values from two studies [19] and [20]. Percent differences for some values are calculated 263 

based on the furthest reference value to the measured value from either [19] and/or [20].§Acoustic 264 

impedance values are presented using two different methods in [20] and thus cannot be directly 265 

compared and are not published in [19]. *Acoustic attenuation was calculated via a mean 266 

maximum amplitude time domain method and cannot be directly compared with our analytical 267 

method. Further discussion of both these discrepancies is presented in the Discussion section. 268 

 269 
Figure 2: (A-left) TPX film taped down to a polystyrene Petri dish. Dotted lines represent the data 270 

acquisition raster scan, with the red line delimiting the ROI used for sample acoustic 271 

characterization, and the black rectangles representing the ROIs where the substrate reference 272 

signals were collected. (A-middle) estimated local sample thickness. (A-right) local speed of 273 

sound. Scale bars = 2 mm. (B) TPX frequency-dependent attenuation. (C) Cell-free fibrin gel 274 

thickness: US vs confocal microscopy (error bars: spatial standard deviation of US measurements 275 

over the ROI, dashed line: linear fit). 276 
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3.2 Effects of cell-mediated contraction on physical properties of cell-277 

laden hydrogels  278 

Optical images of cell-laden hydrogels of different thickness and at different cell concentrations 279 

are shown on Fig. 3A, showing visual changes in the population of cells in the fibrin hydrogels at 280 

each cell condition. Ultrasound measurements showed a spatially uniform shrinkage of the 281 

hydrogel associated with cell contraction (Fig. 3B). The standard deviation of the thickness 282 

measurements is shown in Supplementary Table 1. This shrinkage increases with cell density, with 283 

as much as 60% reduction in the thickness for hydrogels seeded with 1×107 cell/ml relative to their 284 

initial thickness (Fig. 3C). 285 

 286 
Figure 3 – (A) Optical images of cell-laden hydrogels of three different initial thicknesses 287 

(columns) and at three different cell densities (rows). Live cells, green; dead cells, red; nucleus, 288 

blue. Scale bars = 200 µm. (B) US-measured thicknesses of hydrogels of 1.00 mm initial thickness, 289 

with cell densities of, from left to right, 1×105, 1×106 and 1×107 cell/ml. Scale bars = 1 mm. (C) 290 

Effect of cell contraction on hydrogel thickness measured via US compared to the initial hydrogel 291 

thickness.  292 

 293 

Variations in hydrogel thickness, such as those induced by cell contraction, can confound acoustic 294 

property measurements if the thickness is not measured accurately in situ. Furthermore, reported 295 
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acoustic attenuation estimation methods [7-12, 16, 17], which did not compensate for local losses 296 

associated with reflection and transmissions at interfaces, introduce a thickness-dependent bias 𝑏, 297 

in the estimated attenuation coefficient, which is expressed as: 298 

𝑏(𝑑) =
1

2𝑑
∙ 20 log10 [

𝑅𝑤−𝑝

𝑅𝑠−𝑝 ∙ 𝑇𝑤−𝑠
2] (11) 299 

This bias can become significant for small sample thicknesses and is presented for all measured 300 

samples in Supplementary Table 2. 301 

To evaluate whether the method could overcome the aforementioned limitations, we investigated 302 

the thickness dependence of the acoustic properties of cell-laden hydrogels. Results summarized 303 

in Fig. 4 demonstrate that speed of sound, acoustic attenuation, density, and elastic modulus were 304 

not significantly correlated with gel thickness over a wide range of cell densities and gel 305 

thicknesses (Fig. 4; p>0.11, p>0.23, p>0.22, p>0.05 across cell densities via Pearson’s, 306 

respectively). Acoustic impedance was only statistically correlated with thickness in the 1×106 307 

cell/ml condition (p<0.01, r = -0.85), but with weak dependency as values varied by <0.2% across 308 

seven orders of magnitude of cell density (corresponding to minor absolute differences of ~0.002 309 

MRayl). 310 
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 311 
Figure 4: Thickness dependence of (A) speed of sound, (B) acoustic impedance, (C) acoustic 312 

attenuation, (D) density, and (E) elastic modulus. None of the properties were significantly 313 

correlated with hydrogel thickness (p>0.01; Pearson’s), except for a weak correlation for 314 

acoustic impedance at 1×106 cell/ml (p<0.01; r = -0.85). 315 

 316 

3.3 Acoustic properties of cell-laden hydrogels 317 

Since thickness was determined to be a non-confounding factor in our method (Fig. 4), cell density 318 

in these cell-laden hydrogels can be considered the primary factor driving affecting the acoustic 319 

attenuation coefficient. The acoustic properties (e.g., speed of sound, acoustic impedance, acoustic 320 

attenuation coefficient), density, and elastic modulus of cell-laden gels (n=46) are reported as a 321 

function of initial cell density in Figure 5 (summarized in Supplementary Table 1). There were no 322 

statistically significant difference in the speed of sound across cell densities, with <0.6% difference 323 

between the mean values (p=0.25; Fig. 5A). Similarly, acoustic impedance measurements varied 324 

by <0.2% across cell densities, although a statistical difference was detected between the two 325 

highest cell densities (Fig. 5B). Since speed of sound and impedance are mostly invariant with cell 326 

density in the fibrin gels, the derived density and elastic modulus varied minimally across cell 327 
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densities. The mean densities of the fibrin hydrogels (988 – 991 kg/m) were approximately those 328 

of water [21], with no significant differences across cell densities (Fig. 5C; p>0.59). Similarly, 329 

elastic modulus measurements varied by less than <0.7% across cell densities (corresponding to 330 

absolute differences of <0.02 GPa), with no significant differences across cell densities (Fig. 5D; 331 

p>0.08). In contrast, the acoustic attenuation coefficient measured at 40 MHz increased 332 

significantly with increasing cell density (Fig. 5E; p<0.001), except between cell-free and 1×105 333 

cell/ml. This increase is observed across the bandwidth of the transducer (20 – 60 MHz) as shown 334 

in Figure 5F. 335 

 336 
Figure 5: Measurements of the acoustic properties of cell-laden hydrogels at four different cell 337 

densities and three thicknesses, including (A) speed of sound and (B) acoustic impedance via our 338 

ultrasound method, (C) density and (D) modulus of elasticity derived from the values in (A-B), 339 

and (E) acoustic attenuation at 40 MHz. (F) Representative frequency-dependent attenuation plot 340 

for each cell density in a 1.00 mm gel within the bandwidth of the transducer (20-60 MHz). 341 

Standard deviations at each frequency are represented as shaded areas around the mean 342 

attenuation. A minimum of n=3 independent gels were used per thickness for each initial cell 343 

density. Non-significant (ns) statistical differences between groups by a one-way ANOVA are 344 

shown and significant differences from a post-hoc Tukey’s multiple comparison test are shown 345 

with *p < 0.001.  346 
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4 Discussion 347 

US has excellent potential for non-invasive, real-time monitoring of the acoustic, physical, and 348 

mechanical properties of biomaterials and engineered tissues. Here, we developed an analytical 349 

approach that addresses the limitations of previous approaches and validated it by measuring the 350 

acoustic properties of TPX. We then applied this technique in cell-laden fibrin hydrogels. 351 

Importantly, our approach accurately measured hydrogel thickness, despite significant cell-352 

mediated contraction, which enabled estimations of acoustic properties that were effectively 353 

independent of thickness and reflected intrinsic hydrogel properties. 354 

Since sample thickness plays a critical role in evaluating the acoustic properties, the acoustic 355 

measurement of the thickness of TPX and fibrin hydrogel samples was compared to a digital tube 356 

micrometer and a laser confocal microscopy measurement, respectively, and good agreement was 357 

found. To validate our acoustic measurement technique, we compared the physical and acoustic 358 

properties of TPX at 40 MHz obtained using our analytical approach to those obtained with the 359 

methods used by Madsen et al [19] and Bloomfield et al [20]. The speed of sound determined via 360 

our method was within range of the speed determined in [19] and [20]. Bloomfield et al. [20] 361 

present two acoustic impedance values for TPX for two different measurement methods. Using 362 

reflection coefficient measurements, Bloomfield et al. also calculate an acoustic impedance of 363 

TPX of 1.7 MRayl which is consistent with our measurements (Table 1). However, using a 364 

measured speed of sound and a manufacturer-provided density, Bloomfield et al. determine the 365 

acoustic impedance of TPX to be 1.83 MRayl. The latter method is less accurate as it relies on a 366 

non-experimentally derived value but was incorrectly used for density calculations. Instead of 367 

using the manufacturer-provided density, if Bloomfield et al. had used the pulse-echo-measured 368 

impedance (1.7 MRayl) and their measured speed of sound (2190 m/s) to estimate the density of 369 
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TPX, their obtained value would have been 776 kg/m3 which is within <1% of our study’s 370 

measured density (Table 1).  With regards to attenuation, we found a difference between our 371 

measurements and those from [19], and [20], which is most likely due to the difference in 372 

measurement approaches used in each study. One should note that in materials for which 373 

attenuation is highly dependent on frequency, such as TPX, broad-band time domain amplitude 374 

measurement methods ([19, 20]) are suboptimal due to downshift of the central frequency of the 375 

ultrasound pressure pulse signal propagating through the sample. Moreover, from Eq.11, there is 376 

a bias of 2.58 dB/mm when local losses associated with reflection and transmissions at the 377 

interfaces are not accounted for. Through addition of this bias to our measurement of the acoustic 378 

attenuation of TPX at 40 MHz of 8.44 dB/mm, we are within range of [19]. Nevertheless, the 379 

acoustic attenuation measured by our largely frequency-based approach should be  more accurate 380 

than [19] across different sample types because it accounts for changes in the peak frequency of 381 

the media rather than the ratio of the amplitude of the time-domain signals. 382 

Of the acoustic properties measured, the acoustic attenuation coefficient had the most notable 383 

change with increased cell density. Our acoustic attenuation coefficient values are within range of 384 

other published studies [8, 9, 16, 17], which have not accounted for all physical interfacial 385 

phenomena. The average bias for cell-laden hydrogels is 0.03 dB/mm (Supplementary Table 2) 386 

because the acoustic impedance of the fibrin hydrogels is similar to that of the coupling liquid. 387 

However, for: 1) thicker engineered tissues or implantable biomaterials, this bias would be 388 

prominent; and 2) for stiffer engineered tissues (e.g., cartilage, bone), this acoustic impedance 389 

mismatch would be higher and cause the bias to have more significant effects. As the fibrin 390 

hydrogels were >99% water, the measured speed of sound, derived density, and derived bulk 391 

modulus of the gels were approximately that of water at 37C (1524 m/s, 993.33 kg/m3, 2.32 GPa 392 
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from Eq. 8, respectively). We did not expect the addition of cells within the fibrin hydrogels to 393 

affect the speed of sound, acoustic impedance, density, and elastic modulus (assuming no shear 394 

propagation) of the cell-laden fibrin hydrogels since cells are largely (≥70% [25]) composed of 395 

water with a high concentration of salt and have properties that approach those of 37C water [26]. 396 

In contrast, acoustic impedance increased with cell density ostensibly due to absorption and 397 

scattering by the cells’ lipidic membranes [27] and nuclei [14], respectively. 398 

Our study has limitations: (1) Our method calculates acoustic impedance using the reflection 399 

coefficient at the water-sample interface as a ratio between the pulse-echo signal from the water-400 

substrate interface and the water-sample interface. As such, it is sensitive to local variations in the 401 

interface topography, e.g., due to focal cell topography, contraction, or swelling. (2) Non-uniform 402 

distribution of cells through the thickness of the fibrin hydrogels could lead to underestimation of 403 

the attenuation values, as Eq.1 is normalized to the thickness of the entire gel (d) rather than to the 404 

thickness of where the dominant population of cells are located during the actual measurement. 405 

(3) Lastly, although our technique is versatile and can be used with any substrate material of know 406 

acoustic properties, it requires good adherence of the sample to the substrate to avoid air gaps 407 

between the sample and substrate. However, regardless of the substrate and/or sample material, 408 

the frequency-based approach presented in this study can be used to estimate the acoustic 409 

properties of cell-laden hydrogels across multiple thicknesses and cell densities. In future work, 410 

the approach could be used to monitor dynamics changes with culture time. 411 

5 Conclusion 412 

Here, we present a non-invasive and non-destructive high-frequency quantitative US 413 

method to estimate the acoustic, physical, and mechanical properties of biomaterials and 414 
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engineered tissues with high resolution (~100 µm). This method accounts for all physical 415 

interfacial phenomena to estimate the intrinsic physical and acoustic properties of cell-laden 416 

hydrogels, including thickness, speed of sound, acoustic impedance, acoustic attenuation 417 

coefficient, density, and elastic modulus, without the confounding variable of hydrogel thickness. 418 

We showed that increased cell density in the hydrogel led to an increase in the acoustic attenuation 419 

coefficient, demonstrating the ability of high-frequency US to detect changes in the cellularity of 420 

cell-laden biomaterials. Importantly, the method corrects for changes in hydrogel thickness due to 421 

cell-mediated contraction. This robust technique enables non-invasive, non-destructive estimation 422 

of the acoustic, physical, and mechanical properties of cell-laden biomaterials at spatial resolutions 423 

that are relevant for tissue engineering applications. 424 
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