
ABSTRACT 

 

 

MARVEL, SKYLAR WARD.  The Importance of Low Intensity Pulsed Ultrasound 

Parameters for Functional Bone Tissue Engineering using Adult Stem Cells. (Under the 

direction of Elizabeth G. Loboa and Paul A. Dayton). 

Functional bone tissue engineering is a very important emerging interdisciplinary 

field of research.  The treatments of bone loss, defects, trauma and disease often require 

replacement bone tissue or the use of bone substitutes.  Functional bone tissue 

engineering attempts to create this needed replacement bone tissue using a patient’s stem 

cells.  One small aspect of this field involves being able to control the proliferation and 

osteogenic differentiation of a patient’s stem cells with the eventual goal of creating an 

autologous bone graft in vitro to correct bone defects.  Two possible types of stem cells 

for this procedure are human bone marrow derived mesenchymal stem cells (hMSCs) and 

human adipose derived adult stem cells (hASCs), both of which have been shown to be 

capable of osteogenic differentiation.  Many different stimuli are being actively 

researched to control this differentiation, such as fluid shear stress, tensile strain, electric 

fields, chemical signals and material properties of substrates to name a few.  One newly 

investigated stimulus is low intensity pulsed ultrasound (LIPUS).  Since the mid 1990s 

LIPUS has been used clinically to aid fracture healing and since 2000 has also been 

prescribed for the treatment of non-unions.  Although the mechanisms have not been 

elucidated, LIPUS has been shown to increase expression of cellular osteogenic markers 

in vitro.  However, the parameters of LIPUS have not been optimized for increasing 

osteogenic differentiation and the use of LIPUS has been untested on hASCs, both of 

which could potentially benefit the field of bone tissue engineering and are the focus of 

this body of work. 



To explore the optimization of LIPUS parameters a custom ultrasound system 

was designed and built to give precise control over an extensive range of values for each 

stimulus parameter.  There were several design criteria which included making the 

system automatable, insuring that the system can be used with standard incubators, and 

reducing the amount of laboratory space required to house the system.  Once built, the 

ultrasound system was validated by testing three different pulse repetition frequency 

(PRF) parameter settings for inducing osteogenic differentiation of both hMSCs and 

hASCs.  The first set of experiments investigated effects on hASCs and showed a 

significant increase in calcium accretion per cell with both 1 kHz and 100 Hz PRFs; 

however, this result was diminished by noting that the significant differences came from 

variations in amounts of DNA rather than increases in calcium.  The effect caused by the 

presence of papain digest in experimental samples on the quantification of DNA was then 

studied and a change in the protocol for the DNA quantification assay was made.  Using 

the modified assay a second set of experiments investigated the effects of LIPUS on 

hMSCs, and although the results were not significant, there was a trend of increased 

calcium accretion per cell with higher PRFs indicating that, of the three PRF settings 

tested, the 1 kHz PRF resulted in the highest calcium per cell.  The findings of this body 

of work show that the custom ultrasound system fulfilled the design requirements, that 

PRF is an important parameter in ultrasound dose for LIPUS, and that LIPUS does have 

an effect on hASCs.  Future work based on this body of work include increasing the 

capacity of the ultrasound system to run multiple parallel experiments and performing 

additional studies to optimize the parameters for increasing osteogenic differentiation of 

both hMSCs and hASCs. 
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Chapter 1:  Introduction 
 

 

Bone is an extensively transplanted tissue, only second to blood, and the autologous 

graft is the most often used source of replacement bone tissue [1].  The characteristics of 

autologous bone: matching osteogenic, osteoinductive and osteoconductive properties as well 

as the immunological compatibility with the patient make it the ideal replacement tissue.  

However, harvesting autologous bone requires a second incision and introduces a risk of 

donor site morbidity [2].  As an alternative, many bone substitutes have been developed but 

are always seen by the body as foreign and induce a host response [3].  Functional bone 

tissue engineering attempts to circumvent these problems by growing an autologous bone 

graft from a patients stem cells.  Two types of stem cells that can be used to make the 

engineered grafts are human bone marrow derived mesenchymal stem cells (hMSCs) and 

human adipose derived adult stem cells (hASCs), both of which have been shown to be 

attractive cell sources for tissue engineering [4, 5].  While mesenchymal stem cells have been 

the typical stem cell used by researchers, there has been a growing interest in adipose stem 

cells because of their ease of isolation and relative abundance [6].  Human ASCs demonstrate 

multilineage differentiation capabilities which include bone, cartilage, fat, skeletal muscle, 

myocardial muscle, blood vessels and nerves [7]. 

Many different stimuli are being actively researched to control osteogenic 

differentiation of stem cells, such as fluid shear stress, tensile strain, electric fields, chemical 

signals and material properties of substrates to name a few.  One newly emerging stimulus is 

low intensity pulsed ultrasound (LIPUS) [8-10].  Since the mid 1990s LIPUS has been used 
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clinically to aid fracture healing and since 2000 has also been prescribed for the treatment of 

non-unions.  Although the mechanisms have not been elucidated, LIPUS has been shown to 

increase expression of cellular osteogenic markers in vitro [11].  However, the parameters of 

LIPUS have not been optimized for increasing osteogenic differentiation and the use of 

LIPUS has been untested on hASCs.  Often commercial LIPUS systems are used in research; 

unfortunately they lack the ability to alter LIPUS parameters.  The parameters for LIPUS 

treatment for fracture healing are generally defined as 20 minute exposures using a 1 MHz 

sine wave repeating at 1 kHz with a pulse width of 200 μs (20% duty cycle) and spatial-

average temporal-average intensity (ISATA) of 30 mW/cm
2
 [12].  The uses of a 1.5 MHz sine 

wave or 100 Hz repetition frequency are also commonly employed.  In order to be able to 

optimize LIPUS parameters for osteogenic differentiation of hMSCs and hASCs the ability to 

vary all settings is vitally important and cannot be done with commercial systems, which 

produces the need for designing and building a custom ultrasound system that can produce 

any range of LIPUS parameters.  Additionally, with the excitement behind using hASCs for 

tissue engineering it is surprising that the use of LIPUS stimulation on these stem cells has 

been unstudied.  Therefore the goal of this body of work was to build a custom ultrasound 

system with the capability to optimize LIPUS parameters and validate the system by 

exploring the effects of LIPUS on hASCs. 
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Chapter 2:  Literature Review 
 

 

2.1. Fracture Repair Accelerated by Low Intensity Pulsed Ultrasound 

Before low intensity pulsed ultrasound (LIPUS) was approved by the FDA and 

commercial devices began to be available there were several key in vivo studies that showed 

the ability of LIPUS to reduce fracture healing time and increase bone mass.  One of the first 

studies was done by Duarte who applied LIPUS stimuli to osteotomized fibulas and femurs 

of 45 rabbits [13].  Two different ultrasound frequencies were used: 4.93 MHz and 1.65 

MHz, with corresponding intensities of 57 mW/cm
2
 and 49.5 mW/cm

2
, using a 0.5% duty 

cycle and applying the treatment for 15 minutes per day.  Measurements of the areas of the 

callus were determined quantitatively and qualitatively and showed a fast increase in fracture 

healing for ultrasound treated osteotomized bones while the control osteotomies showed a 

slow healing process during the first 10-12 days in comparison.  Later a study by Klug et al. 

used a continuous 200 mW/cm
2
 intensity stimulus applied for 3 minutes every other day on 

rabbit lower-leg fractures [14].  Bone fracture healing was analyzed scintigraphically and 

showed a decrease in healing time compared to unstimulated controls.  The healing process 

for the treated group took 24 weeks to complete whereas the unstimulated group required 29 

weeks.  One of the first studies using LIPUS parameters equivalent to those used in current 

commercial fracture healing systems was done by Pilla et al. who used a 1.5 MHz sine wave 

burst for 200 μs repeated at 1 kHz with an intensity of 30 mW/cm
2
 for 20 minutes per day 

[15].  The analysis of LIPUS treatment was monitored by observing the rate of healing for 

fibula osteotomies in New Zealand white rabbits based on maximum strength over 4 weeks.  
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The LIPUS treated fractures were as strong as intact bones from days 17 through 28 and 

showed maximum strength increases of 40 to 85% between days 14 to 23 compared to the 

unstimulated fractures.  In contrast the untreated fractures did not reach the maximum 

strength of intact bone until day 28, by which time there was no significant difference 

between treated and untreated bone, showing that LIPUS treatment reduces fracture healing 

time. 

Using the same parameters settings as Pilla (1.5 MHz sine wave, 1 kHz pulse 

repetition frequency, 20% duty cycle, 30 mW/cm
2
 spatial-average temporal-average 

intensity, 20 minutes per day), two prospective, randomized, double-blind and placebo-

controlled clinical trials for fracture healing were conducted and became the basis for FDA 

approval of the Exogen Sonic Accelerated Fracture Healing System Model 2A – the first 

commercially available LIPUS system.  The first clinical trial by Heckman et al. began 

LIPUS treatment 7 days post fracture and continued for up to 20 weeks [16].  Fracture 

healing was monitored by radiographs and analyzed by observing cortical bridging and 

disappearance of the fracture line caused by an increase in endosteal callus density.  Time to 

a fully healed fracture was 96 ± 4.9 days for the active-treatment group while the placebo-

treatment group took an average of 154 ± 13.7 days before the fractures were fully healed, 

with mean time to discontinuation of the cast being 94 ± 5.5 and 120 ± 9.1 days, respectively.  

A second clinical trial was done by Kristiansen et al. where LIPUS was applied for 10 weeks 

to dorsally angulated fractures of the distal aspect of the radius starting 3 days post fracture 

[17].  Fracture healing was monitored by radiographs and analyzed using 11 different 
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fracture characteristics.  Again LIPUS was shown to increase the rate of fracture healing with 

time to a fully healed fracture being 61 ± 3.4 days for treated versus 98 ± 5.2 days for the 

placebo-treatment group.  In addition, the loss of reduction evaluated by degree of volar 

angulation showed that the active-treatment group had significantly smaller loss of reduction 

compared to the placebo-treatment group, 20 ± 6% and 43 ± 8%, respectively. 

Since the introduction of commercial LIPUS systems there has been an explosion in 

research investigating the effects on LIPUS on various cell lines and exploration of possible 

mechanisms.  Two meta-analysis reviews of clinical trials were done by Busse et al. to 

investigate the claims of LIPUS accelerated fracture healing.  The first review of published 

studies from 1966 through December 2000 showed that time to fracture healing was 

significantly reduced for treatment-groups over control groups with a mean difference in 

healing time of 64 days [18].  However, the second meta-analysis was done including all 

published studies through September 2008 and, although the overall results of LIPUS were 

shown to be promising, the evidence was classified as moderate to very low in quality and 

provided conflicting results [19].  In addition to meta-analysis, there have been several 

review journal articles that summarize some of the key in vivo and in vitro studies to date as 

well as possible mechanistic pathways [11, 12] .  These articles produce a plethora of data 

supporting the ability of LIPUS to increase osteogenesis of pre-osteoblastic cell lines as 

monitored by typical osteogenic markers such as alkaline phosphatase activity, mineralized 

nodule formation, osteogenesis-related gene expression, etc.  In addition to the ability of 

LIPUS to increase osteogenesis there have been studies, pertinent to the creation of tissue 
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engineered autologous bone grafts, that show mediated cellular incorporation into bone 

allografts and increased bone ingrowth into porous hydroxyapatite ceramic.  In a study by 

Santoni et al. fifteen ewes received tibial osteotomies followed by replacement of a variety of 

grafts [20].  The LIPUS treated animals were exposed to a 1.5 MHz sine wave, with 1 kHz 

pulse repetition frequency, 20% duty cycle, 30 mW/cm
2
 spatial-average temporal-average 

intensity for 20 minutes per day 5 days a week for the duration of the healing period.  

Although not significant, increases in torque to failure and torsional stiffness of graft 

junctions were seen in LIPUS treated animals (27% and 33%, respectively) and LIPUS 

appeared to increase periosteal callus size.  Iwai et al. investigated the effects of LIPUS on 

porous hydroxyapatite (HA) ceramics with regards to bone ingrowth into the pores [21].    

Porous HA ceramics were implanted in the femoral condyle of New Zealand white rabbits 

and exposed to the same LIPUS parameters as the used in the previously discussed study 

beginning 3 days after graft implantation and continued for up to 3 weeks.  The ceramics 

were harvested and analyzed radiographically using microfocused X-ray computed 

tomography.  After two weeks the LIPUS treated ceramics had an increased number of 

osteoblasts within deep pores and after 3 weeks it was shown that although the number of 

osteoblasts in the central part of ceramic sections was no different between LIPUS treated 

and untreated groups, there was a significant increase in mineralized tissue suggesting that 

LIPUS increased both osteoblastic cell infiltration and osteogenic differentiation during the 

healing process. 
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While LIPUS was approved by the FDA to aid fracture healing fifteen years ago, the 

effects of altering LIPUS parameters had not been studied in depth until five years later, and 

not all parameters have been thoroughly investigated. 

 

2.2. Intensity 

There are several conventions for how LIPUS intensities are reported.  They are 

usually given as spatial-peak temporal-average intensity (ISPTA), spatial-average temporal-

peak intensity (ISATP) or spatial-average temporal-average intensity (ISATA).  The most widely 

practice convention is to report the intensity as ISATA, however occasionally other 

representations are used and some researchers fail to report the type of intensity altogether.  It 

is possible to convert between ISATP and ISATA if the duty cycle is known (ISATA = ISATP * duty 

cycle), however, converting from ISPTA to ISATA requires knowledge of the transducer’s beam 

field profile and cannot be simply calculated.  Many studies have investigated the effects of 

varying LIPUS intensity. 

Harle et al. looked at the effects of a continuous 3 MHz ultrasound signal applied for 

10 minutes per day to the otesoblast-like human cell line MG63 at intensities of 120, 390 and 

1490 mW/cm
2
 [22].  RT-PCR was used to monitor changes in alkaline phosphatase (ALP) 

and osteopontin (OP) gene expression six hours after exposure to LIPUS.  Both genes were 

up-regulated when stimulated with the two higher ultrasound intensities, with the greatest 

increase in response to 1490 mW/cm
2
.  However, the lowest intensity, 120 mW/cm

2
, caused 

a down-regulation of OP suggesting that cell response is mediated by ultrasound dose.  In 
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general, the authors saw an increase in ALP and OP expression with increased intensity, the 

only exception being the expression of OP when stimulated with the lowest intensity dose. 

A study done by Li et al. investigated the use of five different intensities on 

osteoblasts harvested from newborn Wistar-rat calvaria [23].  The intensities tested were 

reported as ISATP with doses of 150, 300, 600, 1200 and 2400 mW/cm
2
.  The corresponding 

ISATA intensities are 30, 60, 120, 240 and 480 mW/cm
2
.  The LIPUS consisted of a 1 MHz 

sine wave with a duty cycle of 20% and 100 Hz pulse repetition frequency.  Effects of LIPUS 

were analyzed by changes in cell proliferation and steady-state concentrations of 

prostaglandin E2 (PGE2) in culture medium.  The only significant difference in cell 

population occurred between the control group and stimulated cells exposed to an ISATA of 

120 mW/cm
2
, where the stimulated cells had an increase in cell density.  Additionally, it was 

noted that there was a trend of ascending cell density from 30 to 120 mW/cm
2
 and 

descending cell density from 120 to 480 mW/cm
2
.  PGE2 production was significantly 

increased for both the 120 and 240 mW/cm
2
 intensities, and again the ascending and 

descending trends centered at 120 mW/cm
2
 were observed. 

The use of two different ultrasound machines, one producing LIPUS signals and the 

other a continuous waveform, were used by Reher et al. on osteoblasts harvested from 

mandibular bone fragments obtained from patients undergoing wisdom teeth removal [24].  

The LIPUS machine generated a 1 MHz sine wave with 20% duty cycle and 100 Hz pulse 

repetition frequency where the intensities were reported as ISAPA, or equivalently ISATP, with 

values of 100, 400, 700 and 1000 mW/cm
2
.  The corresponding ISATA intensities are 20, 80, 
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140 and 200 mW/cm
2
.  The second ultrasound machine operated in continuous mode, having 

a frequency of 45 kHz and intensities given as ISATA with doses of 5, 15, 30 and 50 mW/cm
2
.  

Nitrite and PGE2 concentrations were monitored with and without the presence of inhibitors 

while under the effects of ultrasound stimulation.  Nitrite production was significantly 

increased for all continuously stimulated cells, except those exposed to 15 mW/cm
2
; and also 

significantly increased for LIPUS cells exposed to the lowest intensity of 20 mW/cm
2
.  All 

other stimulated cells did show an increase compared to control cells, though not 

significantly higher.  The levels of PGE2 were significantly increased for all stimulated cells 

from both ultrasound machines with the largest increases occurring for the 30 and 140 

mW/cm
2
 intensities for continuous ultrasound and LIPUS treatments, respectively.  The 

inhibition experiments revealed that the effects of ultrasound were completely prevented with 

inhibition of inducible iNOS and COX-2, suggesting that ultrasound may induce osteogenic 

differentiation via a mechanical stress mechanism. 

Two separate studies by Saito et al. investigated the effects of LIPUS intensity on 

collagen post-translational modification and mineralization for the murine osteoblastic cell 

line MC3T3-E1 [25, 26].  The cells were exposed to a 1.5 MHz sine wave with a 20% duty 

cycle repeated at 1 kHz pulse repetition frequency for 20 minutes per day with either an ISATA 

of 30 or 120 mW/cm
2
.  Several enzymes were examined with real time PCR as well as 

quantitative analysis of cross-link formation and calcium accumulation.  Enzyme activity of 

stimulated cells compared to control cells was increased more in the 30 mW/cm
2
 treated cells 

than those exposed to 120 mW/cm
2
.  Additionally, the cells exposed to 30 mW/cm

2
 showed 
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an increase in reducible immature and nonreducible mature cross-links while those exposed 

to 120 mW/cm
2
 generated high levels of endogenous PGE2 and demonstrated no obvious 

effect on collagen metabolism.  Increases in calcium deposition showed that an intensity of 

30 mW/cm
2
 may aid collagenous matrix maturation for calcification while exposure to a 120 

mW/cm
2
 intensity showed a more delayed promotion of calcium accumulation. 

Effects of LIPUS on intervertebral disc cells were examined by Iwashina et al. [27].  

Rabbit nucleus pulposus and annulus fibrosus cells were exposed to a 0.5 MHz sine wave 

with 20% duty cycle and a 1 kHz pulse repetition rate for 20 minutes per day at ISATA doses 

of 7.5, 15, 30, 60 or 120 mW/cm2.  Synthesis and content for both DNA and proteoglycan 

were evaluated.  LIPUS was shown to significantly upregulate [35S]-sulfate incorporation as 

well as proteoglycan content.  Additionally, ultrasound stimulation with intensities of 7.5 and 

15 mW/cm
2
 resulted in increases in DNA synthesis and content.  In a similar study 

Kobayashi et al. explored the effects of various intensities of LIPUS on human nucleus 

pulposus cells [28].  The same LIPUS parameters were used for this experiment and the 

effects of LIPUS were evaluated by measuring the synthesis of DNA and proteoglycan and 

analyzing mRNA expressions using a cDNA microarray.  The microarray data showed a 

significant increase in LIPUS stimulated cells for several genes including BMP2, FGF7, 

TGFβR1, EGFRF1 and VEGF.  No differences in cell proliferation were seen between 

stimulated and control cells, however, the production of prostaglandin was significantly 

increased in cells stimulated with intensities of 15, 30, 60 and 120 mW/cm
2
. 
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LIPUS treatment of calvarial flat bone defects in a murine model was studied by 

Lavandier et al. [29].  The treatment consisted of a 1 MHz sine wave applied for 5 minutes 

per day with a 20% duty cycle repeated at 100 Hz and an intensity of either 100 or 300 

mW/cm
2
, ISATA.  X-ray tomography was used to determine re-ossification surface area and 

volume of bone defects.  Results showed a significant increase of bone re-ossification for the 

treatment group stimulated with the 300 mW/cm
2
 intensity, whereas not much difference was 

seen between the control group and lower-intensity treatment group. 

Applying LIPUS to the tissue engineering of cartilage constructs was investigated by 

Tien et al. [30].  Articular chondrocytes were isolated from the articular cartilage of young 

children’s ablated polydactylia and expanded in a 3-D agarose gel.  The cells were exposed 

to a 1 MHz sine wave with 20% duty cycle and 1 kHz pulse repetition frequency for 20 

minutes per day at intensities of 18, 48, 72 and 98 mW/cm
2
.  Aggrecan synthesis, type II 

collagen production and total DNA were evaluated.  The synthesis of aggrecan was found to 

increase in a time-dependent manner with the maximal response for cells exposed to an 

intensity of 48 mW/cm
2
.  Type II collagen was also found to increase compared to control 

cells, however there was no significant effects of LIPUS treatment on cell proliferation. 

A wide range of intensities has been investigated for various applications of LIPUS 

stimulation.  However, there has clearly been no optimization for osteogenic differentiation.  

Additionally, intensity has been the most heavily studied of the five LIPUS parameters 

indicating that even less is known about the effects cause by changing other parameters. 
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2.3. Ultrasound Frequency 

Ultrasound frequency has been a moderately investigated LIPUS parameter.  The 

frequencies that have been tested range from 0.5 MHz up to 4.93 MHz and researchers have 

not observed much significant difference among those frequencies studied. 

One of the first experiments to vary ultrasound frequency was done by Duarte [13].  

LIPUS was applied to fibula bilateral osteotomies and femur bilateral holes drilled on the 

middle shaft of the bones.  Initially the ultrasound frequency was 4.93 MHz but was later 

changed to 1.65 MHz to take advantage of the material properties of a different transducer.  

The LIPUS signal consisted of 5 μs bursts with a pulse repetition rate of 1 kHz, creating a 

0.5% duty cycle, applied for 15 minutes per day at intensities of 57 mW/cm
2
 and 49.6 

mW/cm
2
 for the 4.93 MHz and 1.65 MHz frequencies, respectively.  Evaluations of LIPUS 

effects included X-rays, measurements of callus area, and histological staining.  The effects 

of LIPUS were shown to greatly accelerate the initial fracture healing process of the bones 

during the first 10-12 days and then leveling off.  The control groups showed a slower 

healing response initially but then had a rapid increase in the growing process after 12 days 

and became equivalent to those animals treated with LIPUS.  The author noted that the 

change in frequency had no noticeable effect on the results, however, it is mentioned that for 

human beings the change in frequency could alter the penetration depths of the ultrasound 

and should be taken into account. 

Around the same time, an experiment was performed by Dyson and Brookes 

investigating the effects of LIPUS on bilateral transverse fibular fractures made in Wistar rats 
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[31].  The LIPUS treatment consisted of either a 1.5 MHz or 3 MHz ultrasound frequency 

administered for 5 minutes per day, 4 days a week, with a 20% duty cycle, 100 Hz pulse 

repetition frequency, and ISATP of 500 mW/cm
2
 (ISATA of 100 mW/cm

2
).  The delivery of 

LIPUS was varied over different combinations of weeks and the results were measured 

microradiographically and histologically.  The greatest response was seen when LIPUS was 

applied during the first two weeks after injury, where the bone repair involved rapid 

ossification with little cartilage production, with the 1.5 MHz frequency giving better results 

than the 3 MHz frequency. 

In a study by Wang et al. a bilateral closed femoral shaft fracture model in adult 

Long-Evans rats was treated with LIPUS [32].  One aspect of the experiment was to 

specifically evaluate the effects of using different ultrasound frequencies.  The LIPUS 

parameters were either a 1.5 or 0.5 MHz sine wave with a 20% duty cycle and 1 kHz pulse 

repetition frequency at an ISATA of 30 mW/cm
2
 for 15 minutes per day, applied to the right 

femoral fracture.  The fracture sites were tested mechanically by calculating maximum 

torque and torsional rigidity, histologically by hematoxylin and eosin staining, and 

radiographically.  Radiographs taken on postoperative day 21 showed obliteration of a the 

radiolucent line at the fracture gap for 44.4% and 14.3% of the 1.5 MHz and 0.5 MHz 

treatment groups, respectively, while no difference was seen between the left and right 

femoral fractures in the control group.  Mechanical testing showed a significant increase for 

both torque and torsional stiffness for the 1.5 MHz treatment group and for maximal torque 

for the 0.5 MHz treatment group.  A two-way ANOVA to compare the mechanical results 
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between both treatment groups and insufficient evidence was found to demonstrate a 

significant difference between the two treatment groups for either mechanical measure.  

Additionally, there were no discernible differences in the histological evaluation between the 

two ultrasound frequency groups. 

 

2.4. Duration 

Another parameter that has been moderately investigated is LIPUS duration.  

Typically ultrasound stimulation is administered for 15 or 20 minutes per day, seven days a 

week.  Unfortunately, this is not a strictly followed protocol and many researchers have 

slightly modified the daily exposure duration or number of days administered per week.  

However, there have been several studies that focus specifically on the effects of altering the 

duration of LIPUS stimulation. 

One of the earliest studies on this parameter was done by Tsai et al. who investigated 

the effects of altering ultrasound duration along with testing two different intensities [33].  

Continuous ultrasound consisting of a 1.5 MHz sine wave with and intensity of either 500 

mW/cm
2
 or 1000 mW/cm

2
 was applied to fractured fibulae of New Zealand rabbits with 3 

mm defects for various durations of 5, 15 or 25 minutes per day over 4 weeks.  The effects of 

ultrasound treatment were measured by X-ray and fluorochrome labeling.  Exposure to the 

higher intensity ultrasound suppressed bone formation and was detrimental to fracture repair.  

However, treatments with the lower intensity ultrasound significantly accelerated bone 
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formation and the authors recommended the 15 minute per day duration for future clinical 

trials. 

Two separate studies by Chan et al. looked at both the duration and timing of LIPUS 

stimulation of distraction osteogenesis [34, 35].  In the first experiment open osteotomies of 

New Zealand rabbit tibiae were performed and used for distraction osteogenesis.  After 

cessation of distraction LIPUS treatment was initiated using a 1.5 MHz sine wave with 20% 

duty cycle, 1 kHz pulse repetition frequency, and ISATA of 30 mW/cm
2
 and was administered 

for 4 weeks during the consolidation stage.  During treatment radiography was taken weekly 

and peripheral quantitative computational tomography (pQCT) measurements were 

performed every two weeks.  After completion of the consolidation stage torsional testing 

was performed on several pairs of operated and contralateral control tibiae.  Bone mineral 

density measured by X-ray was found to be significantly higher in the LIPUS treated group 

during the second week of consolidation.  Additionally, the bone mineral content and hard 

callus volume were also significantly higher on the second week.  While both X-ray and  

pQCT measurements were significantly higher during the second week, the significant 

difference was not seen by the fourth week of treatment.  After the fourth week of treatment 

samples were collected and the maximum torque was measured.  No significant difference 

was shown; however there was a high correlation with the pQCT-derived bone strength 

index.  The authors concluded that LIPUS treatment on distraction osteogenesis is more 

effective during the initial stage of consolidation.  From this result a second experiment was 

done which investigated the duration of LIPUS treatment.  The same experimental setup was 
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used as in the previous study consisting of the same distraction osteogenesis protocols, 

LIPUS parameters, and assays.  The only changes were that the LIPUS was applied for either 

20 or 40 minutes per day and additional histological assays were performed.  The bone 

mineral content and volume of mineralized tissue were increased by both LIPUS treatments 

compared to the control group and was found to increase in a dose-dependent manner where 

the 40 minute LIPUS treatment resulted in a higher volume of mineralized tissue.  

Histological results showed increases in endochondral and transchondral ossification for 

LIPUS treated groups.  The results of this study suggest a dose-dependent effect of LIPUS 

for distraction osteogenesis, implying that parameter optimization is important for fast bone 

lengthening. 

 

2.5. Duty Cycle 

One parameter of LIPUS that has been sorely understudied is duty cycle.  As 

discussed previously in the intensity section, a study by Reher et al. used two machines that 

produced either LIPUS or continuous ultrasound stimuli [24].  Unfortunately, while the duty 

cycle was changed, the total ultrasound dose was not kept the same.  Consequently the 

responses to ultrasound treatments cannot be directly compared.  The LIPUS intensities were 

20, 80, 120 and 200 mW/cm
2
, while the continuous ultrasound intensities were 5, 15, 30 and 

50 mW/cm
2
, all presented as ISATA.  The effects of ultrasound showed a trend of increased 

nitrite production with increased intensity for osteoblasts stimulated with continuous 

ultrasound while the response to LIPUS had the greatest response at the lowest intensity and 
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decreased as intensity was increased.  However, both had similar response versus intensity 

profiles for nitrite time-course production, PGE2 synthesis and PGE2 time-course production, 

even though the intensities did not correspond between the two ultrasound stimuli. 

Several different duty cycle and intensity combinations were tested by Hsu et al. for 

studying the effects of LIPUS on neocartilage formation in scaffolds [36].  One aspect of this 

study was to optimize ultrasound dose for human chondrocytes in monolayer.  The LIPUS 

stimuli consisted of a 1 MHz sine wave with 100 Hz pulse repetition frequency and duty 

cycles of either 20%, 50% or continuous, applied for 10 min per day.  The intensities tested 

were 33, 67 and 100 mW/cm
2
 ISPTA for the 20% and 50% duty cycles and 17 and 33 mW/cm

2
 

ISPTA for continuous.  Glycosaminoglycan (GAG) and nitric oxide in the culture media were 

analyzed as well as cell proliferation.  The only significant difference seen for cell 

proliferation was an increase for the cells exposed to 20% duty cycle 67 mW/cm
2
 ISPTA.  

There were no significant differences for the amount of GAG produced per cell, while the 

amount of nitric oxide was significantly decreased for all ultrasound stimulated cell, which is 

the opposite response seen when applied to osteoblasts, and the greatest decrease was again 

seen for the 20% duty cycle 67 mW/cm
2
 ISPTA treated cells. 

 

2.6. Pulse Repetition Frequency 

LIPUS pulse repetition frequency is the least studied parameter and has been 

investigated only for a few specific applications.  The effects of different pulse lengths on 

inertial cavitation dose and hemolysis were explored by Chen et al. [37].  This study utilized 
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a 1.155 MHz transducer and reported peak negative acoustic pressure instead of intensity.  

Several experiments were performed consisting of different duty cycles for a 200 Hz pulse 

repetition frequency, four different peak pressures with the same 200 Hz pulse repetition 

frequency, and five different pulse repetition frequencies (20, 50, 100, 200 or 500 Hz) at a 

constant pressure and pulse length, which would produce different duty cycles.  While the 

authors found that high pulse repetition frequencies generated more hemolysis than low pulse 

repetition frequencies, the number of cycles per pulse was kept the same and therefore the 

duty cycle was increased at higher repetition frequencies, in turn increasing the total amount 

of energy being produced by the transducer. 

In a study performed by Sarvazyan the effects of LIPUS on the development stages of 

amphibian embryos was evaluated [38].  The LIPUS consisted of a 0.88 MHz sine wave with 

50% duty cycle.  The pulse repetition frequencies varied from 1-1000 Hz, exposure times 

were 5, 15 or 30 minutes, and intensity varied with the range of 25-1000 mW/cm
2
 ISATA.  

Many combinations were tested and the maximum effects for two types of explants, Rana 

temporaria and Xenopus laevis, were found with pulse repetition frequencies of 10-20 Hz 

and 110-130 Hz, respectively.  This study demonstrates how pulse repetition frequency is an 

important aspect of ultrasound dose and the effects are dependent on cell type. 

The lack of optimization and severe oversight for investigating many LIPUS 

parameters clearly demonstrates the need for further research in this field and the 

requirement to have the capability to produce a LIPUS signal with a wide range of parameter 

setting selections.  The commercially available LIPUS systems have very limited parameter 
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control capabilities, generating the motivation to design a custom ultrasound system with 

extreme flexibility over parameter selection. 
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Chapter 3:  Development of Custom Ultrasound 

System 
 

 

3.1. Design Criteria 

There were several benefits for developing a custom ultrasound system rather than 

using commercial systems.  The primary reason for building a system was to gain precise 

control over all ultrasound parameters and obtain the capability to vary any parameter over a 

wide range of values.  Having this advantage over commercial systems will allow exploration 

of ultrasound parameters in an attempt to optimize any potential effects LIPUS may have on 

human adipose derived adult stem cells.  A second aim was to make the system automatable.  

This will allow for tailored transducer waveforms to be reliably generated, reducing risk of 

user error; and allow for multiple parallel experiments to be run continually, minimizing user 

interaction.  In addition, a third criterion was established that the system would be employed 

in a standard incubator with the goal of minimizing usage of incubator space.  Designing the 

system to be used in a standard incubator circumvents the need for a custom bioreactor and 

conserves open laboratory work areas.  Furthermore, by reducing the amount of required 

incubator space the impact on other cells and experiments stored in the incubator will be 

minimal.  The final criterion was that the system will be developed to use BioFlex
®
 plates 

(Flexcell International, NC).  These plates are unique in that they have a flexible tissue 

culture membrane that is more acoustically transparent than typical hard polystyrene tissue 

culture plates. 
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3.2. Components and Layout 

Figure 3.1 is a block diagram that includes the main components of the ultrasound 

system.  All automation and control is performed by a computer running Labview software.  

The computer is connected to both an arbitrary waveform generator (Sony AWG2021 or 

Agilent 33250A) and digital to analog converter (National Instruments-USB 6221 BNC).  

The arbitrary waveform generator is capable of loading waveforms specific to individual 

transducers giving very precise control over transducer pressure outputs.  The digital to 

analog converter is used to control both the relay circuit and send trigger pulses to the 

arbitrary waveform generator.  The output of the waveform generator is sent through an RF 

amplifier (ENI AP400B) with 45 dB net gain and forwarded to the appropriate transducer via 

a relay circuit.  The transducers specified for the system were Valpey Fisher 1 MHz narrow 

band unfocused transducers with a one inch diameter.  The relay circuit is comprised of two 

 

Figure 3.1:   System block diagram. 
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relays (Teledyne CCR-33S60-T) connected in series and simple logic designed with AND 

(Texas Instruments SN74HCT08N) and NOT (SN74ALS04BN) gates.  A transducer stand 

was made from acrylic to hold the transducers directly under a BioFlex
®
 plate to position the 

transducer as close as possible to the stem cells.  The only component that is placed in the 

incubator is the transducer stand. 

 

3.3. Control System 

3.3.1. Waveform Generation 

Waveforms were created using two different arbitrary waveform generators and 

utilized for specific experimental setups.  One set of waveforms was created using a Sony 

AWG2021 waveform generator for precise control over individual transducers.  This was the 

default waveform generator for all experiments and the one used when calibrating each 

transducer.  A second set of waveforms were created, with identical characteristics to the first 

set, using the Agilent 33250A arbitrary waveform generator.  This generator can be used 

when precise control over transducer output is relaxed and multiple transducers are 

connected in parallel.  This setup should ideally only be used with impedance matched 

transducers. 

 

3.3.1.1. Sony AWG2021:  Individual transducer control 

Waveforms for three different pulse repetition frequencies (PRFs) with 20% duty 

cycles were generated using the Sony AWG2021 waveform generator by combining two 
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basic waveforms:  a 50 cycle sine wave and 0 volts DC, each basic waveform containing 

1000 points.  The sine wave was specified to have 20 points per cycle to create a full 50 

cycles.  The narrow band transducers used in this system are designed to operate at 1 MHz so 

the clock frequency was set to 20 MHz for the sine wave to have a frequency of 1 MHz.  The 

two basic waveforms were then combined in sequences to generate the desired PRF 

waveforms.  For a PRF of 1 kHz, the waveform was generated by calling the sine wave 

waveform four times followed by 16 DC sections.  The resultant sequence contained 20,000 

points and fully defined the output sequence for a complete 1 kHz cycle.  The 100 Hz PRF 

waveform was generated similarly, combining 40 sine wave waveforms followed by 160 DC 

sections.  The resultant sequence was 200,000 points long and contained the complete output 

sequence for the 100 Hz PRF waveform.  Figure 3.2 compares the waveforms for 1 kHz and 

100 Hz PRFs.  The 1 kHz PRF is composed of 200 cycles (0.2 ms) of a 1 MHz sine wave 

followed by 0.8 ms 0 V DC while the 100 Hz PRF comprises 2000 cycles (2 ms) of a 1 MHz 

sine wave followed by 8 ms 0 V DC. 

The 1 Hz PRF waveform was created slightly differently.  Instead of creating a 

waveform for the full cycle, which would require 20,000,000 points, only the active section 

was created by combining 4,000 of the basic sine wave waveforms.  This sequence contained 

4,000,000 points and would generate a 200 ms pulse output of a 1 MHz sine wave.  Creating 

the waveform in this way allows the control software to intersperse the excitation of three 

transducers, optimizing the required time for experiments using the 1 Hz PRF, reducing the 

required time by a factor of three. 
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3.3.1.2. Agilent 33250A:  Transducers in parallel 

Operating transducers in parallel reduced the ability to precisely control transducer 

intensity, however, total experiment time for both 1 kHz and 100 Hz PRF settings are 

reduced by a factor of 3 (the 1 Hz PRF setting was already optimized as noted in the previous 

section).  Since the transducers were operated in parallel the relay circuit was no longer 

necessary and a different, less complicated arbitrary waveform generated could be used to 

produce the desired waveforms. 

 
Figure 3.2:   Ideal sample waveforms for 1 kHz and 100 Hz PRFs, 20% duty cycle. 
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Waveforms were generated by operating the Agilent 33250A waveform generator in 

burst mode.  Generating outputs for PRF settings of 1 kHz and 100 Hz were fairly simple.  

First, the sine wave output was selected and frequency set to 1 MHz; then the burst mode was 

enabled with a burst rate of either 1 kHz or 100 Hz and a burst count of 200 or 2000, 

respectively.  However, the burst count has a maximum value of 50,000 which is insufficient 

to create a 200 ms pulse for the 1 Hz PRF, which would require 200,000 cycles.  To be able 

to create a 1 Hz PRF output, an arbitrary waveform was created that contained four full sine 

cycles, 20 points per cycle.  The arbitrary waveform was then selected instead of the sine 

waveform and the frequency was adjusted to 250 kHz instead of 1 MHz.  Finally, by 

enabling burst mode with a burst rate of 1 Hz and burst count of 50,000, the generated output 

was the full 1 Hz PRF waveform. 

 

3.3.2. Relay Control Circuit 

The ultrasound system was originally designed to operate with three transducers; 

however this can easily be expanded by adding more relays, changing to relays with a higher 

number of outputs, or splitting the relay outputs to multiple matched transducers.  The relays 

used in this system are Teledyne CCR-33S60-T, which have a latching switch controlled by 

transistor-transistor logic (TTL).  These latching relays require two inputs to control output 

channel selection.  The output channel for each relay is selected by sending a 5 V pulse (10 

ms max switching time) to one of the control pins.  The inputs to both control pins are set to 

0 V when not changing the output channel.  The relays were connected in series with the 
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outputs of relay one going to transducer one and relay two, while the outputs of relay two 

were connected to transducers two and three.  Both relays were controlled by digital outputs 

from the NI-USB 6221 BNC device.  Because each relay required two inputs and an 

additional input state is required when not selecting an output channel, a total of five input 

states were needed, which in turn required three digital outputs from the NI-USB 6221 BNC 

device.  The state table, functions, and logic are shown in table 3.1.  The control circuitry 

between the NI-USB 6221 BNC device and relay switches was made using four AND gates 

(Texas Instruments SN74HCT08N) and a single inverter (Texas Instruments 

SN74ALS04BN).  A custom enclosure was fabricated to house the relays and control logic. 

 

Table 3.1: Relay Control Logic and Function 

Function Logic

State D2 D1 D0 Operation

S0 0 0 0 No operation

S1 0 0 1 Relay 2: output channel 1 ~D2+D0

S2 0 1 0 Relay 2: output channel 2 ~D2+D1

S3 0 1 1 N/A

S4 1 0 0 N/A

S5 1 0 1 Relay 1: output channel 1 D2+D0

S6 1 1 0 Relay 1: output channel 2 D2+D1

S7 1 1 1 N/A

NI-USB 6221 BNC Digital Out

 

 

3.3.3. Control Software 

The Labview code consisted of a flat sequence where first the two interfaces 

(arbitrary waveform generator and digital to analog converter) were initialized, then the 
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relays were reset to the original output channel configuration, and lastly a timed sequence 

was created to precisely control stimulation durations.  Two versions of the software were 

developed, the first using a GPIB interface for the waveform generator, and the second using 

a serial interface.  For both the 1 kHz and 100 Hz PRF waveforms the waveform generator 

was set to continuous mode.  The output would be toggled off and on when switching 

between different transducer.  By contrast, for the 1 Hz PRF waveforms, the waveform 

generator was set to triggered mode and the output turned on.  The digital to analog converter 

was then used to send a trigger pulse to the waveform generator once the appropriate 

transducer was selected.  To ensure enough time for the relay outputs to change after 

switching transducers, a 20 ms wait was inserted before any other operation was performed. 

 

3.4. Transducer Calibration 

Each transducer was calibrated to have spatial-average temporal-average intensities 

(ISATA) of 30 mW/cm
2
.  This intensity was chosen as it is the typical operating intensity for 

commercial LIPUS systems.  Calibrating each transducer was a lengthy process and would 

need to be repeated for changes in intensity; however, it did not need to be redone for 

changes in pulse repetition frequency as discussed in section 3.4.2. 

 

3.4.1. BioFlex
®

 Plate Attenuation 

The first calibration step was to measure the signal attenuation caused by the presence 

of the BioFlex
®
 plate.  Since the system was designed to have the transducers coupled 
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directly to the BioFlex
®
 plate, all pressure measurements would need to be done as close to 

the transducer as possible.  However, the overhanging edges on the bottom of the BioFlex
®
 

plates prevented the ability to scan over the surface of the transducer making beam field 

scans impossible.  To make measurements easier, the attenuation of the tissue culture 

membrane was determined and then applied to calculations in future calibration steps.  A 

hydrophone was used to measure the pressure output at the manually located maximum 

pressure output for each transducer with and then repeated without the plate present.  

Samples of the output pressure waveform were taken at identical locations and used to 

calculate the spatial-peak-temporal-average intensity (ISPTA) using the equation: 

ISPTA = xrms
2
·d/(ρ·c) 

where xrms is the root-mean-square of the pressure waveform, d is the duty cycle (0.2), ρ is 

the density of water (1000 kg/m
3
) and c is the speed of sound in water (1500 m/s).  A voltage 

sweep was performed from 0.05 V to 1 V in steps of 0.05 V.  Mean attenuation was found to 

be 12.1±0.3% or 0.56±0.02 dB and was fairly constant with regards to input voltage as 

shown in Figure 3.3. 

 

3.4.2. Spatial-Peak Temporal-Average Intensity 

Next, the ISPTA for each transducer was calculated over a range of input voltages.  To 

obtain the xrms waveform for intensity calculations, the maximum pressure output for each 

transducer was again found manually by slowly scanning the transducer surface with a 

hydrophone.  Once the spatial peak was located a voltage sweep was performed from 0.05 V 
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to 1 V in 0.05 V increments and the measured pressure output was captured for each voltage.  

A sample waveform for each measurement was taken during the steady state output of each 

transducer between 100 μs and 150 μs as shown in Figure 3.4. 

The waveform shown in Figure 3.4 is the output of a 200 μs pulse, which was the 

shortest pulse duration used for the initial validation of the system and corresponds to a 1 

kHz pulse repetition frequency with 20 % duty cycle.  The other tested pulse repetition 

frequencies were 100 Hz and 1 Hz, both with 20% duty cycles, and would have pulse 

durations of 2 ms and 200 ms, respectively.  For both cases, using the sample waveform to 

 

Figure 3.3:   BioFlex
®
 plate attenuation as a function of input voltage. 
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calculate ISPTA is a good approximation as the transducer is operating almost exclusively in 

steady state.  However, for higher pulse repetition frequencies the transducers spends less 

time in steady state and calibration becomes less accurate.  For frequencies above 1 kHz the 

system will need to use different transducers with much better transition performance going 

into and coming out of steady state in order to have reliable pressure outputs. 

 

3.4.3. Transducer Beam Field 

Once the ISPTA was calculated for each transducer over all input voltages, a graph of 

intensity versus max pressure was generated and used as a reference for estimating voltage 

inputs for beam field scans, as shown in Figure 3.5.  The voltage inputs were selected based 

 

Figure 3.4:   Sample pressure waveform output.  Data collected between 100 μs and 150 μs. 
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on the goal of attaining an ISATA of 30 mW/cm
2
.  For each selected voltage a beam field scan 

was performed using a computer controlled scanning system.  For each transducer (25.4 mm 

diameter), a 35x35 mm scanning area was traversed by a hydrophone taking sample points at 

every location on a 20x20 grid over the scanning area.  At each measurement location the 

max pressure output was recorded during the steady state transducer operation between 100 

and 150 μs. 

Beam field scans were analyzed by first removing the DC component, which was 

defined as the pressures outside a 15 mm radius.  Then the average pressure was calculated 

from values inside a 12.5 mm radius.  Figure 3.6 shows a representative beam field profile 

 

Figure 3.5:   Spatial-peak temporal-average intensity vs maximum pressure. 
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with spatial average pressure shown as a green plane.  An important characteristic of each 

transducer is the beam non-uniformity ratio (BNR) which is the ratio of the spatial-peak 

intensity and spatial-averaged intensity.  For the three transducers used in this system the 

BNR values were 2.88, 3.21 and 3.28, which are all within the range of values reported for 

commercial devices, which typically have a BNR value of 4 or less. 

 

3.4.4. Spatial-Average Temporal-Average Intensity 

The final step in transducer calibration was to interpolate the spatial-average 

temporal-average intensity from the ISPTA versus maximum pressure graphs using the spatial 

 

Figure 3.6:   Transducer beam field.  Spatial averaged pressure shown as green plane. 
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average pressure.  The resultant ISPTA using the spatially averaged pressure corresponds to the 

spatial-average-temporal-average intensity (ISATA) for the specific input voltage.  This 

process of selecting a voltage, performing beam field scans and calculating ISATA was 

repeated until each transducer produced a 30 mW/cm2 ISATA within a 10% tolerance.  While 

recalibration is not required for changing pulse repetition frequencies, if the desired intensity 

is modified all transducers will need to be recalibrated following these steps. 
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Chapter 4:  Validation of Custom System:  Low 

Intensity Pulsed Ultrasound for Functional Bone 

Tissue Engineering with Adult Stem Cells 
 

 

4.1. Introduction 

Low intensity pulsed ultrasound (LIPUS) has been used to accelerate fracture healing 

for over a decade.  In 1994 the FDA approved a LIPUS device designed by Exogen (Smith & 

Nephew, Inc) for fracture healing and in 2000 for treatment of non-unions. Despite this, there 

is still a lack of understanding of the effects of ultrasound parameters on cell response.   There 

are very few published studies that examine pulse repetition frequency (PRF), a crucial 

parameter in ultrasound (US) dose.  Further, most studies are limited to parameter ranges 

available within the capabilities of commercially made systems, such as a 1 MHz sine wave, 

30 mW/cm
2
 spatial-average temporal-average intensity (ISATA) applied for 20 minutes per day, 

pulsed for 200 μs with a PRF of 1 kHz, giving a 20% duty cycle. 

The majority of current LIPUS research is done using these commercially built 

ultrasound systems that have very limited parameter options.  In order to study the effects of 

PRF and other LIPUS parameters, a custom LIPUS system was designed with complete 

parameter variability.  The system consists of an arbitrary function generator (Sony 

AWG2021), relay circuit (using Teledyne CCR-33S60-T relays), transducer stand, RF power 

amplifier (ENI AP400B) and control computer.  The function generator is capable of creating 

any desired waveform parameters such as PRF and duty cycle.  A relay circuit (Figure 4.1) 

was designed to allow automation for exciting multiple transducers and enabling longer 
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stimulation experiments to be run without manual interaction.  The function generator and 

relay circuit were controlled by Labview software, providing the capable to load specific pulse 

waveforms and stimulation parameters for each transducer. 

The precise control of each transducer provides the capability to highly calibrate the 

system so each transducer has exactly the same output intensity regardless of differences 

resulting from manufacturing tolerances.  The transducer stand was designed to use BioFlex
®
 

tissue culture plates (Flexcell, Hillsborough, NC) and work within a standard incubator.  

BioFlex
®
 plates have thin flexible tissue culture membranes that allow for passage of US 

signals through the bottom of the plate, eliminating the need for a water bath coupling system 

and preventing any possible contamination that could occur if the US transducers were placed 

in the media above the cells.  The use of these unique acoustically-transparent tissue culture 

 

Figure 4.1:   Relay circuit and transducer stand. 
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plates presents a significant advantage in consistency over prior studies.  The system was 

designed so only the transducer stand is placed in the incubator to minimize the use of 

incubator space required and can be easily moved out by disconnecting the twist-on BNC 

connections to each transducer.  The computer, waveform generator, and amplifier can be 

stored in an adjacent room to further reduce the amount of lab space required to accommodate 

this system. 

No clear set of LIPUS parameters has been found for optimizing osteogenesis; 

however studies have been done on individual parameters.  Ultrasound frequency has been 

shown to be a fairly unimportant parameter of LIPUS.  Generally a frequency of 1.5 MHz or 1 

MHz is used and studies have shown no significant difference between frequencies of 0.5 and 

1.5 MHz [32] or between 1.65 and 4.49 MHz [13].  Li et al. tested a range of intensities (150, 

300, 600, 1200 and 2400 spatial-average temporal-peak, ISATP) at 1 MHz, 20% DC and 

concluded that 600 mW/cm
2
 ISATP (120 mW/cm

2
 ISATA) was best for osteoblast growth and 

PGE2 secretion using a 100 Hz PRF for 15 minutes each day [23].  A study by Hsu et al. 

varied the DC and intensity of a 1 MHz frequency stimulus applied for 10 minutes per day 

[36].  The DCs were 20%, 50% and continuous and the range of intensities was 33-100 

mW/cm
2
 ISPTA (spatial-peak temporal-average).  They found the optimum settings for cell 

proliferation on PLA and PLGA scaffolds to be 20% DC with an intensity of 67 mW/cm
2
, 

however, without knowing the spatial profile of the transducer this intensity cannot be 

converted to ISATA.  Chan et al. compared the effects of applying LIPUS for 20 or 40 minutes 

per day for enhancing osteogenesis in bone lengthening at a fast distraction rate and found an 
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increase in bone mineral content and bone volume in the longer duration LIPUS treatment 

[35].  Although many of the LIPUS parameters have been studied there is a lack of knowledge 

concerning the effects caused by changing the PRF.  Typical commercial LIPUS systems use 

either the standard 1 kHz PRF or a 100 Hz PRF and no study has been done to compare the 

two or test other repetition frequencies. 

Additionally, no study has been done to examine the effects of LIPUS on human 

adipose derived adult stem cells (hASCs).  Human ASCs have gained increasing interest to 

researchers since they are readily available, relatively easily isolated from excess adipose 

tissue, and new lineage potentials are continually being discovered.  One possible use of 

hASCs is as a source for creating autologous bone tissue, which can be used to repair critical 

defects or replace damaged bone.  The availability and ease of access to hASCs potentially 

make them an ideal starting material for generating needed replacement tissue and an 

excellent stem cell type to explore the osteogenic differentiation capabilities of LIPUS. 

 

4.2. Materials and Methods 

4.2.1.  Cell Culture 

Human ASCs and MSCs (one hASC and two hMSC donors) were initially seeded at 

5x10
4
 cells/well in BioFlex

®
 plates with complete growth media composed of Eagle’s alpha-

modified Minimum Essential Medium (-MEM) supplemented with 10% fetal bovine serum 

(lot selected; Atlanta Biologicals, Lawrenceville, GA), 2 mM L-glutamine, 100 units/ml 

penicillin and 100 g/ml streptomycin.  After 36 hours the media was changed to osteogenic 
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differentiation media (complete growth medium supplemented with 50 M ascorbic acid, 0.1 

M dexamethasone and 10 mM -glycerolphosphate) for the duration of the experiment. 

 

4.2.2.  Application of Ultrasound 

LIPUS treatment was begun on the same day that media was changed from complete 

growth media to osteogenic media.  Cells were exposed to a 1 MHz sine wave with a ISATA of 

30 mW/cm
2
 for 20 minutes per day with PRFs of 1, 100 or 1 kHz and a 20% duty cycle.  The 

100 Hz and 1 kHz PRFs were chosen to study any differences that might be present in 

commercial LIPUS systems while the 1 Hz PRF was chosen to mimic the loading and 

unloading seen by bone during gait.  Control cells were treated the same as stimulated cells 

but were not exposed to LIPUS. 

 

4.2.3.  Alamar Blue 

At days 0, 4 and 7 (additionally days 11 and 14 for hMSCs) culture media was 

aspirated and replaced with 2.34 ml fresh media plus 10% by volume alamarBlue
®

 (for a total 

of 2.6 ml) and incubated for 3 hours at 37C.  Additionally, negative control wells containing 

only the culture medium (i.e., no cells) were incubated.  Following incubation, 200 μl of 

media were removed from each well in triplicate and placed in a 96-well plate.  The plate was 

briefly centrifuged at 1000 x g for 1 min with the cover off to remove any air bubbles and then 

the absorbance was measured at 570 and 600 nm using a microplate reader.  Percent reduction 

of alamarBlue
®
 was calculated per the manufacturer’s protocol. 



 

 39 

4.2.4.  Calcium Accretion of Osteogenic Differentiated Cells 

Calcium content was quantified using Stanbio Total Calcium LiquiColor kit (Stanbio 

Laboratory).  Cells were washed twice with 1 ml PBS per well.  The tissue culture membranes 

were carefully cut out and divided into two halves using a razor blade.  One half was then 

transferred into a microcentrifuge tube where 1 ml of 0.5N HCl was added.  Samples were 

incubated overnight on an orbital shaker at 4 C, and then centrifuged at 500 x g for 2 minutes 

and supernatant transferred to a new tube.  Calcium concentration was calculated per the 

manufacturer’s protocol. 

 

4.2.5.  Total DNA 

The second half of the membrane obtained during the calcium quantification method 

described above was transferred into a separate microcentrifuge tube where 0.5 ml of papain 

digest (5 ml PBS, 25 μl papain (Sigma-Aldrich), 7.3 mg EDTA, 4.4 mg cysteine HCl) was 

added.  Samples were incubated overnight at 60 °C, and then vortexed and the supernatant 

transferred to a new tube.  Triplicates of 100 μl per sample were added to 100 μl of 0.2 μg/ml 

Hoechst 33258 dye (Invitrogen) and fluorescence read at 460 nm in microplate reader when 

excited at 350 nm.  Fluorescence value was compared to a standard curve to calculate amount 

of DNA.  The DNA assay was changed for the experiment using hMSCs.  Details are covered 

in Chapter 5, but briefly, the change was to dilute samples 1:2 with PBS before measuring 

fluorescence. 
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4.2.6.  Statistical Analysis 

Student’s T-tests were used to compare results with significance accepted at p<0.05. 

 

4.3. Results 

4.3.1. hASC Reduction of alamarBlue
®

 

Reduction of alamarBlue
®
 by hASCs is shown in Figure 4.2.  There was no 

significant difference at days 0 and 4, however by day 7 all three PRF settings were 

significantly different than the control wells (p = 0.008, 0.011, 0.014 for 1 Hz, 100 Hz and 1 

kHz, respectively) with no significant difference among the PRF settings.  All three PRFs 

caused hASCs to reduce alamarBlue
®
 less than the unstimulated control cells. 

 

Figure 4.2:   Percent reduction of alamarBlue
®
 for hASCs. 
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4.3.2. hASC Calcium Accretion 

Pulse repetition frequency had a major effect on the calcium accretion per cell for the 

hASCs by day 7 (Figure 4.3).  On Day 4 there was no significant difference among control 

and stimulated cell, but by day 7 all measurements were significantly different except 

between the control and 1 Hz PRF.  For the others, p = 0.003, 0.001, 0.027, 0.003 and 0.032 

between control/100 Hz, control/1 kHz, 1 Hz/100 Hz, 1 Hz/1 kHz and 100 Hz/1 kHz, 

respectively.  However, when investigated further the significant difference was found to be 

from a decrease in DNA rather than increase in calcium as shown in Figure 4.4.  Here there is 

no significant difference in calcium accretion for both days 4 and 7 while the amount of 

 

 
Figure 4.3:   Calcium accreted per cell for hASCs on days 4 and 7. 
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DNA has significant differences on day 7 between control/1 Hz, control/100 Hz, control/1 

kHz, 1 Hz/100 Hz and 1 Hz/1 kHz (p = 0.005, 0.003, 0.0002, 0.032 and 0.002, respectively).  

The decrease of cells from the seeding quantity of 50,000 to 30,000 by day 7 for the 1 kHz 

PRF caused the DNA assay to be investigated resulting in a change in protocol that is used in 

the hMSC experiment analysis. 

 

4.3.3. hMSC Reduction of alamarBlue
®

 

The percent reduction of alamarBlue
®
 for hMSC donors 1 and 2 are shown in Figure 

4.5.  In both cell lines, all three PRF settings produced significant differences compared to 

the control cells by day 14 (donor 1: p=0.0005, 0.0002, 0.0003; donor 2: p=0.0003, 0.0002, 

0.0001; for PRFs of 1 Hz, 100 Hz and 1 kHz, respectively).  Additionally, both cell lines had 

 
Figure 4.4:   Calcium accreted and amount of DNA for hASCs on days 4 and 7. 
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significant difference between the 100 Hz and 1 kHz PRFs (p=0.045 and 0.005 for donor 1 

and 2, respectively).  Divergence in reduction of alamarBlue
®
 between control and LIPUS 

treated cells occurs between days 4 and 7, as was seen with the hASCs. 

 

4.3.4. hMSC Calcium Accretion 

Before looking at calcium accretion per cell, calcium accretion and quantity of DNA 

were compared separately.  Figure 4.6 shows both measurements for each donor on day 14.  

Calcium accretion was very different between the donors; with donor 1 producing much less 

calcium than donor 2.  For donor 2 the 1 Hz PFR produced significantly more calcium than 

the control cells (p = 0.037) while the mean values for all three PRFs showed increased 

 
Figure 4.5:   Percent reduction of alamarBlue

®
 for hMSCs. 
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calcium accretion.  Additionally, for donor 1, while there were no significant differences 

there was an increase in mean calcium accretion for the 1 kHz PRF.  The DNA quantities 

were much more believable compared to the measurements for the hASCs.  Donor 1 had 

significant differences between the control and all PRFs (p = 0.003, 0.046 and 0.002 for 1 

Hz, 100 Hz and 1 kHz, respectively) while donor 2 had no significant differences. 

Calcium accretion per cell for both hMSC cell lines on day 14 is shown in Figure 4.7.  

While the hMSCs from Donor 1 produced much less calcium than those from Donor 2, both 

had similar trends of calcium production in response to LIPUS PRF settings.  Both 

demonstrated a trend of improved calcium accretion for the 1 kHz PRF, however the only 

 
Figure 4.6:   Calcium accreted and amount of DNA for hMSCs on day 14. 
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significant difference occurred between the control cells and 1 Hz PRF stimulated cells for 

donor 2 (p=0.045). 

 

4.4. Discussion 

The percent reduction of alamarBlue® is a measurement of metabolic activity 

associated with cell proliferation.  For both the hMSC and hASC cell lines LIPUS clearly 

reduced the percent reduction of alamarBlue®, indicating that those stimulated cells have 

less proliferation than the unstimulated control cells.  The deviation generally occurred 

between days 4 and 7 after the media was changed from growth media to osteogenic 

differentiation media.  This data could potentially indicate that LIPUS-stimulated cells may 

be induced down an osteogenic differentiation pathway earlier than unstimulated cells, 

 
Figure 4.7:   Calcium accreted per cell for hMSCs on day 14. 
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resulting in a decrease in proliferation rate.  While all three PRF settings produced a decrease 

in percent reduction of alamarBlue
®
, the 1 kHz caused the largest decrease for all three cell 

lines. 

Calcium accretion levels were normalized by the amount of total DNA to 

accommodate for the differences in proliferation among the stimulated and control cells.  The 

resultant calcium per total DNA values were reported for the hASC cell line on days 4 and 7 

and for both hMSC cell lines on day 14.  However, this representation of the data created a 

false sense of LIPUS influence for hASCs since the calcium accretion wasn’t significantly 

affected but the amount of DNA was significantly decreased for LIPUS treated cells.  The 

decrease in DNA was unexpected and thought to possibly be from the pressure waves 

knocking cells off the tissue culture membranes; however this theory is unsupported since the 

application of LIPUS has been shown to induce the formation of focal adhesions which 

would improve cell attachment [39].  This result lead to an investigation in the DNA assay 

protocol as discussed in Chapter 5 and caused the protocol to be changed before analyzing 

data for the experiments with hMSCs. 

Although the hMSC calcium per cell values were significantly different only between 

the control and 1 Hz PRF stimulated cells for donor 2, there was a trend of increased mean 

calcium per cell with increased PRF for both donors.   The 1 kHz PRF resulted in the highest 

mean, indicating that 1 kHz PRF may be best for production of calcium.  By day 7, the 

calcium per total DNA values for the hASC cell line showed a strong stimulation of calcium 

production by all three PRF settings compared to unstimulated control cells, however this 
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was a result of decreased quantities of DNA rather than increased calcium per cell.  

Although, again here the 1 kHz PRF was shown to have the most significant effect on the 

stem cells out of the three PRFs tested.  The combination of data from both hMSCs and 

hASCs indicates that, of the pulse repetition frequencies tested here, the 1 kHz PRF has the 

most significant effect on stem cells and may be best for increasing osteogenic differentiation 

of hMSCs. 

The custom ultrasound system has been shown to produce precise LIPUS signals and 

that stem cells have shown a clear response to LIPUS stimulation based on alamarBlue
®

 

reduction and calcium per DNA measurements.  Cells have been grown for up to two weeks 

while being exposed to ultrasound without contamination.  The custom system was able to 

automatically load waveform for specific transducers and could run LIPUS treatments for all 

three transducers without manual interaction.  The amount of space needed to store 

ultrasound equipment was minimal because the computer, arbitrary function generator and 

amplifier could be stored in an adjacent storage room during operation while only the relay 

circuit is in the laboratory and only the transducer stand is placed in the incubator.  All design 

criteria were met and successful experiments were performed using LIPUS on both hMSCs 

and hASCs, providing validation of the custom ultrasound system. 

 

4.5. Future Work 

Clearly more research needs to be done exploring the effects of LIPUS on stem cells.  

Both hMSCs and hASCs can be used for creating autologous bone tissue to fill critical bone 
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defects and would benefit greatly from increased osteogenic differentiation due to LIPUS 

stimulation.  One of the significant factors for LIPUS has been determined to be the PRF 

with a 1 kHz PRF being the most influential when compared to PRFs of 1 Hz and 100 Hz.  

Future studies should explore additional PRF settings above 1 kHz, however as mentioned in 

3.4.2, higher quality transducers will need to be used.  Also, the capabilities of the ultrasound 

system could be expanded and be able to run multiple experiments concurrently, increasing 

the rate at which optimal LIPUS parameters can be found for differentiating both stem cell 

types.  Once proper parameters have been found, LIPUS may be incorporated into modern 

bioreactors as an additional stimulus to increase osteogenic differentiation of stem cells. 
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Chapter 5:  Technical Note on DNA Quantification:  

Measurements Affected by Presence of Papain 

Digest 
 

 

5.1. Introduction 

Papain digest can be used as a non-radioactive assay that doesn’t involve carcinogens 

in order to digest cell membranes and spectrophotometrically quantify DNA.  While 

conducting papain digest assays during LIPUS experiments, it was inadvertently revealed 

that the absence of a buffer solution in the Hoechst 33258 working solution caused the 

standard curve to become parabolic instead of linear.  In this initial experiment the Hoechst 

working solution was made with either phosphate buffered saline (PBS) (Figure 5.1A) or 

deionized (DI) water (Figure 5.1B).  This observation in combination with unexpectedly low 

measurements of DNA quantities in the initial LIPUS system validation experiment brought 

into question what possible effects the presence of papain might have on this assay. 

 
Figure 5.1: DNA standard where Hoechst 33258 working solution made with PBS (A) and 

DI water (B). 
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5.2. Materials and Methods 

The “DNA Assay Protocol with Papain Digest for Cells on Scaffold Materials” 

protocol was used as the standard experimental setup with a modification of using PBS 

instead of TNE buffer to make the Hoechst 33258 dye working solution.  Refer to Appendix 

A for details of this protocol.  The general approach for each investigation involved varying 

the concentration of papain solution added to DNA standards in order to simulate the 

presence of papain solution in experimental samples. 

 

5.2.1. DNA Standard 

Three types of DNA standards were used.  The basic standard was identical to that in 

Appendix A and is denoted as Commercial DNA Standard (ComStd).  Briefly, 1 mg/ml DNA 

stock was made by adding 100 mg type 1 calf thymus highly polymerized DNA to 10 ml 

PBS and incubating overnight at 60 C, then diluting 1:10 with PBS.  From this the working 

solution was made by diluting the 1 mg/ml DNA stock 1:100 with PBS.  A second standard 

was made by diluting the 1 mg/ml DNA stock 1:100 with papain solution rather than PBS, 

resulting in a standard with DNA in a solution of 99% papain digest and 1% PBS instead of 

100% PBS and is referred to as Papain Commercial DNA Standard (PapStd).  Both of the 

commercial DNA standards have a 10 µg/ml working solution concentration.  The third 

DNA standard was made using pellets of human adipose derived adult stem cells of known 

quantity that had been digested in papain digest under the same procedure outlined in 

Appendix A for digesting scaffolds and is represented as Cell Pellet DNA Standard (PelStd).  
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The amount of DNA in each pellet is calculated assuming each cell contains 6.6 pg of DNA, 

as specified in Appendix A. 

 

5.2.2. Hoechst 33258 Dye 

The concentration of Hoescht working solution used in all experiments is 2.0 µg/ml.  

The working solution was made using PBS instead of TNE buffer, unless specified 

otherwise.  Briefly, 1 mg/ml stock was made by diluting 10 mg/ml Hoechst 33258 dye 1:10 

with DI water.  The working solution was then made by diluting the 1 mg/ml stock 2:1000 

with PBS to give a final concentration of 2.0 µg/ml. 

 

5.2.3. Papain Digest 

Fresh papain solution was made for each experiment and all solutions were made 

using the same concentration of papain unless specified otherwise.  Papain solution was 

mixed as specified in Appendix A; however the concentration of the papain supply was 17 

units/mg and required the volume of papain to be doubled to 50 µl for every 5 ml of PBS.  

Briefly, papain solution was made by adding 50 µl papain, 7.3 mg ethylenediaminetetraacetic 

acid (EDTA) and 4.4 mg L-cysteine hydrochloride (cysteine HCl) to every 5 ml PBS.  Cell 

pellets were digested overnight at 60 C with vortexing before and after incubation.  All 

papain solutions were incubated overnight at 60 C with or without cells. 
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5.2.4. Generating Standard Curves 

Standard curves were made by combining DNA standards with variable amounts of 

PBS and papain solution.  Quantity of DNA was determined spectrophotometrically by 

measuring the florescence.  Briefly, 100 µl of Hoescht working solution was added to each 

well of a black microtiter plate.  Each sample of DNA was mixed in a seperate 

microcentrifuge tube with 100 µl of sample added to each well in technical triplicate.  All 

wells were mixed by pipetting up and down four times and all air bubbles were removed.  

Florescence read by GENios microplate reader with excitation and emission wavelengths of 

350 and 460, respectively and reported as relative fluorescence units (RFUs). 

 

5.3. Results 

It is important to realize that the fluorescence values cannot be directly compared if 

the standards were not analyzed on the same microtiter plate at the same time since the 

strength of the Hoechst dye is continuously decreasing.  Standard curves that are generated at 

the same time on the same plate are plotted in a single graph.  All cure fits are parabolic 

unless indicated by asterisks (*) on both sides of the R
2
 value, which indicates the fit is 

linear. 
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5.3.1. Initial Study 

The first study was used to verify that Hoechst working solution made with DI water 

does make the standard curve parabolic and also used to test the effects of adding papain to 

ComStd.  Four DNA standard curves were made as indicated in Table 5.1.  The resultant 

curve fits are shown in Figure 5.2.  Again it is observed that the use of DI water to make the 

Hoechst working solution causes the curve fit to be parabolic (Figure 5.2A); this time in the 

presence of papain solution.  Additionally, the presence of papain solution alone causes the 

curve to become parabolic (Figure 5.2B). 
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Table 5.1: Initial Study Standard Curves 

DNA 

standard 

(μl)

PBS (μl)

papain 

solution 

(μl)

Total 

Volume 

(μl)

DNA 

(ng/well)

160 0 240 400 400

80 0 320 400 200

40 0 360 400 100

20 0 380 400 50

4 0 396 400 10

0 0 400 400 0

120 0 180 300 400

60 0 240 300 200

30 0 270 300 100

15 0 285 300 50

3 0 297 300 10

0 0 300 300 0

120 180 0 300 400

60 240 0 300 200

30 270 0 300 100

15 285 0 300 50

3 297 0 300 10

0 300 0 300 0

120 0 180 300 400

60 0 240 300 200

30 0 270 300 100

15 0 285 300 50

3 0 297 300 10

0 0 300 300 0

ComStd/papain solution     (*DI Hoechst*)

PapStd/papain solution     (*DI Hoechst*)

ComStd/PBS

ComStd/papain solution
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5.3.2. Vary papain solution concentration 

A more extensive experiment tested the effects of several different concentrations of 

papain solution shown in Table 5.2.  The corresponding curve fits are shown in Figure 5.3.  

The three standard curves of most interest are shown in Figure 5.3 A, C and E.  Standard 

curve A is the basic standard curve specified in the DNA Assay protocol, while standard 

curve E is closest to resembling the solution constituents contained in experimental samples 

(i.e. all papain solution with no PBS).  While the basic standard curve is linear, if the PBS is 

replaced with papain solution to mimic the composition of experimental samples

 
Figure 5.2: Effects of papain when Hoechst working solution made with DI water (A) or PBS 

(B).  Only  the ComStd/PBS standard curve is linear. 
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Table 5.2: Variable Amounts of Papain Solution Standard Curves 

DNA 

standard 

(μl)

PBS       

(μl)

papain 

solution 

(μl)

Total 

Volume 

(μl)

DNA 

(ng/well)

DNA 

standard 

(μl)

PBS       

(μl)

papain 

solution 

(μl)

Total 

Volume 

(μl)

DNA 

(ng/well)

300 100 0 400 750 300 100 0 400 750

240 160 0 400 600 240 160 0 400 600

160 240 0 400 400 160 240 0 400 400

80 320 0 400 200 80 320 0 400 200

40 360 0 400 100 40 360 0 400 100

0 400 0 400 0 0 400 0 400 0

300 0 100 400 750 300 0 100 400 750

240 0 160 400 600 240 0 160 400 600

160 0 240 400 400 160 0 240 400 400

80 0 320 400 200 80 0 320 400 200

40 0 360 400 100 40 0 360 400 100

0 0 400 400 0 0 0 400 400 0

300 0 100 400 750 300 0 100 400 750

240 60 100 400 600 240 60 100 400 600

160 140 100 400 400 160 140 100 400 400

80 220 100 400 200 80 220 100 400 200

40 260 100 400 100 40 260 100 400 100

0 300 100 400 0 0 300 100 400 0

ComStd/PBS

ComStd/papain solution

ComStd/PBS + 25% papain solution

PapStd/PBS

PapStd/papain solution

PapStd/PBS + 25% papain solution
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Figure 5.3: Extensive testing of standard curves with various papain solution concentrations. 
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(ComStd/PBS  PapStd/papain solution) the curve becomes parabolic.  However, if the 

basic standard is diluted with a small amount of papain solution instead of entirely replacing 

the PBS with papain solution, the curve fit remains linear as seen in Figure 5.3C. 

 

5.3.3. Dilutions of ComStd/PBS with Papain Solution 

To examine when the standard curve of ComStd/PBS becomes parabolic as a function 

of added papain solution, a set of standard curves were tested as specified in Table 5.3.  

Figure 5.4 contains the three standard curves and shows that all three remain linear although 

they have different slopes.  The maximum measurable DNA quantity of the standard curves 

decreases as the volume of papain solution increases.  While all three are linear over the 

tested amounts DNA, it is unclear if they become parabolic at higher quantities of DNA.  

From this data it can be seen that, as the volume of papain solution is increased, the slope of 

the standard curve decreases. 
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Table 5.3: ComStd/PBS with Added Volumes of Papain Solution Standard Curves 

DNA 

standard 

(μl)

PBS (μl)

papain 

solution 

(μl)

Total 

Volume 

(μl)

DNA 

(ng/well)

300 0 100 400 750

240 60 100 400 600

180 120 100 400 450

120 180 100 400 300

60 240 100 400 150

0 300 100 400 0

200 0 200 400 500

160 40 200 400 400

120 80 200 400 300

80 120 200 400 200

40 160 200 400 100

0 200 200 400 0

100 0 300 400 250

80 20 300 400 200

60 40 300 400 150

40 60 300 400 100

20 80 300 400 50

0 100 300 400 0

ComStd/PBS + 25% papain solution

ComStd/PBS + 50% papain solution

ComStd/PBS + 75% papain solution
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5.3.4. Compare Commercial DNA to Cell Pellet DNA 

To test the error caused by the presence of papain solution when calculating 

quantities of DNA, commercial DNA standard curves were compared to standard curves 

created from cell pellets of known number that had been digested overnight with papain 

digest.  Table 5.4 shows the tested standard curves.  Two standard curves were generated for 

each source of DNA; one with pure papain solution to mimic experimental samples, and one 

that contains 50% papain solution and 50% PBS.  The results are shown in Figure 5.5 and 

show large discrepancies between the two DNA sources.  Theoretically the PelStd and 

PapStd/papain solution curves should overlap as well as the PelStd + 50% PBS and

 
Figure 5.4: Basic standard (ComStd/PBS) with added equal volumes of papain solution. 
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Table 5.4: Commercial DNA and Cell Pellet DNA Standard Curves 

DNA 

standard 

(μl)

PBS         

(μl)

papain 

solution 

(μl)

Total 

Volume 

(μl)

DNA 

(ng/well)

300 0 100 400 750

240 0 160 400 600

180 0 220 400 450

120 0 280 400 300

60 0 340 400 150

0 0 400 400 0

200 0 200 400 500

160 40 200 400 400

120 80 200 400 300

80 120 200 400 200

40 160 200 400 100

0 200 200 400 0

PapStd/papain solution

ComStd/PBS + 50% papain solution

 
Digest   

(μl)

DNA   

(ng/well)
PelStd  (μl) PBS      (μl)

DNA   

(ng/well)

100 550 300 120 150 150 60

80 550 300 96 150 150 48

60 550 300 72 150 150 36

40 550 300 48 150 150 24

20 550 300 24 150 150 12

10 550 300 12 150 150 6

5 550 300 6 150 150 3

0 550 300 0 150 150 0

Cells 

(10^3)
Digest (ul)

PelStd PelStd + 50% PBS
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ComStd/PBS + 50% papain solution since both of these sets of DNA standards contain 

identical amount of papain solution and DNA.  Instead, the curves of both cell pellet DNA 

standards have a much larger slope.  Mapping RFU values to quantities of DNA would 

produce drastically different results depending on which type of DNA standard curve was 

used. 

 

5.3.5. Commercial DNA and Cell Pellets Revisited 

The above experiment was repeated with the addition of the basic standard 

ComStd/PBS shown in Table 5.5.  Only four quantities of DNA were used since the 

microtiter plate can only hold 32 samples in triplicate, and only four sample spaces remained. 

 
Figure 5.5: Commercial DNA compared to cell pellet DNA with similar amounts of PBS and 

papain solution 
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Table 5.5: Added ComStd/PBS Standard Curve 

DNA 

standard 

(μl)

PBS         

(μl)

papain 

solution 

(μl)

Total 

Volume 

(μl)

DNA 

(ng/well)

400 0 0 400 1000

267 133 0 400 667.5

133 267 0 400 332.5

0 400 0 400 0

ComStd/PBS

 

 

The results were similar for the four standard curves tested before.  However, the curve for 

the ComStd/PBS standard was surprisingly located adjacent to the cell pellet DNA standards 

rather than the other commercial DNA standards as shown in Figure 5.6.  The magnified 

section of Figure 5.6 shows that the ComStd/PBS standard curve is in between the PelStd and 

PelStd + 50% PBS standard curves, however the cell pellet standards have fairly poor R
2
 

values and it is unclear if either of the cell pellet standards is a better choice for matching the 

ComStd/PBS standard. 
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Figure 5.6: Addition of ComStd/PBS to standards of ComStd and PelStd with PBS and papain solution. 
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5.3.6. PBS Diluted Cell Pellets Compared to ComStd/PBS Standard Curve 

A final experiment was done to test two different dilutions of PelStd and compare 

with the ComStd/PBS standard curve.  The experimental setup is shown in Table 5.6.  The 

standard curves are shown in Figure 5.7 and reveal that of the two tested dilutions of PelStd, 

the 50% PBS dilution gives a linear slope and intercept very close to the ComStd/PBS 

standard curve.  The PelStd + 33% PBS standard curve is also very close to the ComStd/PBS 

curve however it is parabolic and is unclear whether they will be similar at higher quantities 

of DNA. 
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Table 5.6: PelStd with PBS compared to ComStd/PB 

Digest     

(μl)

DNA    

(ng/well)

Digest     

(μl)

PBS      

(μl)

DNA    

(ng/well)

Digest     

(μl)

PBS      

(μl)

DNA    

(ng/well)

DNA 

standard    

(μl)

PBS      

(μl)

DNA    

(ng/well)

300 800 300 247.5 200 100 165 150 150 123.75 150 250 375

200 800 300 165 200 100 110 150 150 82.5 125 275 312.5

100 800 300 82.5 200 100 55 150 150 41.25 100 300 250

50 800 300 41.25 200 100 27.5 150 150 20.625 75 325 187.5

20 800 300 16.5 200 100 11 150 150 8.25 50 350 125

10 800 300 8.25 200 100 5.5 150 150 4.125 25 375 62.5

0 800 300 0 200 100 0 150 150 0 0 400 0

ComStd/PBS

Cells 

(10^3)

Digest 

(μl)

PelStd PelStd + 33% PBS PelStd + 50% PBS
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Figure 5.7: PBS diluted cell pellet DNA standard curves compared to ComStd/PBS standard curve. 
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5.4. Discussion 

It is good practice to use standard curves which mimic the chemical composition of 

any sample that is to be measured.  For the case of analyzing the amount of DNA in papain 

digested samples, this requires that the standard be made of papain solution with known 

concentrations of DNA.  Unfortunately, as shown in section 5.3.2, this case is modeled as 

standard curve E (PapStd/papain solution) and is shown to cause the standard curve to 

become parabolic rather than linear and is not a viable option.  However, papain solution 

diluted with PBS produced a linear standard curve as shown in section 5.3.3, suggesting that 

if the experimental samples are diluted with PBS and the ComStd/PBS standard is diluted 

with papain solution, the standard curves will be linear and the sample and standard will have 

similar chemical composition.  Unfortunately the RFU values for cell pellet DNA and 

commercial DNA in identical solutions of papain solution and PBS were dractically different 

as demonstrated in section 5.3.4. 

Based off the results from section 5.3.5, the commercial DNA standard with PBS has 

a standard curve that is very close to the curves generated by cell pellet DNA standards 

indicating that the commercial DNA standard may not need to be modified.  However, the 

fluorescence measurements of samples are still clearly affected by the concentration of 

papain solution in each sample.  The undiluted cell pellet DNA standard is shown to be 

parabolic in Figures 5.5 and 5.7, whereas the diluted standards are linear. 

Standard curves for both the commercial and cell pellet DNA sources are parabolic 

for DNA standards containing only papain solution, which produces errors when using a 
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linear mapping of a parabolic curve to calculate amounts of DNA.  This is especially 

troublesome at low quantities of DNA where the parabolic curve is fairly flat resulting in a 

large span of DNA quantities being mapped to a much smaller domain of values, reducing 

the measured significant differences between samples.  As the concentration of papain 

solution is decreased by diluting with PBS, the standard curve slope increases and becomes 

less parabolic, increasing the mappable domain.  Based on the results in section 5.3.6, 

experimental samples should be diluted 1:2 with PBS in order to obtain a DNA mapping 

profile similar to the commercial DNA standard curve.  This will allow the current DNA 

standard to be used as-is, but may cause issues for quantifying small amounts of DNA since 

the samples will be diluted two fold.  Future work will involve finding a maximum 

concentration of papain solution that will result in a linear standard curve that matches the 

commercial DNA standard curve in order to preserve as much of the original sample without 

dilution. 
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Appendix A 
 

DNA Assay Protocol with Papain Digest for Cells on Scaffold Materials 
(modified 11-06-2006 SHB) 

 

Skills:  Students will learn to quantify the number of cells in order to compare growth under 

different conditions or on different materials.  General lab skills:  Preparation of solutions 

and dilutions for standard curves, use of microplate reader, micropipets, pH meter 

 

DNA Standards 

To make 1 mg DNA/ml stock, add 10 ml PBS to 100 mg DNA in original bottle (this makes 

10 mg/ml).   Dissolve by incubating 12-18 hours at 60
o
C, vortexing periodically.  Dilute 1 ml 

of this in 9 ml PBS for 1 mg/ml.  Additional heating may be required.  Store unused 10 

mg/ml solution frozen in original bottle. 

 

Filter-sterilize with 0.2 m acrodiscs (optional).  Aliquot and store at 4
o
C (if not sterilized, 

store frozen) 

 

To make working DNA solution for use in standard curve, add 

10 ul of the 1 mg/ml stock to 990 ul PBS.  This gives 10 g/ml.  Make up enough for all 

planned experiments, and store at –80
o
C. 

 

TNE Buffer 

10X Stock:  100 mM Tris, 10 mM EDTA, 1 M NaCl, pH 7.4 

To 450 ml dH2O, add: 

29.0 g NaCl,  

1.86g Na2EDTA 2H2O,  

0.97 g Tris base,  

6.61 g Tris HCl,  

Mix until dissolved, then bring to 500 ml dH2O;  filter-sterilize (do not autoclave), store at 

4
o
C  

 

1X TNE: 

Dilute 10X TNE 1:10 with autoclaved dH2O (50 ml 10X + 450ml H2O) 

Adjust pH = 7.4 with 1N NaOH.  Filter sterilize, store at 4
o
C 

 

Hoechst 33258 Dye 

From the manufacturer, concentration is 10 mg/ml 

 

To make a 1 mg/ml stock:  In a sterile microfuge tube, combine 100 ul of the 10 mg/ml 

solution with 900 ul dH2O.  Store foil-wrapped at 4
o
C, stable for 6 months 
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To make a 2x Hoechst working solution (0.2 g/ml*): 

Add 2 l of the 1 mg/ml stock to 10 ml 1X TNE for microplate assay; scale up if more is 

needed for cuvettes, or for many microplate samples.  Make up fresh, in foil-wrapped tube 

(Stable for 2 hrs.) *If standard curve “levels off” at higher concentrations, this may indicate 

that the Hoescht dye is saturated.  The concentration can be increased 10-fold to 2.0 g/ml 

(20 l stock in 10 ml TNE). 

 

Papain Digest 

 

Papain solution (mix well):        

 5 ml PBS        

 25 l papain (Sigma, 100 mg of 25-40 units/mg in approx 5 ml;  

use tuberculin syringe to draw from bottle)   

7.3 mg EDTA (5 mM) or 45.6ul 160mg/ml in NaOH   

 4.4 mg cysteine HCL (5 mM)  

Final papain activity is approx. 2.5 units per ml     

 

Filter solution using 0.2 m acrodisc syringe filter (optional) 

 

Place the scaffold in a microfuge tube, and add enough papain solution to each tube to cover 

the material to be digested.  200-400 ul should be adequate for a small piece of scaffold in a 

microfuge tube.  For tissue, use 1 ml papain for 10-30 mg wet wt (more for larger quantities).  

Vortex. 

 

Note:  A scaffold with 100,000 human cells (6.6 pg DNA per cell) digested in 400 ul papain 

will give a theoretical quantity of 165 ng DNA/100 ul.  400 ul will allow triplicate wells of 

both 100 ul and 25 ul quantities. 

 

Incubate at 60
o
C overnight (waterbath or oven) until the tissue is digested and dissolved 

(papain solution is clear with no particles).  Vortexing during the incubation will aid 

digestion.  Following digestion, Vortex well, then microfuge samples and transfer 

supernatant to new tube. 

 

DNA Assay: 

 

Use black microtiter plates and filter pipette tips.  On a 96-well template sheet, indicate 

locations of standard curve and experimental wells.  For the standard curve, designate 3 wells 

for each of the 6 concentrations. For the experimental samples, designate 3 wells for each 

different sample or sample dilution, plus three wells for papain solution alone (if you dilute 

samples, you will also need corresponding dilutions of papain solution alone).  
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Each well of the plate will contain a final total volume of 200 ul (100ul sample or standard 

plus 100ul of 2X Hoescht solution).  Add 100 ul 2x Hoechst solution to each well that will be 

used.  Cover plate with aluminum foil while samples and standards are prepared. 

 

Prepare standard dilution series in microfuge tubes .  Make 400 ul of each, although you will 

only use 300 ul. 

 

l DNA (10 g/ml) l 1X PBS    total ng/well     4x for 3 wells of 100 ul each 

       ul DNA ul PBS  

 

100   0  1000  400  0 

60   40  600  240  160  

40   60  400  160  240 

20   80  200   80 320 

10   90  100   40 360 

*(5   95  50   20 380) 

*(1   99  10    4 396) 

0   100  0     0 400 

 

*optional concentrations for lower experimental DNA amounts 

 

Add 100 ul of each standard in triplicate to the appropriate wells, pipetting up and down to 

mix with Hoescht solution. 

 

For experimental samples, if you have a ballpark 100,000 cells per scaffold, digested in 400 

ul, the following is suggested:    

Pipet 100 ul undiluted into triplicate wells 

Take 80 ul of the remainder and add to 240 ul papain buffer, then pipet 100 ul of this into 

triplicate wells (this gives the equivalent of 25 ul per well) 

-or, if you have over 100,000 cells use equivalent of 50 ul and 10 ul, diluted as needed 

Note:  Exact amounts will need to be determined for each application.  The fluorescence 

from the experimental samples should fall well within the standard curve.  Both the amount 

of experimental sample and the range of the curve can be adjusted as needed.  This is 

considered a “low-range” assay.  For higher amounts of DNA, the Hoechst concentration can 

be increased 10X. 

 

Turn on the GENios microplate reader.  From START menu on computer, open Magellan 5 

and select Hoechst 33256 program.  Ex/Em is 352/461 nm for H33258. Insert plate and run 

program.  Data can be saved in Excel format for analysis. 

 

Note:  Each diploid human cell contains 6.6pg DNA; 100,000 cells should yield 

approximately 660 ng DNA 


