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Abstract

The purpose of this study was to assess the effect of pulsed amplitude modulated ultrasound 

(pAMUS) on the level of mineralization in osteoblast cell in comparison to cells stimulated with 

low-intensity pulsed ultrasound (LIPUS). To make the ultrasound effects more enhanced and 

targeted at region of interest, this study uses a novel approach of applying pulsed amplitude 

modulated ultrasound to osteoblast cells. The pAMUS signal was generated using two signal 

generators. Pulsed signal was amplified through a power amplifier and drove two identical focused 

ultrasound probes, focusing at the same point in the culture dish. The effects of pAMUS were 

evaluated using a pAMUS signal of 45 kHz and 100 kHz with 20% duty cycle. The hydrophone 

verified the formation of a focal point at equal distances (16 mm) from the surface of both 

transducers. Intensity profile using computer controlled 2D scanner showed circular focal point 

with a diameter of approximately 10 mm. The effect of the signal was studied using MC3T3-E1 

cells cultured in osteogenic medium at time points Day 7, 12 and 18. The cells were analyzed for 

ALP activity and calcium mineralization. The pAMUS significantly increased the ALP activity 

and matrix calcification in comparison with LIPUS stimulated cultures.
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Introduction

Pulsed ultrasound stimulation is highly effective in accelerating bone healing in fresh 

fractures and non-unions.8,9,15,16,26 Clinical studies also show faster healing rate with 

ultrasound stimulation.6,10,11,14,20 In vivo studies show increased mechanical strength in 

bone tissues after ultrasound application in different stages of bone healing.1 Cellular level 

effects of ultrasound have been studied using osteoblast cells. In these studies, pulsed 

ultrasound stimulation has increased matrix calcification, alkaline phosphatase (ALP) 

activity and transcription of different transcription factors. 13,23,25,27
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Ultrasound has been shown to enhance bone growth but the ultrasound parameters 

responsible for osteogenesis are still not known. To optimize the effect of ultrasound on 

bone growth, it is important to optimize the ultrasound signal. The ultrasound stimulators 

used in clinical applications are designed for bone tissue, usually embedded in muscle and 

other soft tissues; thus it can caused adverse effects on surrounding soft tissue. Ultrasound 

pressure wave can induce cavitations in soft tissue surrounding the bone as they have higher 

concentration of microbubbles compare to bone tissue. Feril et al.7 have discussed that 

formation of cavitations in cellular membrane can lead to cell death if cell is unable to repair 

disorientations in the cellular membrane. These cavitations depending on the ultrasound 

energy can also affect other organelles inside the cell. The prolonged ultrasound treatment 

can induce formation of free radicals inside the cells, which can reduce cellular response and 

induce cell necrosis.7 Furthermore, the surrounding tissues cause the loss of ultrasound 

energy; this can reduce the efficiency of treatment.

Dynamic mechanical stimulation studies in vivo low level vibrations have shown significant 

increase in bone mass by inducing microstrains in bone tissue.17,19 It is expected that low 

level ultrasound with amplitude modulation will generate similar matrix mineralization in 
vitro experiments.

Pulsed ultrasound signal creates a pressure wave, when it comes in contact with medium, it 

generates unidirectional displacement known as acoustic streaming. Acoustic streaming 

induces shear stress and strain on the cells and initiates mechanotransduction pathway. The 

mechanism of ultrasound effects on cell proliferation and differentiation hasn't been fully 

understood yet. Thus different studies have applied different ultrasound parameters such as 

intensities,2,21,22 frequency2 to optimize mineralization to enhance bone mechanical 

properties.

This study evaluates the mineralization in osteoblast cells, when stimulated with focused 

pulsed amplitude modulated ultrasound sound (pAMUS) and compared with low intensity 

pulsed ultrasound (LIPUS) at intensity of 5 mW/cm2 (Fig. 1). PAMUS is expected to 

provide enhanced mechanical stimulation to the cells as it compromised of amplitude 

modulated signal in which signal amplitude varies with respect to modulated signal. PAMUS 

is different from LIPUS in the signal amplitude modulation as LIPUS signal has no 

modulation. It is expected modulation property of pAMUS will increase dynamic 

mechanical loading of signal thus increase bone mineralization significantly when compared 

to non-modulated LIPUS signal. Furthermore due to low intensity and energy level pAMUS 

wouldn't induce cavitations in soft tissue surrounding bone. It is expected that amplitude 

modulation will mediate the ultrasound signals in a more dynamic way with lower 

frequencies (e.g. 45 kHz and 100 kHz) in the stimulated region, which may further trigger 

local mechanical perturbation and enhance mineralization in osteoblast cells with optimized 

acoustic energy in the focal point, through a novel low energy pulsed amplitude modulated 

ultrasound (pAMUS) configuration, which comprise of modulated and carrier frequency. 

The objective of this study is to optimize the ultrasound signal that can be used for bone 

healing and mineralization. It is hypothesized that pAMUS signal will enhance 

mineralization in osteoblast cells at accelerated rate than the regular LIPUS. To evaluate this 

hypothesis, we designed a novel set up with two low energy focal transducers focusing at a 
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focal region. The effect of pAMUS stimulations was determined by analyzing ALP activity 

and matrix calcification and comparing it with pulsed ultrasound stimulations and no 

ultrasound stimulations.

Materials and Methods

Signal Modulation

Considering the effects of ultrasound at muscle and skin tissue along with energy loss to soft 

tissue surrounding the bone, this study analyzes the application of focused and low energy 

pAMUS in osteoblast cells. To get maximum signal strength at focal point, two focused 

ultrasound signals with different frequencies are focused at the same focal region. When two 

signals of different frequencies are combined at focal point, they form modulated ultrasound 

signal. Amplitude modulated signal consist of a “carrier signal” and a “modulate signal,” the 

modulating signal changes the amplitude of the carrier signal (Fig. 1).

The setup in this study combines two ultrasound frequencies at focal point. Both signals are 

sinusoidal waves given by:

(1)

(2)

At focal point these two signals combine to give:

(3)

Using sum to product identities:

(4)

(5)

(6)
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This equation is comparable to amplitude modulated signal which is given by:

(7)

For simplification ϕc and ϕm can be considered equal to zero as they describe initial phase of 

modulated and carrier frequencies.

(8)

(9)

(10)

where f1 is the ultrasound frequency 1, f2 is the ultrasound frequency 2, Fm is the 

modulation frequency, Fc is the carrier frequency, Φc is the carrier signal phase, Φm is the 

modulated signal phase.

Both ultrasound signals would be focused at the same focal point thus providing the 

maximum energy to the cells in the focal region.

Ultrasound Setup

To achieve the pAMUS signal, two focused transducer were focused at the focal point. To 

generate the ultrasound signal, function generator (Model DS345 30 MHz Function/

Arbitrary Waveform Generator, Stanford Research Systems, Inc., Sunnyvale, CA) was used 

to trigger the two secondary function generators, Function Generator 1 & 2(AFG3021 Single 

Channel Arbitrary/Function Generator, Tektronix, Inc., Tequipment.net, Long Branch, NJ, 

USA). The secondary function generator generates a pulsed ultrasound signal with 20% duty 

cycle (200 μs/800 μs). To generate pAMUS, the generators were set at different frequencies. 

Pulsed signals are then processed through a power amplifier (Model 2350 Dual Channel 

High Voltage Precision Power Amplifier, TEGAM, Inc., Geneva, OH, USA). Two focused 

transducers (Panametrics NDT, V303, 13 mm diameter, 16 mm focal point and 1 MHz 

Olympus Corporation), were driven by amplified signals. Figure 2 illustrates the 

experimental setup with detailed specifications and formation of amplitude modulated signal 

at focal point.

An aluminum holder was designed with a horizontal base and two arms at 135° to the base. 

The transducer was held perpendicular to each arm to get both transducers to focus at same 

Zia Uddin et al. Page 4

Cell Mol Bioeng. Author manuscript; available in PMC 2016 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



point and generate amplitude modulated signal. A plastic plate was design with a hole of 30 

× 30 mm at the focal point of transducers. This plastic surface acted as a stage for the Lab-

tek chamber slide (Nunc, Thermo Fisher Scientific, Rochester) and the hole provides the 

point of access for ultrasound to stimulate the cells. The set up was contained in a Plexi glass 

tank. The tank also held degassed water to fill the void between transducers and Lab-Tek 

Chambers (Fig. 2). To verify the formation of amplitude modulated acoustic wave and to 

confirm the focal position, high performance hydrophone (HP Series High Performance 

Hydrophone Measurement System, Precision Acoustics, Ltd. Dorchester, UK) was used. 

The hydrophone was attached to a computer controlled scanner which enabled the 

hydrophone to sweep through the surface in X and Y direction with resolution of 5 mm. To 

verify the frequency, both transducer were set to produce ultrasound at 1 MHz, which gives 

0 MHz modulated frequency and 1 MHz carrier frequency. This frequency was chosen to 

test the system considering equations of carrier frequency (11) and modulated frequency 

(12):

(11)

(12)

The wave signal was verified using oscilloscope (TDS 430A 400 MHz Two Channel Digital 

Real-Time Oscilloscope, Tektronix, Inc. Tequipment.net, Long Branch, NJ, USA) attached 

to the hydrophone. To confirm the formation of modulated ultrasound waves, system was 

tested using different frequencies. The intensity of signal was measured using the results 

from hydrophone 2D scan data with resolution of 5 mm. The wave pattern for pAMUS 

signal was detected using low frequency hydrophone (TC4013 Miniature Reference 

Hydrophone, 1 Hz–170 kHz, Reson Inc) in the focal region. This data was plotted relative to 

XY axis using Matlab v7.1, the area under the graph represents the average intensity over 

the area of focal point which is approximately 5 mW/cm2. In this study two amplitude 

modulated frequencies were studied, 45 kHz and 100 kHz. These values were selected after 

conducting the literature search. Recent studies show that low frequency ultrasound, ranging 

from 20 to 140 kHz, can enhance enzymatic activity3–5,29,30 in different cells. The activation 

frequency can be different for different enzymes.18 The literature search didn't retrieve any 

particular low frequency for enzymes involved in bone mineralization.

Considering the modulation frequency Eq. (2), transducer 1 was set to 1 MHz and transducer 

2 was set at 1.09 MHz to generate 45 kHz signal and for 100 kHz signal, transducer 1 was 

set at 1 MHz and transducer 2 was set at 1.20 MHz. As explained in previous section 

modulated frequency forms an envelope around carrier frequency thus cells can sense 

modulated frequency. To confirm the formation of desired frequencies focus region was 

scanned to confirm the wave pattern using hydrophone. Cells from whole well (well surface 

area = 1.8 cm2, 1 × 0.8 cm) were used to analyses changes in ALP activity and matrix 

mineralization.
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Cell Culture

Murine Calvaria derived MC3T3-E1,28 a preosteoblast cell line (ATCC, LGC Promochem, 

France) was cultured in alpha-Modified Essential Medium (α-MEM, Hyclone) 

supplemented with 10% Fetal Bovine Serum (FBS) and 100 μL/mL Pen-strep in an 

incubator, set at 5% CO2 and 37 °C. Cells were seeded at 10,000 cell per well (well surface 

area = 1.8 cm2, 1 × 0.8 cm). Cells were allowed to reach a confluent state and the 

experiment was started on Day 8 of post confluency. This allows cells to make their 

extracellular matrix and increase their adherence to the plate and reduce cell detachment 

during ultrasound treatment. To induce mineralization, 10 mM glycerophosphate and 50 

μg/mL of ascorbic acid was added to cell culture medium at 7th day of post confluency. 

During the experiment, medium was changed on every 3rd day till Day 10 and every day 

after 10th day. Medium was changed in all samples at same time.

Cells were distributed into four groups: Sham, cells were exposed to no ultrasound; control, 

was exposed to pulsed ultrasound sound at 1 MHz with no amplitude modulation; two 

experimental groups with 100 kHz and 45 kHz pAMUS frequencies, respectively. Control 

and experimental groups were exposed to ultrasound for 15 min each day. In order to place 

the cells at focal point; each well was placed on stage which had a hole of 30 mm × 30 mm. 

The gap between transducers and Lab-tek chambers was filled with degassed water. The 

whole set up was place inside an incubator to provide the optimal conditions for cells to 

grow and proliferate. Each well was filled with 0.75 mL of medium. The volume of medium 

was chosen considering the formation of resultant standing wave.

Alkaline Phosphatase Assay

Alkaline phosphatase (ALP) is a membrane bound enzyme which provides phosphate for 

formation of calcium phosphate (hydroxyapatite). ALP turnover has been used as a marker 

for bone mineralization.

Cell samples were collected at Day 7, 12 and 18 (n = 5 samples per group per day point) and 

sonicated for 5 min to induce cell lysis in 1 mL distilled water. 500 μL solution was 

extracted and was used for ALP activity assay. Remaining cell extract was stored for 

calcium assay.

P-Nitrophenyl Phosphate Liquid Substrate System (sigma)(100 μL) was added to the 

extracted samples from each group at D7, 12 and 18(100 μL) to each well of 96 well plate. 

Samples were then incubated for 60 min at 37 °C in incubator, reaction was stopped using 

100 μL of 0.1 N NaOH. Absorbance was read at 405 nm, all the samples were analyzed 

three times. The amount of ALP activity was determined using nitrophenol dilutions as 

standard. The results were normalized with total number of cells in each sample.

Alizarin Red Staining

At Day 7, 12 and 18 (n = 3 for each time point) matrix calcification was analyzed using 

alizarin red staining. Samples were fixed using 70% ethanol for 1 h at room temperature and 

stained in 40 mM alizarin red at pH 4.2 for 10 min. Cultures were washed thoroughly with 

tapped water, allowed to dry at room temperature for an hour for imaging. Images were 
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obtained using Axiovert 2000 M Inverted microscope (Carl Zeiss, USA) at 2.5× and 10× 

magnifications. To quantify the degree of staining in each sample cultures were destained 

with 10% cetylpyridinium chloride solution in 10 mM sodium phosphate for 15 min at room 

temperature. Aliquots of each sample were transferred in triplicate to 96 well-plate 

(Falcon™, NJ) and absorbance was measured at 562 nm. To calculate the relative density of 

stain in each sample optical density was compared to a known concentration of alizarin red 

diluted with 10 mM sodium phosphate containing 10% cetylpyridinium.12,24

Calcium Assay

Considering the semi-objective nature of Alizarin red de-staining, calcification results were 

verified using Calcium reagent (Diagnostic Chemicals/Genzyme-Product 1420 Arsenazo 

III). 1 N acetic acid was added to reminder of the samples (n = 5, for each sample at every 

time point) and were left overnight with gentle agitation. Amount of calcium was quantified 

by analyzing triplicates of equal amounts of samples and Arsenazo in 96 well plate. 

Different dilutions of calcium in distilled water were used as standard and measured at 650 

nm to relative calcium concentration in the matrix.

Statistical Analysis

All the data was presented in ± standard deviation (SD). Results were analyzed using one-

way analysis of variance (ANOVA) and Student t-test. Neumann Kouls post-hoc test was 

used to verify trends in ANOVA analyses. Statistical significance was set at p < 0.05.

Results

Field Verification and Formation of pAMUS

Ultrasound energy was focused at circular focal region with a diameter of 10 mm, measured 

by 2-D hydrophone scan. Figure 3 shows the image of 2-D intensity scan with ultrasound 

energy confined at circular focal area with 10 mm in diameter (78.54 mm2). Figure 3a shows 

acoustic energy profile at focal point relative to grayscale values. Lab-Tek chamber well has 

180 mm2 culturing area and 44% of cells were stimulated in each well (Fig. 3b).

The wave form was captured by a digitized Oscilloscope attached to the hydrophone. To 

observe the formation of amplitude modulated waves, two different sets of frequencies were 

used. In the first set we tested 1 and 1.1 MHz frequencies (Δf: 0.1 MHz, fc: 1.05 MHz), the 

resultant modulated frequency of 0.047 kHz was observed which lies in close approximation 

to theoretical value of 0.05 kHz. In the second set frequencies of 1 and 1.045 MHz (Δf: 
0.045 MHz, fc: 1.0225 MHz) were tested, 0.0229 kHz modulated frequency was observed in 

comparison to 0.0225 kHz. Figures 4a and 4b show the wave pattern for first and second set 

of frequencies respectively. Further Fig. 4 implies the formation of amplitude modulated 

frequency with carrier and modulated components.

Alkaline Phosphatase Activity

ALP activity was measured at Day 7, 12 and 18. All the cultures showed increase in ALP 

activity but it is significantly higher in ultrasound stimulated cultures. The pAMUS 

stimulated cultures show significantly higher ALP activity at Day 12 (4 and 5 fold increase 
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in 45 kHz and 100 kHz pAMUS relative to LIPUS controls). The pulsed ultrasound 

stimulated showed increase in ALP activity at Day 18 but remains lower than pAMUS 

stimulated cultures. Figure 5 shows the difference in ALP activity in different groups.

Mineralization

Mineralization was assessed using alizarin red staining within cultures at Day 7, 12 and 18 

with 45 kHz and 100 kHz pAMUS, pulsed ultrasound and no ultrasound. The pAMUS 

stimulated cultures showed higher level of mineralization relative to pulsed-US stimulated 

cultures at Day 18, least mineralization was observed in no ultrasound cultures. Figure 6 

shows images from Day 18 at 2.5× magnification. Cultures were destained and optical 

density was measured at 562 nm. 100 kHz pAMUS samples had significantly increased 

mineralization compared to cultures stimulated with pulsed-US or no ultrasound. 100 kHz 

pAMUS samples show 33.74 ± 8.37% higher calcium levels relative to controls (cultures 

stimulated with pulsed ultrasound) (Fig. 7).

Alizarin red staining results were verified using calcium regent assay and analyzed at 650 

nm. Figure 8 confirms the results from alizarin red staining, significant increase in matrix 

calcification was determined in 100 kHz pAMUS cultures relative to 45 kHz pAMUS, 

pulsed-US and no ultrasound cultures. Calcium assay determines 27.75 ± 10.13% more 

calcium in 100 kHz samples relative to pulsed-US stimulated samples.

Discussion

The data has indicated that modulated ultrasound is capable to increase biomineralization in 

osteoblast-like cells. This study confirmed previous findings that low energy ultrasound is 

capable of accelerating bone cell response. However, the data from pAMUS demonstrated 

stronger mineralization expression than non-modulated LIPUS, which suggests that 

modulated ultrasound provided enhanced stimulation due to its acoustic properties. This 

study compared amplitude modulated signal to non-modulated pulsed ultrasound signal at 

low intensity (5 mW/cm2). Considering pAMUS increased mineralization significantly 

relative to LIPUS, this potentially implies that pAMUS can further enhance bone 

mineralization if used at same intensity levels as of LIPUS in vitro, in vivo and even at the 

clinical application. LIPUS treatment use a non-focal ultrasound, which is susceptible to 

energy lose to pre and post bone tissue along with undesirable effects to soft tissue 

surrounding bone. This setup can potentially overcome this issue by using two low energy 

signals to produce a higher energy signal at site of interest thus reducing the energy lose and 

undesirable effects to surrounding soft tissue.

The high levels of biomineralization with pAMUS signal suggest that signal amplitude 

modulation may play an important role in mechanotransduction in osteoblast. More studies 

need to be conducted to know the exact mechanism through which enhanced mineralization 

is achieved but it can be speculated that underlying mechanism of mechanotransduction are 

same as of LIPUS but pAMUS increases the mechanotransduction due to amplitude 

variability. The pAMUS has shown enhanced mineralization thus has potential to be used in 

accelerating bone healing, non-unions, osteoporosis, osteopenia and post-menopausal bone 

loss.
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The results from ALP activity showed significant increase in 100 kHz and 45 kHz pAMUS 

stimulated cultures relative to pulsed-US stimulated and no ultrasound cultures at Day 12. At 

Day 18 ALP activity also get elevated in pulsed-US cultures but remains significantly less 

then 100 kHz pAMUS samples. The increase in pulsed-US was expected as different studies 

have shown increase in ALP activity in osteoblast when stimulated with pulsed-US.25,27 

Sham cultures show a gradual increasing but significantly low ALP activity than ultrasound 

stimulated cultures.

Mineralization results had significantly higher mineralization in 100 kHz pAMUS 

stimulated cultures (27–33%) but increase in 45 kHz pAMUS cultures was moderate (6–9%) 

compare to pulsed ultrasound stimulated cultures. 45 kHz pAMUS stimulated cultures had 

significantly higher ALP activity than pulsed ultrasound but didn't show any significant 

increase in calcification. The process of mineralization involves many enzymes and it is 

possible that 45 kHz pAMUS can activate alkaline phosphatase enzyme but didn't activate 

other important enzymes needed for calcification of matrix as different frequencies can 

activate different enzymes,18 thus the overall mineralization didn't increased significantly. In 

alizarin red assay it was expected to see higher calcified area in focal region and relatively 

lesser calcification in non-stimulated area but alizarin red stain was distributed all over the 

sample. This can be due to the process of cellular induction and formation of acoustic 

streaming, which can spread over the total area of well and induce mechanotransduction in 

non-stimulated cells.

This study only looked at ALP activity and matrix calcification as markers for pAMUS 

effects on osteoblast cells, and more analysis would be required to determine the effects of 

pAMUS on transcription and gene levels. It would also be beneficial to analyze the spatial 

distribution of the calcium mineralization in samples and see if there are any differences, 

which can't be accessed easily. Current study proved the acceleration of mineralization in 

osteoblast cells when exposed to pAMUS but considering the experimental setup, 

application of two transducers at certain angle and particular distance from focal point can 

be an issue. This setup requires a high level of precision as small changes in angel and 

distance can disturbed the focal region. Furthermore, it is important to consider if such a 

setup can be used or adopted into in vivo application or not. This study only looks at two 

experimental frequencies with stimulation time of 15 min per day thus it can't address the 

question of application time and its effects on mineralization.

In summary, the study was aiming to analyze the effects of modulated ultrasound signal in 

comparison with plain pulsed ultrasound on mineralization in osteoblast cells. The study has 

demonstrated the promising results that pAMUS has higher effectiveness of triggering initial 

osteoblastic mineralization than LIPUS.

We speculate that this increased mineralization is due to the modified format of mechanical 

wave at 45 kHz and 100 kHz frequencies, which enhanced mechanotransduction of cell 

membrane, e.g., by activation of surface integrin and further use of low frequencies can 

trigger enzymatic activity in osteoblast cells. The enhanced mineralization in pAMUS 

relative to traditional pulsed ultrasound suggests that amplitude modulation can further 
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enhance the mineralization process in osteoblast and osteogenic activities. Thus, the 

pAMUS may further accelerate bone healing process more effectively.
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Figure 1. 
Ultrasound signals used in this study (normalized scale). (a): Non-modulated pulsed 

Ultrasound signal, 20% duty cycle, 5 mW/cm2, 1 MHz. (b): Pulsed Amplitude Modulated 

Ultrasound signal, 20% duty cycle, 5 mW/cm2. The carrying frequency (fc) is approximately 

1 MHz. The modulated frequencies (fm) are 45 kHz and 100 kHz.

Zia Uddin et al. Page 12

Cell Mol Bioeng. Author manuscript; available in PMC 2016 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Ultrasound setup to generate focused pulsed amplitude modulated ultrasound (pAMUS). 

Primary function generator trigger primary signal which get fed into two secondary function 

generators. Two secondary generators generate two different ultrasound frequencies which 

get amplified by power amplifiers. Two focused transducers convert the signal to form 

acoustic wave, both focused at same point. The lab-tek Chamber well was placed at the stage 

with hole in it which enable acoustic wave to stimulate cells.
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Figure 3. 
Energy profile at acoustic focal point (a) Energy profile at focal point showing energy values 

relative to grayscale; (b) focal point (10 mm, 78.54 mm2) positioning in lab-Tek well (180.0 

mm2) and acoustic energy distribution at focal region.
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Figure 4. 
The acoustic waveform for amplitude modulated ultrasound measured at the focal zone. 

Graphical representation of beat waveforms detected at the focal point. In both graphs ‘a’ 

and ‘b’, the experimental modulation frequency (fe) was approximately same as the 

theoretical modulation frequency (fm). (a) Frequency 1 (f1) = 1.10 MHz, frequency 2 (f2) = 

1.1 MHz, Δf = 100.0 kHz, fe = 50.0 kHz, fm = 47 kHz; (b) f1 = 1.1 MHz, f2 = 1.045 MHz, Δf 
= 45.0 kHz, fe = 22.5 kHz and fm = 22.9 kHz.
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Figure 5. 
Alkaline phosphatase enzymatic activity in pAMUS, LIPUS and no ultrasound cultures. 

Alkaline phosphatase activity of cultures of MC3T3-E1 at day 7,12 and 18, ultrasound 

treatments were given for 15 min per day. Alkaline phosphatase results were normalized to 

number of cells. Cultures were distributed in four groups, cultures with no ultrasound 

treatment (sham), pulsed ultrasound stimulation (control), 45 kHz and 100 kHz pulsed 

amplitude modulated ultrasound (pAMUS) stimulated group. Each data point is 

representative of the mean of five independent experiments per time point ± standard 

deviation. 45 kHz and 100 kHz pAMUS stimulated cultures show significant increase of 4 

and 5 fold (*p < 0.001, n = 5) in comparison to pUS stimulated cultures and non-treated 

cultures at Day 12. At day 18 there is no significant difference between pAMUS and LIPUS 

stimulated cultures, ultrasound treated cultures show significant increase relative to non-

treated cultures (†p < 0.01, n = 5). Statistical significance was calculated by student t-test 

and one-way ANOVA.
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Figure 6. 
Alizarin red staining at day 18 in non-stimulated, LIPUS stimulated and 45 kHz and 100 

kHz pAMUS stimulated MC3T3-E1 cultures. Higher level of staining was observed in 45 

kHz and 100 kHz pAMUS stimulated samples most dense in 100 kHz cultures which show 

denser alizarin red patches. Pulsed ultrasound stimulated cultures show alizarin red stain but 

comparatively less dense than pAMUS stimulated cultures. Non-treated cultures show least 

amount of stain which visible white (no-stain) patches.
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Figure 7. 
Alizarin red de-staining results using 10% cetylpyridinium in sodium phosphate relative to 

pulsed ultrasound treated cultures. Alizarin red MC3T3-E1 cultures were destained and 

quantified at OD562nm. Significant increase (33.74 ± 8.37%) in matrix calcification was 

observed at day 18 in 100 kHz pAMUS stimulated samples relative to LIPUS treated 

samples. 45 kHz samples didn't show significant increase (*p < 0.005, n = 3). Statistical 

significance was calculated using student t-test and one-way ANOVA; error bars represent ± 

standard deviation.
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Figure 8. 
Callcium Mineralization assessment at day 7, 12 and 18 in MC3T3-E1 cultures using 

calcium regeant assay relative to LIPUS cultures. Alizarin red staining results were 

confirmed using calcium reagent assay at OD650nm. pAMUS and LIPUS samples were 

stimulated for 15 min everday. Statisitically significant increase(27.75 ± 10.13%, *p < 0.05, 

n = 5) in 100 kHz pAMUS stimulated cultures at day 18 relative to pUS stimulated cultures. 

No significant change was observed between 45 kHz pAMUS and LIPUS stimulated 

cultures. Significance was calcuated by Student t-test and one-way ANOVA, error bars 

represent ± standard deviation.
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