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year.[1,2] The current treatment options 
for bone injuries or diseases requiring 
surgical interventions are autografts, allo-
grafts, and artificial implantations. All 
suffer from significant shortcomings, 
e.g., insufficient donor tissue availability 
for autografts, risk of potential immuno-
logical rejection for allografts, and lack 
of proper integration with host tissues, 
and therefore, multiple surgeries for arti-
ficial implantation.[2,3] With increasing 
incidence of these disorders, alterna-
tive strategies for bone tissue repair and 
regeneration are desirable.

Tissue engineering provides a prom-
ising tool for tissue repair and generation 
by growing tissues directly from cells 
in a bio-mimicking environment by 
providing a biocompatible scaffold with 
suitable growth factors and mechanical 
cues.[4] Human mesenchymal stem cells 
(hMSCs) have been widely investigated as 
a potential cell source for bone tissue engi-
neering.[5] The advantage of the hMSCs 
lies in their ability to differentiate into a 
variety of cell types, such as osteoblasts, 
chondrocytes, or adipocytes when exposed 

to proper environmental and chemical factors.[6,7] 3D printing 
has emerged as a novel means for constructing a proper envi-
ronment and patient injury-specific scaffolds for replacements 
and grafts.[7,8] The scaffolds can be printed from biodegradable 
materials using computer-assisted design (CAD) packages using 
CT or MRI images of the injury site. 3D printed structures with 
controllable pore sizes could also be custom designed to mimic 
the in vivo microenvironment, where seeded stem cells would 
grow, proliferate, and differentiate into desired tissues. These 
constructs would be implanted into the injury sites and inte-
grated with the host tissue as the scaffold material degrades.

A number of external factors such as ultrasound,[9–11] elec-
tromagnetic fields,[12] bone growth factors (bone morphogenic 
protein),[13] and medicines (Alendronate)[14] have been known 
to improve and promote bone cell growth and fracture healing. 
Traditionally, ultrasound has been utilized as a diagnostic 
modality. However, low intensity pulsed ultrasound (LIPUS)—
intensities less than 100  mW cm−2 and frequencies between 
0.75 and 1.5 MHz—has been known to have therapeutic poten-
tials[15] and has been approved for bone fracture healing in the 
United States by the Food and Drug Administration (FDA). It 

Lipid-coated microbubbles, clinically approved as contrast enhancing 
agents for ultrasound imaging, are investigated for the first time 
for their possible applications in bone tissue engineering. Effects of 
microbubbles (average diameter 1.1 µm) coated by a mixture of lipids 
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 1,2-dipalmitoyl-sn-glycero-
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the LIPUS energy toward enhanced cellular response. Integrating LIPUS 
and microbubbles promises to be a novel and effective strategy for bone 
tissue engineering and regeneration therapies.
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Lipid-Coated Microbubbles

1. Introduction

Bone lesions and defects, resulting from trauma, tumors, 
or infection (osteomyelitis), are worldwide health problems 
affecting millions of Americans.[1] These disorders are some of 
the main causes of pain and disabilities in the United States 
and account for more than 6 million hospital visits every 
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has been proposed that LIPUS induces micromechanical stim-
ulations of bone cells and inducing osteogenesis, described by 
Wolff’s law.[16]

There have been many in vitro experiments suggesting that 
LIPUS treatments induce multifunctional effects that are directly 
involved with bone formation and resorption varying excitation 
frequency, intensity, duty cycle, and duration.[16] Budhiraja et al.[9] 
found that exposing hMSCs to LIPUS with an excitation frequency 
of 5  MHz significantly increases cell proliferation. Yue et  al.[17] 
showed that LIPUS stimulation also enhanced osteogenesis of 
mouse adipose-derived stem cells to LIPUS by measuring runt-
related transcription factor 2 (Runx2), osterix, and osteopontin 
gene expression. Uddin and Qin[10] found that LIPUS restores 
normal osteogenic differentiation of hMSCs under simulated 
microgravity. We have previously shown that LIPUS can improve 
proliferation of hMSCs and their osteogenic[11] and chondro-
genic[18] differentiation on 3D printed tissue constructs.

Due to their highly echoic gas cores, microbubbles (MBs) 
coated by a monolayer of lipids, proteins, or other surface active 
molecules have become an FDA-approved agent for contrast 
enhanced ultrasound imaging.[19] Recently, microbubbles have 
been explored for a variety of novel biomedical applications 
such as drug delivery,[20] thrombolysis,[21] and blood brain bar-
rier opening.[22] Our lab has been exploring the possibility of 
facilitating tissue engineering by harnessing the beneficial 
effects of LIPUS with applications of microbubbles. We have 
recently shown that LIPUS in the presence of microbubbles can 
significantly enhance chondrogenesis of hMSCs in vitro on a 
3D printed poly-(ethylene glycol)-diacrylate hydrogel scaffold—
glycosaminoglycan production increased by 17% (5% by LIPUS 
alone) and type II collagen by 78% (44% by LIPUS alone).[23]

Here, for the first time, the effects of LIPUS in the presence 
of microbubbles on proliferation and osteogenic differentia-
tion of hMSCs on 3D printed poly(lactic)-acid (PLA) scaffolds 
are evaluated. For the LIPUS parameters used within this study, 
the stability and acoustic behaviors of the microbubbles were 
evaluated. Within this investigation, 1, 3, and 5 d proliferation 
studies and 3 week osteogenic differentiation studies were per-
formed for investigation.

2. Results

2.1. Characterization of Scaffolds

The average pore dimensions of the scaffolds were 700 and 
1000  µm as assessed by the scanning electron microscopy 
(SEM) images taken of the scaffolds (Figure 1a). The data col-
lected during compression testing were converted into stress 
and strain and a linear fit was executed. The average Young’s 
modulus of the scaffolds was found to be 2.15 ± 0.15 MPa.

2.2. Microbubble Characterization and Stability

As noted before, the average diameter of the synthesized lipid-
coated microbubbles is 1.1–1.2  µm with a concentration of 
about 108–109 particles per milliliter (Figure  1b). The stability 
and scattering ability of the microbubbles were explored over 
a time interval of 3 min, same as that of the cell exposure. The 
signals with and without microbubbles are plotted in Figure 2a. 
The enhancement of the scattered signal due to microbubbles 
plotted in Figure 2b shows no significant difference in the level 
of enhancement between the timepoints over the exposure time 
of 3 min (t-test gives p > 0.05).

2.3. hMSC Proliferation

For the effects of LIPUS and LIPUS in the presence of 0.5% v/v  
microbubbles on hMSC proliferation, the percent reduc-
tion of Alamar Blue Assay was measured after 1, 3, and 5 d 
of treatment. The results can be seen in Figure 3 for all three 
groups, control, LIPUS, and LIPUS in the presence of micro-
bubbles (LIPUS + MBs). After 1 d, there was 10.2% increase in 
percent reduction in Alamar Blue when the cells were exposed 
to LIPUS in the presence of microbubbles as compared to 
control (n = 19, p = 0.0041), while the corresponding increase 
with only LIPUS stimulation was 7.2%. After 3 d, the cells with 
LIPUS stimulation in the presence of microbubbles resulted in 
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Figure 1.  a) 3D printed PLA scaffolds visualized with SEM. The red scale bar represents 1 mm. b) Size distribution as measured by qNano of the 
microbubbles.
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a 16.3% increase in percent reduction in Alamar Blue (LIPUS 
alone had an 8.6% increase) compared to control (n  = 17, 
p  <  0.0001). After 5 d, corresponding increases are 19.3% for 
LIPUS in the presence of microbubbles and 4.4% with LIPUS 
alone (n = 8, p = 0.0041). The cell morphologies imaged using 
confocal microscopy after 3 d of exposure to LIPUS and LIPUS 
in the presence of microbubbles show a considerable increase 
in proliferation as shown in Figure 4.

2.4. Osteogenic Differentiation

For osteogenic differentiation, three specific differentiation 
markers—total protein (Figure 5), calcium deposition (Figure 6), 
and alkaline phosphatase (ALP) activity (Figure 7)—were tested 
for 3 weeks on the same three groups—control, LIPUS, and 
LIPUS in the presence of microbubbles. After 3 weeks a 27.5% 
increase was observed for total protein content with LIPUS in 
the presence of MBs (n = 12, p < 0.0001), while with only LIPUS 
stimulation had a 12% increase as compared to control (n = 12, 
p  = 0.0021). Extracellular calcium deposition recorded a 4.3% 
increase for LIPUS+MBs (n  = 9, p  < 0.0001) while with only 
LIPUS it was 2.2% increase (p = 0.0003). ALP activity increases 
by 43.1% (25% with only LIPUS, p  = 0.0029) with LIPUS 

and microbubbles after 3 weeks compared to control (n  = 12,  
p < 0.0001; Figure 7).

3. Discussion

The scaffold developed in this study has a microenvironment 
and mechanical properties similar to natural cancellous bone. 
Bone is composed of a hard outer layer referred to as cortical 
bone and a spongy inner layer known as cancellous bone.[24] 
Cancellous bone has very high porosity ranging from 50% to 
90% with voids typically of size 300  µm to 1  mm containing 
bone marrow, bone cells, and fat.[24] The PLA scaffold used 
here has pores of comparable sizes as that of void spaces in 
cancellous bone. The compressive strength of the scaffold 
2.15 ± 0.15 MPa falls within the range 2–12 MPa of cancellous 
bone.[25]

For the assessment of stability and acoustic response, the 
microbubbles underwent 3 min of constant exposure of ultra-
sound under the same parameters as the cellular studies. 
Throughout the time exposed, the microbubbles had signifi-
cantly higher scattering signals compared to control (deionized  
water) with enhancement as high as 25 dB. The enhancement of  
the scattered signal also remained relatively constant through 
the 3 min of exposure demonstrating that the microbubbles 
were stable and active under acoustic stimulation.

The proliferation of the hMSCs statistically increased over 
the course of 5 d of treatments when exposed to LIPUS. The 
addition of microbubbles further enhanced the effects of the 
LIPUS stimulation on proliferation. Osteogenic differentiation 
was also improved by the addition of LIPUS and microbubbles 
as visualized by three different markers, total protein content, 
extracellular calcium deposition, and ALP activity. A statistically 
significant increase in each of these differentiation markers was 
observed when stimulated with LIPUS in the presence of micro-
bubbles. Total protein content, known to be related to osteo-
genic differentiation of hMSCs,[11] showed a 27.5% increase 
with LIPUS in the presence of microbubbles when compared 
to control after 3 weeks. With LIPUS alone, the increase was 
12%. Extracellular calcium deposition is considered a late-stage  
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Figure 2.  a) Frequency spectrum of the control (orange) and 0.5% v/v microbubble (MBs) solution scattered signals. b) Signal enhancement with the 
addition of 0.5% v/v microbubbles as compared to control at 1.5 MHz over the course of 180 s of continuous exposure (n = 4).

Figure 3.  Proliferation of hMSCs on control, LIPUS, and LIPUS in the pres-
ence of microbubbles (LIPUS + MBs) groups after 1 (n = 19), 3 (n = 17),  
and 5 d (n = 8). *p < 0.05, **p < 0.001 compared to control group.
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osteogenic differentiation marker as calcium deposition has 
shown to be important for bone strength and stability.[26] 
Here, a 4.3% increase in extracellular calcium deposition was 
observed when exposed to LIPUS in the presence of microbub-
bles after 3 weeks of culture in osteogenic media. This is an 
improvement from the 2.2% increase when exposed to LIPUS 
alone. ALP is an enzyme that is critical in the formation and 
mineralization of the bone extracellular matrix. ALP activity is 
an early stage indicator of osteogenic differentiation.[11] After  
3 weeks of culture, a 43.1% increase in ALP Activity was 
observed compared to control with LIPUS and MB, while 
LIPUS alone gave rise to only a 25% increase.

The mechanism behind LIPUS-stimulated cell behavior is 
not fully understood. The effects induced by LIPUS are believed 
to be nonthermal and could therefore be due to mechanical 
effects such as acoustic radiation forces, microstreaming, and 
cavitation.[27] At the low power of less than 200 mW cm−2 used 
here, one would expect negligible temperature rise.[28] Also the 
mechanical index (0.05 at 30 mW cm−2 to 0.12 at 200 mW cm−2)  
is too low for strong cavitation activity[29]; thresholds for inertial 
cavitation in water are much higher than the acoustic param-
eters used here.[30] In the absence of thermal and cavitational 
effects at this acoustic setting, the observed bioeffects most 

likely arise from the periodic normal stresses as well as shear 
stresses due to microstreaming.[31] LIPUS can be a source of 
micromechanical stress that might be responsible for bone 
fracture healing.[32] The micromechanical stresses have been 
shown to activate receptors on bone cell membranes, including 
integrins, mechanosensitive-calcium channels, G-proteins, 
IGF, TGF-β/BMP, and gap junctions causing the induction 
of osteogenesis.[10] However, there is still a debate within the 
field as to which mechanisms are directly involved with bone 
formation within hMSCs. The mechanical stresses induced by 
LIPUS have been shown to be an effective regulator of prolifer-
ation and differentiation within hMSCs.[11,33] Budhiraja et al.[9] 
hypothesized that LIPUS enhanced proliferation can be attrib-
uted to the activation of the ERK1/2 and AKT pathway. Osteo-
genic differentiation has been proposed to be regulated by the 
downregulation of PPARγ2 transcription factor and the upregu-
lation of Runx2.[33] Kusuyama et al.[32] showed that osteogenesis 
is facilitated by ROCK-Cot/Tpl2-MEK-ERK signaling pathway 
and modulation of the PPARγ2 activity within hMSCs. There 
are several pathways that LIPUS may also stimulate, such as 
RhoA-GTP, p-FAK, p-MEK1/2, p38 MAPK, p-IKKα/β, NK-kB, 
and others.[11,34] Despite the debate in the field of the exact 
mechanism, it is widely accepted that the addition of LIPUS 
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Figure 4.  Confocal images of hMSC proliferation on 3D scaffolds with a) control, b) LIPUS, and c) LIPUS in the presence of microbubbles  
(LIPUS + MBs) treatment after 3 d of culture. Cytoskeleton and cell nuclei were stained by Texas Red -X phalloidin (red) and DAPI (blue), respectively.

Figure 5.  Total protein content on control, LIPUS, and LIPUS in the pres-
ence of microbubbles (LIPUS + MBs) groups after 1, 2, and 3 weeks of 
culture (n = 12). *p < 0.05, **p < 0.001 when compared to control group.

Figure 6.  Total calcium deposition on control, LIPUS, and LIPUS in the 
presence of microbubbles (LIPUS + MBs) groups after 1, 3, and 5 d  
(n = 9). *p < 0.05, **p < 0.001 when compared to control group.
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has a positive impact on cell proliferation and osteogenic dif-
ferentiation in hMSCs

With the addition of microbubbles to these experiments, 
proliferation and osteogenic differentiation markers were 
increased significantly suggesting that the addition can fur-
ther accelerate the LIPUS effects. Due to the compressible 
nature of microbubbles, the gas core will expand and contract 
with the oscillatory pressure field of LIPUS. We showed that 
the microbubbles remain stable and active throughout the 
exposure time. The stable oscillations of the microbubbles 
create microstreaming—a fluid flow, around the cells creating 
stresses on the cell membranes of 100 Pa to 1 kPa[23]—which 
in turn may enhance the micromechanical stimulation on the 
cells caused by LIPUS. It may stimulate mechanosensitive 
channels or cause transient pores to develop within the cell 
membrane to facilitate nutrient transfer. The results support 
the hypothesis that the micromechanical stresses caused by 
microstreaming are beneficial for the enhancement of the cel-
lular processes.

4. Conclusion

Overall, LIPUS in the presence of microbubbles has shown 
to enhance proliferation and differentiation potential of the 
hMSCs as shown by total protein content, total calcium dep-
osition, and ALP activity. After 5 d of culture, there was a 
19.3% increase in percent reduction of Alamar Blue, which is 
proportional to cell number, as compared to control. Three oste-
ogenic differentiation markers of the hMSCs were quantified, 
total protein content, extracellular calcium deposition, and ALP 
Activity. For the total protein content, a 27.5% increase was seen 
in samples treated with LIPUS in the presence of microbubbles 
as compared to control after 3 weeks; LIPUS stimulation alone 
showed a 12% increase as compared to control. For calcium 
deposition, there was a 4.3% increase after 3 weeks in samples 
exposed to LIPUS in the presence of microbubbles and a 2.2% 
increase in LIPUS alone. The ALP Activity increased by 43.1% 
after 3 weeks of culture in the samples exposed to LIPUS in the 
presence of microbubbles, while LIPUS increased by 25%. The 
addition of LIPUS in the presence of microbubbles shows to 
be a promising enhancement of the osteogenic differentiation 

of hMSCs and could be a promising strategy for future bone 
tissue engineering applications.

5. Experimental Section
Production and Characterization of Scaffolds: A fused deposition 

modeling (Solidoodle, NY) technique was used to 3D-print scaffolds 
using 1.75 mm diameter PLA filaments. First, a 3D CAD model (Rhino 6, 
Seattle, WA) of the shape of the scaffold was made with the appropriate 
dimensions (12 mm diameter disks with 1 mm thickness). Then, the infill 
density, scaffold pore geometry, and the speed of the printer nozzle 
were set using Slic3r computer numerical control conversion software. 
The resulting stereolithography (STL) file was exported and loaded 
into the Pronterface open-source software for control of the 3D printer. 
Rectilinear pores were chosen, which was previously shown to be optimal 
for hMSC growth.[18] The disk-shaped scaffolds were composed of three 
layers each of 0.3–0.4 mm in height and a 40% infill density. The printer 
nozzle was maintained at 200 °C to melt the PLA filament for printing, 
extruded through a 0.5  mm nozzle, and a print speed of 20  mm s−1  
was maintained. To assess the pore size, the scaffolds were imaged 
using SEM (Zeiss Nvision) as seen in Figure  1a. Compression testing 
was performed on the scaffolds using a mechanical testing machine 
(Applied Test Systems, Butler, PA). The scaffolds were compressed at 
a constant rate of 0.5 mm min−1 while the load and head displacement 
were recorded through the experiment.

Synthesis of Microbubbles: The microbubbles used in this experiment 
were prepared in the lab using a lipid shell and perfluorocarbon gas. 
A mixture of lipids—0.75  mg mL−1 of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine, 1.5  mg mL−1 of 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000], and 
3.0  mg mL−1 of 1,2-dipalmitoyl-3-trimethylmmonium-propane (Avanti, 
AL)—was dissolved in heated (45  °C) propylene glycol for 30 min. 
Glycerol and phosphate buffer solution (PBS) were separately heated 
and then added to the lipid mixture while heated for 40 min. The 
solution was kept at 4 °C overnight. The following day, 1.5 mL of the lipid  
solution was placed in a 2 mL glass vial, crimp-closed, and the remaining 
headspace underwent gas exchange with perfluorobutane (Fluoromed, 
TX). The microbubbles were generated by mechanical agitation of the 
vial for 45 s using a Vial Mixer (Bristol Myers Squibb). The resulting 
microbubbles were highly polydisperse in size. To narrow the range of 
diameters, the suspension was diluted to 50 mL in PBS and centrifuged 
at 40 relative centrifugal force for 4 min using a bucket-rotor centrifuge. 
Of the 50 mL of the centrifuged solution, the first 15 mL was discarded 
to eliminate the larger microbubbles and the second 15 mL was used for 
the experiments. To determine the average diameter and concentration 
of the microbubbles within the isolated volume, the size distribution was 
measured using qNano (Izon Science, MA) with nanopore membrane 
NP2000 (1000–5000  nm). The average size was found to be roughly 
1.1–1.2 µm with an average concentration of about 108–109 particles per 
milliliter. The size distribution of the centrifuged microbubbles is plotted 
in Figure 1b.

Characterization of Microbubble Stability and Acoustic Response: The 
stability and acoustic response of the microbubbles were evaluated 
under 3 min of continuous acoustic excitation. Two perpendicularly 
aligned spherically focused transducers with the same specifications 
(diameter 12.7  mm, central frequency 2.25  MHz with −6 dB:  
1.48–2.90 MHz, focal distance of 30.48 mm) (Olympus NDT, Waltham, 
MA) were used for the assessment of microbubble acoustic properties 
(Figure  8). Both transducers were calibrated using a 0.4  mm needle 
hydrophone (HNC400, ONDA, Sunnyvale, CA) in a water tank filled 
with degassed deionized water. The polycarbonate chamber (50 mm × 
50  mm × 45  mm) was filled with 0.5% v/v microbubbles in deionized 
water. Control experiments were performed in identical setup without 
microbubbles. An ultrasound pulse was generated by a programmable 
function generator (33250A, Agilent, Palo Alto, CA, USA), which was 
amplified by a broadband 55 dB radio frequency (RF) power amplifier to 
excite the immersion transmitting transducer. The excitation parameters 
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Figure 7.  Alkaline phosphatase (ALP) activity on control, LIPUS, and 
LIPUS in the presence of microbubbles (LIPUS + MBs) groups after 1, 3, 
and 5 d (n = 12). *p < 0.05, **p < 0.001 when compared to control group.



www.adv-biosys.comwww.advancedsciencenews.com

1800257  (6 of 7) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for the transmitting transducer were 1.5  MHz, 30  mW cm−2 spatial 
average temporal average intensity, 32 cycles, and a pulse repetition 
frequency of 100  Hz. The receiving transducer was connected to a 
pulser-receiver (model 5800, Panametrics-NDT, Waltham, MA), which 
was connected to an oscilloscope. The signals were averaged over 64 
signals and were taken with a custom-written MATLAB (Mathworks, 
Natick, MA) program for 50 replicates. A fast Fourier transform was 
taken of the signals. The signals were assessed over 3 min of continuous 
exposure to evaluate the stability of the microbubbles over the same 
time length of cell excitation. This was repeated four times and assessed 
for a statistically significant difference between the first measurement 
(t = 0 s) and last measurement (t = 171 s).

Ultrasound Parameters: The ultrasound parameters for hMSC 
parameters were optimized previously for cell proliferation by 
Aliabouzar et  al.[23] The schematic representation of ultrasound 
exposure setup is presented in Figure  9. Briefly, the ultrasound pulse 
produced by a programmable function generator (33250A, Agilent, 
Palo Alto, CA, USA) and amplified by a broadband 55  dB laboratory 
RF power amplifier (model A-150, ENI, Rochester, NY, USA) was used 
to excite a single element unfocused immersion transducer (diameter 
12.7  mm, central frequency 2.25  MHz with −6 dB: 1.48–2.90  MHz) 
(Olympus NDT, Waltham, MA). A sterilized (with 70% ethanol and 
1 h ultraviolet exposure) XYZ positioning stage (Newport Corp., CA) 
was used to hold the transducer vertically in the well of the cell culture 
plate touching the top surface of the media there. The separation of the 
head of 13 mm from the cells at the well bottom places the cells within 
the nominal near-field distance (40.3  mm at 1.5  MHz) as in previous 
studies.[11,23,35,36] However, it is to be noted that animal and clinical 
trials of therapeutic ultrasound typically involve near-field stimulation  
by transducers in direct contact with the skin.[37] Moreover, Li et  al.[35] 
found the optimum intensity of ultrasound stimulation in a far-field setup 
(exposure distance of 240 mm) to be identical to that found in a near-field 
setup (5 mm) by Parvizi et al.[38] The acoustic field was recently investigated 
in this setup examining its axial and radial variations as well as effects 
due to the plastic walls of the cell culture plate.[18] The field was found to 
be satisfactory; there were negligible spatial variation, no reflection and 
minimal effects of standing waves. For experiments in the presence of 
microbubbles, a mixture of culture medium and 0.5% v/v microbubbles 
was pipetted into each well. Each well was filled up with 3 mL of media 
or media and microbubble mixture, taking care that no air bubble was  
trapped. The working wells were separated by one empty well, i.e., 
every other well in the 24-well plate was used to avoid cross transfer 
of ultrasound energy to neighboring wells. Before experimentation, cells 
were washed with PBS. Cells were exposed to LIPUS at a frequency of 
1.5  MHz, spatial average-temporal average intensity of 30  mW cm−2, 
pressure amplitude of 63.41  kPa, and a duty cycle (fraction of the 
time within a pulse repetition period that transducer is on) of 20% for  
3 min per day. Previously, an hMSC proliferation study varying bubble 

concentration and acoustic parameters (frequency, intensity, duty cycle, 
and duration) was performed to find the parameters used here to be 
roughly optimal.[18,23] Control groups underwent the same submersion 
and withdrawal of transducers with ultrasound power turned off.

Cell Culture: Under an IRB-approved protocol with written, informed 
consent, human bone marrow mesenchymal stem cells (hMSCs) were 
obtained from healthy individuals at Tulane University. The cells were 
characterized at the Institute for Regenerative Medicine at Texas A&M 
Health Science Center with a fully executed Material Transfer Agreement. 
Passages 3–6 were used for all experiments. The cells were cultured in 
α-Minimum Essential Medium Eagle supplemented with 16.5% v/v fetal 
bovine serum (FBS), 1% v/v L-glutamine, and 1% v/v penicillin and 
streptomycin. The hMSCs were incubated in a 37 °C, 5% CO2, and 95% 
relative humidity environment. For the studies performing osteogenic 
differentiation of the hMSCs, the cells were cultured in Dulbecco’s 
Modified Eagle Medium supplemented with 10% v/v FBS, 50 µg mL−1 
of L-ascorbate acid, 10 mmol L−1 of β-glycerophosphate, 10 nmol L−1 of 
dexamethasone, and 1% v/v penicillin and streptomycin.

Proliferation of hMSCs: The effects of LIPUS with and without the 
presence of microbubbles on proliferation were evaluated. The hMSCs 
were cultured in 24-well plates with 2.5  ×  104 cells per well overnight. 
The samples were divided into three different groups, control (no LIPUS 
or microbubbles), LIPUS (no microbubbles), and LIPUS in the presence 
of microbubbles (LIPUS + MBs on figures). The cells were tested after 1, 
3, and 5 d of exposure using Alamar Blue Assay. The cells were incubated 
for 2 h at 37 °C and then tested by spectrophotometer for absorbance 
at 570 and 600 nm. The absorbance measurements were converted to 
percent reduction of the assay using the manufacturer’s instructions. 
To account for any effects the scaffold may have on the assay, the 
negative control experiments were performed with the test samples in 
the scaffold. The percent reduction of the assay is proportional to cell 
number. The cells were rinsed with PBS three times and replenished 
with fresh medium.

After 3 d of treatment, cell morphology of each group was imaged by 
confocal microscopy (Carl Zeiss LSM 710). The samples were washed 
with PBS twice and fixed with 10% formalin for 10 min. The samples 
were washed and then underwent permeabilization via 0.1% Triton-100 
for 10 min. The samples were stained with Texas Red for 1 h and 4ʹ,6-
diamidino-2-phenylindole (DAPI) for 5 min.

Osteogenic Differentiation of hMSCs: For osteogenic differentiation 
studies, the hMSCs were cultured in 24-well plates with roughly 1 × 105 
cells per well overnight. The cells were divided into the same three 
groups and were then immersed in osteogenic media and exposed to 
ultrasound with the parameters mentioned above for 3 d. After that, 
the cells were incubated in osteogenic media for 1, 2, or 3 weeks. The 
samples were lysed using a freeze-thaw cycling method three times and 
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Figure 9.  Experimental setup for ultrasound stimulation of hMSCs.

Figure 8.  Experimental setup for the assessment of microbubble stability 
and acoustic response.
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then were evaluated for total protein content, calcium deposition, and 
ALP. Total protein content was tested using a commercial BCA Protein 
Assay Reagent Kit (Pierce Biotechnology) and the concentrations of 
the samples were compared to a standard curve of bovine serum 
albumin of varying concentration. Calcium deposition was tested using 
a standard assay kit (Pointe Scientific, Canton, MI) according to the 
manufacturer instructions and compared to a calcium standard with a 
known concentration. ALP activity was tested using a standard assay kit 
(Bioquest, Sunnydale, CA) according to the manufacturer instructions, 
comparing the results to a standard curve to determine the concentration.

Statistical Analysis: For the statistical evaluation of all studies, 
a one-way analysis of variance was used to determine statistical 
significance. A p-value of less than 0.05 was taken to be significant. A 
Tukey’s range test was performed to determine significance between 
individual groups, and p < 0.05 was taken to be significant. All data are 
presented as mean ± standard error of the mean. A D’Agostino and 
Pearson test was performed on the data to ensure a normal distribution. 
To ensure equal variances between groups, a Brown–Forsythe test was 
performed. Data processing was performed using GraphPad Prism 7 
(GraphPad Software, La Jolla, CA).
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