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Abstract

Contamination of food and water supplies by microorganisms sudfselserichia colj the need for point-of-care bedside analysis of
biological samples, and concerns about terrorist attacks using biological organisms, have made the development of fast, reliable, and sensitive
analytical methodologies for use in monitoring of pathogens very important. With a variety of biosensors being developed for extremely
sensitive and rapid nucleic acid diagnostics, it has become even more important to shift focus towards creation of methods to decrease the
amount of time and effort necessary for sample preparation. The application of ultrasound has the potential to create DNA fragments from
genomic material with lengths that are suitable for determination using biosensors and microarrays. For example, application of 85 W power at
afrequency of 20 kHz can produce a preponderance of fragments of 100—-400 base pairs (bp) within several seconds, and sample processing ca
lead to over 75% conversion from genomic material to fragments in times of 20—30's. A proportion of these fragments are in a single-stranded
state and are suitable for hydridization with immobilized single-stranded DNA probe oligonucleotides using a fiber optic biosensor. Control of
factors such as salt concentration, exposure time, ultrasound power, and the initial temperature of the solution, can affect the length and form
(single- or double-stranded) of DNA fragments that are generated by ultrasound, and average fragment length can be adjusted by selection of
these operating parameters.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ing for diseases. Commonly, single-stranded DNA (ssDNA)
probe molecules are immobilized on the surface of a device
The development of fast, reliable, and sensitive analyti- and a signal is generated upon the hybridization of target nu-
cal methodologies for use in monitoring of environmental cleic acid sequences to these probes. This requires that the
pathogens is of great interest. Recent events associated witharget genomic DNA is available in single-stranded form,
contamination of municipal water supplies Egcherichia and that, preferentially, it is available as segment lengths
coli (E. coli) (O’'Connor, 2002, with food products byis- that are sufficiently short to allow for fast hybridization ki-
teria (Donnelly, 200}, and concerns about terrorist attack netics and limited steric hinderance, while sufficiently long
of the food and water supplies, have generated substantiakenough to ensure specificity by virtue of the energetics asso-
interest in expediting the development of rapid dedicated ciated with hybridization of the nucleic acid target sequence.
test kits and monitoring devices. This interest is also evident With the development of biosensors that are capable of fast
in clinical situations such as point-of-care bedside analysis speeds and low detection levels (for example, 20-40s for
(Kluge et al., 200R Examples of rapid testing platforms DNA at concentrations of approximately 1 pg/mL, for tar-
include those that use immunochemistry, and alternatively, gets of 25—-300 mer lengti\atterson et al., 200}, the prob-
those that use nucleic acid detection. lem of developing an appropriate rapid sample preparation
DNA biosensors can ideally offer rapid, dedicated, and method to convert genomic DNA into single-stranded ma-
reversible detection of bacteria, viruses, and genetic screen4terial of short sequence lengths becomes of paramount im-
portance. Optimally, one sample preparation method would
mspondmg author. Tel:1-005-828-5437: provide short fragments f_rom genpmic DNA that could be
fax: +1-905-828-5425. detected by a variety of different biosensors, such as acous-
E-mail addressukrull@utm.utoronto.ca (U.J. Krull). tic (Cavic and Thompson, 2002; Su et al., 19%urface
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plasmon resonance (SPR3€orgiadis et al., 2000; Peterson ates a current of microbubbleBI§ner and Lindblad, 1988
et al., 2002, electrochemicalAzek et al., 2000; Yang and  During the negative half-pressure cycle of the ultrasound
Thorp, 2001; Millan et al., 1994; Wang, 2002nd optical wave, the microbubbles increase in size; during the positive
systems Riunno et al., 1995; Jordan et al., 1997; Graham half-pressure cycle, the bubbles decrease in size. Transient
etal., 1992 cavitation occurs during the application of higher intensities
There are several methods that can be used to generatef ultrasound (greater than 1 W/én(Elsner and Lindblad,
target material for DNA biosensors. Some of the more com- 1988). In this case, the microbubbles may begin to oscillate
mon approaches include cleavage by restriction enzymes,in size but at some point during sonication, they reach a
and polymerase chain reaction (PCRaiki et al., 198k critical size and collapse. The extreme heat generated at the
Restriction enzymes are useful because they can be chosepoint of this collapse, several thousand Kelvin, is enough to
to cleave at specific nucleic acid sites, and can be efficientcause the formation of free radicals from wafgvdd, 1970;
in producing fragments of known sequences and lengths.Henglein, 1987; Suslick et al., 1986; Makino et al., 1p83
However, the drawback to using restriction enzymes is that The collapses that occur due to transient cavitation are con-
it requires additions of reagents to the system, and carefulsidered high energy events and can be quite destructive. In
control to ensure conditions are optimal for enzyme activity. fact, they can be responsible for erosion, cell disruption,
PCR is an analytical technique that allows for the amplifica- sonoluminescence, and shearing of biological molecules
tion of specific DNA sequences. The target to be amplified (Leighton, 1994.
acts as a template, and can be copied during successive cy- When cellular materials are exposed to ultrasound, there
cles of heating and cooling. The advantage of this approachare two mechanisms that are primarily responsible for the
is an exponential increase in the amount of target (ampli- observed effects on biological molecules. The first is direct
con) that is formed during the progression of cycles. Shorter mechanical damage via bulk heating. The second is by in-
amplicons can hybridize with immobilized ssDNA probes, direct interaction and is chemical action in which free rad-
and this is the basis for a number of microarray protocols. icals attack molecules. This oscillation in microbubble size
Real-time PCR \(Valker, 2002 not only amplifies a target  causes shearing stress as microstreaming occurs at the bub-
sequence but also quantifies the amount of material that wasble surface and bubbles interact with each other, solution,
initially available, eliminating the need for biosensors. The and vessel walls. Mechanical stress is responsible for caus-
drawback of PCR methods is that they require the presenceing cell lysis and is suspected to be responsible for most
of the desired sequence, primers that define the region toof the DNA degradation in solutiorP¢itchard et al., 1966;
be copied, DNA polymerase, the presence of deoxynucleo-Peacocke and Pritchard, 1968esides cavitation, direct
side triphosphates, and a lack of any other similar sequencemechanical or thermal degradation is the other process by
that might be copied. PCR methods have their place in ex- which ultrasound ruptures DNA. This type of fragmentation
periments where samples are very limited in the number of can be found in the absence of cavitation and is caused by
target copies of a sequence, but are not ideal when there aréhe acceleration of molecules, causing increased interaction
sufficient copies for detection. Therefore, it is important to between solvent and DNA therefore resulting in a thermally
consider physical methods such as syringe shearing and thalerived degradatior{sner and Lindblad, 1988It is gen-
application of ultrasound as rapid and simple means to frag- erally accepted that the fragmentation of DNA by mechan-
ment DNA. Syringe shearing can be effective in producing ical stress in solutions exposed to ultrasound is via succes-
fragments from genomic DNA, but the manual approach is sive halving while that of free radical attack is more random
not readily controlled in terms of reproducibility. Ultrasound (Freifelder and Davison, 1982
is more versatile and more readily controlled in terms of Ideally, the sample preparation procedure to produce
energy delivery and selection of environmental conditions. fragments for analysis will be very fast and have a min-
Ultrasound is an oscillating pressure wave with a fre- imal number of steps. Experiments reported by our labo-
guency of approximately 20kHz and higha#i{son and ratory have confirmed that a signal can be obtained from
Buffa, 1997. Since ultrasound is mechanical in nature, it a fluorescence-based fiber optic biosensor using 25 mer
requires a medium for propagation. In aqueous solutions, immobilized single-stranded probes, intercalating dye for
the application of ultrasound causes a phenomenon knowndetection of hybridization, and samples of sonicated puri-
as cavitation. Cavitation occurs when the gases dissolved infied genomicE. coli DNA (Almadidy et al., 2002 This
liquid are induced to form cavities or microbubbles. The ra- work was done using an initial concentration of 1 pg/mL of
dius of these bubbles can range from 100 to 2BO(Elsner DNA, and the fluorescence signal reached equilibrium in
and Lindblad, 1988 There are two types of cavitation that about 20s. The results suggested that there was availability
can be said to influence biomolecules in solution in a direct of some single-stranded target of a size that was appropriate
or indirect manner: stable cavitation (or gas body activa- for hybridization and detection by the biosensor.
tion) and transient (or vaporous or inertial) cavitatiimy The present report provides insight about the nature of
1978; Leighton, 1994; Miller et al., 1996; Riesz and Kondo, the samples that were able to produce signals using the fiber
1992. Stable cavitation occurs in solutions when the appli- optic biosensor. The work evaluates the primary factors that
cation of low intensities of ultrasound (ca. 1 W/&ngener- can be used to control the size of fragments formed upon
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sonication of genomic material, and considers whether this was done using a Bio-Rad Sub-Cell GT system (Bio-Rad,
material is in a form that is suitable for detection by use of Mississauga, ON). A BioRad Gel Doc 1000 was used to vi-
biosensors that rely on hybridization. The fragmentation of sualize the gels and photographs were taken using the asso-
purified genomic material fror&. coliis compared with re-  ciated Molecular Analyst software. For some experiments,
sults using solutions containing live whole cells to determine the pictures of the gels were analyzed using Image@uant
whether extraction of genomic material is necessary at all. by Molecular Dynamic8 Inc. (Sunnyvale, CA).

Cumulatively, the results suggest that it is possible to design

a rapid and efficient sample preparation system to create a2.3. Hyperchromicity studies to consider conversion to
distribution of target fragments of a desired length and form. single-stranded DNA fragments

A stock solution of DNA was prepared at a concen-

2. Experimental tration of 10Qug/mL of MilliQ water. All of the samples
were diluted to 5@ug/mL using TE buffer. Samples were
2.1. Solutions and reagents mixed well and their absorbances from 200 to 320 nm were

measured. Peak locations and absorbances were determined

The genomic DNA used in most of the experiments using the proprietary software. The blank used for these
was salmon sperm nuclei type II-S purchased from experiments contained a 1:1 ratio of TE to water. Three dif-
Sigma—Aldrich (Oakville, ON). Unless otherwise indi- ferent conditions were used including non-sonicated DNA,
cated, the DNA solutions were made and diluted using sonicated DNA, and thermally denatured DNA. Sonicated
TE buffer consisting of 10mM Tris—HCI from GIBCO DNA was kept on ice and exposed to ultrasound in the con-
BRL LifeTechnologies Inc. (Gaithersburg, MD) and 1mM tinuous mode for 2 min at an output power of 5 (ca. 85W)
EDTA (Sigma—Aldrich) and the pH was adjusted to ap- followed by the wavelength scan. In order to thermally de-
proximately 8. The sodium chloride that was used to alter nature DNA, the solution was placed in a 50 mL centrifuge
the salt concentration of the samples was from EM Sci- tube and then submersed in boiling water for at least 1 h. A
ence (Darmstadt, Germany). Ultra Pure Electrophoresiswavelength scan was taken immediately following this. A
Grade agarose was used for agarose gels (GIBCO BRLcomparison was made to wavelength scans for samples that
LifeTechnologies Inc). The agarose gels were diluted us- were cooled on ice for 5 min prior to the scan and there was
ing TBE buffer. A 10« TBE buffer was made using 49g no statistically significant difference in the results at a 95%
of Trizmd® Base or tris(hydroxymethyl)aminomethane confidence level (results not shown). Therefore, a cooling
(Sigma-—Aldrich), 25.05¢g boric acid of from BDH Inc. step was eliminated. The results shown are the average of
(Toronto, ON), and 1.68 g ethylenediaminetetraacetic acid three trials for each treatment condition.
(EDTA) (Sigma—Aldrich) in 450 mL of cartridge purified
water (MilliQ) obtained from a Millipore water purifica- 2.4. Agarose gel electrophoresis
tion system from Millipore Corporation (Bedford, MA).
This was diluted to & as a running buffer for agarose DNA fragment separation was done by gel electrophore-
gel electrophoresis and as a solvent to make the agarosesis using 1% agarose gels to which the appropriate concen-
gels. SYBR Gold nucleic acid stain was from Molecular tration of SYBR Gold nucleic acid stain had been added
Probes (Eugene, Oregon). The DNA standard used in the(1:10,000 dilution). It was then poured into the gel casting
gel electrophoresis was the AmpliSI2& Molecular Lad- tray and left to cool and polymerize. The gel was placed into
der 50-2000 bp from BioRad (Mississauga, ON). Loading the electrophoresis apparatus and IBE running buffer
buffer was prepared using 55% (v/v) of glycerol (BDH) and was used. All samples were vortexed to ensure they were

45% (viv) of 10x TBE buffer. mixed well and then portions were mixed with loading buffer
in a 90:10 ratio. Unless otherwise indicated,p20o0f this
2.2. Instrumentation solution were loaded into the gel. The molecular ruler was

mixed with loading buffer in a 1:1 ratio before adding to the

Centrifugation was done using a Beckman Microfllje  wells, and one standard was always run on each side of the
12 (Beckman Coulter Canada Inc, Mississauga, ON). Mi- gel. A current of 100 mA was applied for 1 h.
crocentrifuge tubes were from VWR (Misissauga, ON), and
were autoclaved for sterilization. A Libra S22 UV/visible 2.5. Analysis and optimization of factors influencing
Spectrophotometer from Biochrom Ltd (Cambridge, Eng- fragmentation
land) and quartz cells (104-QS, 10 mm, K80) from Hellma
GMBH & Co (Mullheim, Germany) were used for hyper- The Yates pattern analysis is mathematical matrix that al-
chromicity experiments. A Vibra CéM high intensity ultra- lows variables be screened to determine if they are statisti-
sonic processor with a microtip attachment (having a 5mm cally significant and if they are independent or dependent.
tip diameter) from Sonics & Materials Inc (Danbury, CT), Four variables were investigated using the Yates pattern anal-
was used for the application of ultrasound. Electrophoresis ysis. The initial temperature of the DNA solution and ionic
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strength were selected as factors. Preliminary experimentscrocentrifuge tubes into hot or warm water baths or on ice
to determine whether there were any effects with regard until the desired temperature had been reached. The temper-
to changes caused by other factors such duration of ultra-atures were ca. 8 for samples on ice and between 85 and
sound exposure (or sonication), and the power (by changing90°C for those submersed in boiling water.
the output control setting) were done to see if these factors Two trials of each sample were done to ensure that the
should be examined further. observed effects were real and that the adjustment of the
The effect of changing output control power and the du- variables could be correlated with the measurable effects.
ration of ultrasound exposure were studied using salmon Samples were processed in a random order to ensure that
sperm DNA at 5Qug/mL. For the power studies, settings results were not biased. Every ninth sample processed used
of 1-5 (the microtip limit) were used and the duration of intermediate values associated with the variables. Four
sonication was 1 min. These output control settings corre- intermediate trials were done to help ensure, again, that
spond to a range of power between approximately 8 andtrue effects were being observed, there was a degree of
85W. The effects of sonication time were studied by ex- reproducibility, and that there was no outside influence on
posing samples to ultrasound at an output control setting of the fragmentation. Following ultrasound exposure, samples
5 (ca. 85W) and the times were varied from 10s to 5min. were placed directly on ice. The salt concentration of each
All studies were done in continuous mode energy deliv- sample was adjusted to ca. 0.5M prior to mixing with the
ery. These variables were evaluated using the Yates patterdoading buffer to maintain a consistent ionic strength for
analysis. gel electrophoresis and visualization. The standard DNA
A 1:1 ratio of stock solution to TE buffer was placed ladder was also adjusted to the appropriate salt concentra-
into sterilized microcentrifuge tubes with a total volume of tion to maintain consistency and also had loading buffer
800u.L. Inthis analysis, the maximum salt concentratie) ( added (1:1:1 ratio of standard:loading buffer:salt solution).
of the final sample was 1 M, the minimum ) was 102 M, Gel electrophoresis was done according to the procedure in
and the intermediate (0) was 10M. These required the ad-  Section 2.4
dition of NaCl solutions made in TE buffer in concentrations ~ Images of the gels were analyzed using ImageQuant
of 2, 2 x 1072, and 2x 101 M, respectively to the DNA Lines were drawn down the centre of each lane, the width of
stock solution. Samples were processed using the approprithe lanes were defined as 5 pixels on either side, and intensity

ate power control setting{ = 5, — = 3, 0= 4), amount of profiles were created. This was done for each sample lane
time for sonication £ = 2min, — = 10s, 0= 1 min), and including one in which no sample was run. The empty lane
the initial temperature of the solutiofn-(= 90°C, — = 0°C, was used for background subtraction. Since there were two

0 = 45°C). Table lindicates the variable settings used for standard lanes on each gel, two standard intensity profiles

each trial. The temperatures required for these experimentswvere created. The peaks representing each standard in the

were set by placing the appropriate samples contained in mi-DNA ladder were visible and it was possible to record the
pixel number at which the maximum intensity for each peak

Table 1 occurred. This data was averaged for each gel and a new
Variables identified by the Yates pattern standard graph representing pixel number and base pairs was
Trial Variablos created. Standard graphs were made by choosing the pixel
number number at which the maximum intensity occurred for each

[NaCll (M)  Ouput  Duration of Initial standard peak on the intensity profile graph and re-plotting

223::3 sonication Efgperature pixel number versus the number of base pafig.(1).
5 In order to determine and optimize the roles of the factors
1 10 3 10s 0 L ;
> 1 3 10s 0 participating in the fragmentation of DNA by ultrasound,
3 10-2 5 10s 0 it was necessary to choose parameters to measure from the
4 1 5 10s 0 agarose gel eletropherograms. One response parameter that
5 10°2 3 2min 0 was chosen for analysis was the pixel number, and corre-
? 1(1TZ g ;r’:i': 8 sponding fragment length, at which the maximum intensity
8 1 5 > min 0 occurred in the fluorescence intensity profile. This was used
9 10-2 3 10s 90 as an indicator of the fragment that was most predominant
10 1 3 10s 90 after the ultrasound treatment. However, this did not yield
11 102 5 10s 90 any information about the shape of the intensity profile or
12 1 2 5 10s 90 the predominance of other fragments of different lengths.
13 10 3 2min 90 o
14 1 3 2 min 90 As a means to indicate the overall number of fragments
15 10-2 5 2 min 90 formed based on intensity measurements, the area under the
16 1 5 2min 90 normalized intensity profiles was calculated as the second
Intermediate 10! 4 1 min 45 parameter for ana|ysis_

These values selected for experiments were associated with the maximum ~ These parameters were organized into tables and the av-
and minimum values chosen for the Yates pattern matrix design. erage and standard variance of the duplicates for each trial



T.L. Mann, U.J. Krull/Biosensors and Bioelectronics 20 (2004) 945-955 949

2.7. Comparison of fragmentation from purified genomic
DNA and whole cell material

E. coli (Klone 6) cells were used as the whole cell mate-
rial for this experiment. They were grown in Luria-Bertani
(LB) media at 23C. 1.5 mL increments of the cellular solu-
tions were placed in previously autoclaved microcentrifuge
tubes, and centrifuged for 3min at 5000 rpm. The super-

Intensity (rfu)

0 50 100 150 200 250 natant was removed and the cells were resuspended in 1 mL
GV Pixel # of TE buffer. The cell density of the suspension to be soni-
cated was ca. 2.5 108 cells (determined by light scatter at
205 600 nm). Suspensions were sonicated on ice for 3 or 5min,
185, under pulsed and continuous settings, at an output setting
of 5 (ca. 85W). Any pulsed studies were done using a 50%
4 1651 duty cycle. Non-sonicated cells in suspensions were used as
T e y = -30.671Ln(x) + 323.86 controls. .UItrasound was applied using the same settings but
a = R* =0.9844 over a wider range of times to solutions of salmon sperm
1251 DNA (50 ng/mL). DNA fragments were separated using gel
1051 electrophoresis and visualized as previously outlined with
= the exception that the mixture of loading buffer to sample
85 / / / / , ; ; ; , had a ratio of 90:20.
0 200 400 600 800 1000 1200 1400 1600 18002000
(B) Number of Base Pairs

Fig. 1. Standard curve to convert pixel number to the number of base 3, Results and discussion
pairs. (A) An example of fluorescent intensity data collected with respect

to the pixel number, which correlates to migration distances for the DNA In order to reIiany use DNA fragments for detection of
molecular ruler. The pixel number positions of the peaks are representative

of a specific length in base pairs (bp) of DNA where 42000 bp, pathogens, it is important to understand the quality of the
B = 1500bp, C= 1000bp, D= 700bp, E=500bp, F=400bp, G fragments as they pertain to use in DNA biosensors. For ex-
= 300bp, H=200bp, and |= 100bp. (B) Conversion of the data from  ample, it is important to have an understanding of the sizes
(A) into a standard curve. All standard curves hadR8rvalue of at least of fragments generated by the application of ultrasound,
0.97. whether these sizes can be controlled, and whether they are
in single- or double-stranded form. Using gel permeation
was calculated. A series of summations of the parameterschromatography and gel electrophoresiskudome et al.
were computed according to the Yates pattern analysis tech{1986)found that calf thymus DNA that was sonicated us-
nique and the minimum significant factor effect [MIN] was ing 20 kHz ultrasound under different conditions was broken
calculated Klassart et al., 1998Any factors considered sig-  down into molecular weights ranging from>7 10* to 70
nificant, along with the associated scalar values, were com-x 10*. This corresponded to approximately 200—1000 bp,
bined into the parameter equations. Two sets of equationswith a decrease in distribution as the 1000 bp mark was ap-
were generated, one representing the number of base pairproachedElsner and Lindblad (1988hdicated that during
at which the maximum fluorescent intensity occurred and sonication, a lower limit of 100-500 bp was reached depend-
the other for the area under the curve in the fragment re- ing on the intensity, time of exposure, and the gases present
gion. The factors involved, as well as the relationships be- in solution.
tween factors, were compared at the 90 and 95% confidence
levels. 3.1. Exploring the formation of single-stranded DNA
fragments
2.6. Effect of high ionic strength on fragmentation
In order for hybridization to occur between probe nu-
Salmon sperm DNA (5f.g/mL) in a 1 M NaCl solution cleic acids at a sensor surface, target DNA must be in
was exposed to ultrasound while on ice for varying amounts single-stranded form. It is possible to follow transitions
of time up to 5min at an output setting of 5 (ca. 85W). between the single- and double-stranded states using spec-
All samples, including standards, were adjusted to a salttroscopic or calorimetric methodsliboco, 199¢. Spec-
concentration of 0.5M prior to separation and visualization trophotometry can also be used as a semi-quantitative
using agarose gel electrophoresis as previously describedmeans to find the concentration of DNA in solution since
The fragmentation patterns were visualized using agarosea wavelength of 260 nm is near the absorption maximum
gel electrophoresis according 8ection 2.4and compared  for all of the nucleotide units. When DNA at a constant
using ImageQuafit concentration undergoes an increase in temperature that
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= (Sigma—Aldrich, 1999 Some fragments produced by ultra-
. sound can be reduced in size to below 100 bp in length, and
0.6+ '-‘ would have lower melt temperatures than the genomic DNA.
Poom Since there is ambiguity with regards to the form of the
target material, fragments are referred to by their number of
base pairs as opposed to bases from this point forward.

Absorbance

3.2. Identification of primary factors influencing the
fragmentation of DNA

200.0 220.0 240.0 260.0 280.0 300.0 320.0 L .
It was clear from the preliminary experiments that both

the duration of exposure to ultrasound and the power affect
the formation of fragmentgtig. 3 shows the intensity pro-
Fig. 2. Normalized absorption spectra for non-sonicated, sonicated, andfjjes for representative samples exposed to ultrasound for
thermally denatured DNA. varying amounts of time. The peaks close to pixel number
40 are the result of non-fragmented genomic DNA whereas
converts double-stranded DNA to a single-stranded form, any intensity at higher pixel numbers comes from fragments.
the absorbance at 260 niAgg0) increases and is known as  Fragments of about 100 bp (pixel number near 240) were ev-
the hyperchromicity effectRuglisi and Tinoco, 1989 ident, and the signals for such small fragments increased in
A comparison of wavelength scans over the range of intensity as the duration of sonication increased. The size of
200-320nm showed changes in absorbance and maximuniragments seemed to remain approximately the same even
wavelength {max) for non-sonicated, sonicated, and ther- at longer exposure times, but the total number of fragments
mally denatured DNAKig. 2). Table 2shows the values increased. The data suggested that by increasing exposure
for Azeo and Amax for the different treatments. The hyper- time, ultrasound had the ability to quantitatively fragment
chromicity effect was observed when comparing the spectragenomic DNA while still maintaining fragments of approx-
of thermally denatured and non-sonicated DNA, and is seenimately the same size.
as a significant increase in absorbance at 260 nm by more Any changes in the power of ultrasound strongly affect
than 50%, and a peak shift from 26a:40.4 nm to shorter  fragmentation patternsBéankier, 1993 In the study by
wavelengths. For both absorbance values and maximumFukudome et al. (1986)t was found that the molecular
wavelength, DNA that was exposed to ultrasound for 2min weights of DNA fragments after ultrasound exposure were
falls almost directly in between the values for double- and remarkably decreased when ultrasonic power was increased
single-stranded DNA. The change in light absorbing prop- from 25 to 105W. A steady size distribution of fragmenta-
erties of sonicated DNA suggests that there has either beenion was reached between powers of 100 and 200 W. This
a change in the nucleotide bases or the form of the DNA was also observed when looking at the effects of acoustic
(single- or double-stranded). Since DNA fragmentation power on other polymers, where it can be seen that increased
occurs as backbone scission mainly between C-O bondspower increased the number of breaks in the polymer and
(Richards and Boyer, 19%&nd limited amounts of thymi-  decreased the molar mass of the fragme8thmidt-Naak
dine undergo modificationElsner and Lindblad, 1988 et al., 2002. Our data indicated that for output power of
it is likely the form of DNA that has changed and is no 25W or less, the amount of fragmentation was limited and
longer all double-stranded. In some cases, post-sonicationthere were a very large range of fragments formed with
temperatures were found to climb as high"80depending  the average length centered at about 500 bp. Increasing the
on the starting temperature of the solution. Under these cir- power to 40 W or higher resulted in the formation of much
cumstances, some of the DNA fragments could have beenshorter fragment lengths and a narrowing of the distribution
converted to a single-stranded form due to melt rather thanof fragment sizes. It is important to note that fluorescence
due to sonication. The melting temperature of DNA from intensity profiles are due to fluorescent intercalator that
salmon testes, which is about 2000 bp in length, is 82.5  binds to DNA, and that more dye can intercalate into longer
in 0.15M sodium chloride with 0.015M sodium citrate fragments than is possible for shorter ones. Therefore, the
fluorescence intensity data is of limited value, but location

Table 2 and distribution of fluorescence can be used to interpret
Comparison 0fAzeg and Amax for non-sonicated, sonicated, and thermally fragmentation behavior.
denatured DNA

Wavelength (nm)
A Non-Sonicated m Sonicated = Denatured

Treatment Aaeo (absorbance units)  Amax (NM) 3.3. Analysis and optimization of factors that influence
Non-sonicated 0.16@ 0.004 260.4+ 0.4 fragmentation

Sonicated 0.198 0.01 254.6+ 0.1

Thermally denatured 0.244 0.01 <250 Optimization and predictive models enable the creation

Results are the average of three trials. of empirical equations that relate a response parameter to
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Fig. 3. Effect of ultrasound exposure times on fragmentation patterns. The intensity profiles showed that as the extent of exposure to ultessead incr
so did the formation of more small fragments (peak intensities near pixel 240), although the range of fragment sizes stayed approximately the same.

variables. These models allow the significance of variables tions when compared to non-sonicated DNA. The corrected
to be identified, as well as any interaction between variables (nhormalized) profiles were used to provide quantitative in-
to be assessed. Models create a means by which the bedbrmation that could be interpreted using the Yates pattern
combination of variables can be chosen for a process. Threeanalysis. The two response parameters measured were the
presumptions are made for this type of experimental design, pixel number (and corresponding number of base pairs) at
the response parameter function is smooth and continuouswhich the most intense fragment peak occurred and the area
interaction between variables exist and cannot be ignored,under the intensity profile in the fragment region. The data
and any variable dependence must have statistical signifi-collected and subsequently used for chemometric analysis
cance. Based on these principles, the Yates pattern analysiss organized infable 3
is an appropriate full factorial two level experimental design.  Using the values determined from the intensity profiles
The use of this mathematical approach provided an opportu-the following equation was generated at the 90% confidence
nity to work towards developing an optimized procedure for level with a minimum significant factor affect [MIN] of 216.
fragmenting genomic DNA to be used in DNA biosensors. Only three variables were found to participate in determining
Fig. 4 is representative of the typical normalized intensity the fragment at which the maximum fluorescent intensity
profiles observed for one of the trials in the Yates pattern occurred.
analysis. The high fluorescence just after pixel number 50 is
the result of unfragmented DNA that did not permeate into Average #BP= 344+ 174X3 — 141X1 X3X4 @
the agarose gel. The intensities in the pixel range associatedyherex; represents salt concentratiofy, is output control
Wlth_fragmented DNA (i.e. all pixel numbers higher than _(power),Xs is time in seconds, ank is the initial temper-
70) increased under any of the ultrasound exposure condi-a¢re. There are real values for each of these variables that
can be calculated using the following equations:

150+ S—-0.1

130 X1 = 2)
) 110% 0.495
< 90+ X2=0C-4 3)
R 60
S 50+ t—
£ 304 X3=—¢ (4)
10+ ~
210 ' ! ! ! i —
106 50 100 150 200 250 300 X4 = r—4s (5)
Pixel # 45
[— uncorrected — corrected — linear extrapolation | where S is the NaCl concentration in molarity, OC is the

output control settingt is the amount of time used for ul-
Fig. 4. Intensity profile for trial 2A. This sample was sonicated using trasound exposure, arflis the initial temperature of the
the conditions of 1M NaCl, output 3, duration of 10s, and with a . . b . .
starting temperature of . The graph shows the original data (relative solution. This eql‘_'atlon remained the same when the confi-
fluorescence units, rfu) as well as the normalized (corrected) data after d€NCe level was increased to 95% where the [MIN] value

the linear ramping background signal was subtracted. for comparison was 281.
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Table 3
Area and fragment with the highest intensity data used in the Yates pattern analysis
Trial # Location of fragment region with highest Relative area of the fragment region of the
intensity (bp) intensity profile
A B C D A B C D
1 654 661 1808 1715
2 282 407 9263 8807
3 574 566 1302 6325
4 146 566 6745 10523
5 99 79 2187 2776
6 103 685 2393 4396
7 91 91 2582 938
8 537 102 6323 2252
9 89 91 4088 2232
10 1280 587 6537 8870
11 760 73 3473 5240
12 873 746 7274 5515
13 87 98 2286 4812
14 132 103 4999 4136
15 99 99 4010 4024
16 107 125 4719 5297
Intermediate 89 101 73 79 3078 2016 5253 2619

That data shown here corresponds to the duplicate trials done for each sample and the quadruplicate trials for the intermediate.

By far the greatest independent contributing variables Area= 4620+ 1508X1 — 987X3 — 827X1X3 (6)
were ionic strength or salt concentratiofy ) and the ultra-
sound exposure timé§). The amount of time samples were  WhereX; represents salt concentration, atds time in sec-
exposed to ultrasound was clearly the most important factor onds and their real values are definedis. (2)—(5) When
since it was the only one that remained as an independenthe confidence level was increased even higher to 95%, the
variable when the confidence limits were increased to 95%. area equation was dependant solely on the salt concentra-
When the salt concentration was increased, so was the avertion, and this parameter was the largest positive contributor
age size of the fragments. When the duration of sonication to area by far. It was apparent that samples that had a start-
was increased, the average fragment size decreased. Nonig salt concentration of 1 M were much more intense in the
of the factors played a completely independent role. gel photographs. However, it is important to recall that all

It is important to consider that the fragment sizes were of the samples were adjusted to the same ionic strength (ca.
not being directly observed, but rather the fluorescent inten- 0.5M NacCl) before separation on the gel to eliminate any
sity of the intercalating dye was detected. SYBR Gold was differences in migration or fluorescent intensity that would
chosen as the fluorescent stain for these experiments bebe caused by the presence of salt. Rather than interpreting
cause it is more sensitive to single-stranded DNA than otherthis contribution to area to mean that more fragments of
dyes such as ethidium bromid&uma et al., 1999 and DNA are formed when solutions of high ionic strength are
hyperchromicity data indicated that there was a mixture of €xposed to ultrasound, it is possible that the double-stranded
both single and double-stranded DNA formed. SYBR Gold DNA structure was stabilized in the presence of 1M NacCl
has twice the relative fluorescence in the presence of dou-and may in fact be more resistant to cavitation effects.
ble stranded DNA when compared to single-stranded DNA
(Tuma et al., 199 Therefore, by looking at the fragment 3.4. Effect of high ionic strength on DNA fragmentation by
size at which the maximum fluorescent intensity occurred, ultrasound
there may be more involved than the abundance of frag-
ments in that region since the form of the DNA (single- or A study considering the fragmentation patterns of DNA
double-stranded) can impact intensity as well. Because thein solution of high ionic strength (1M NaCl TE buffer)
fragment size having the highest fluorescent intensity was suggested that the range of fragment sizes could be al-
not indicative of the number of fragments formed, it was tered. Fig. 5 shows fluorescence intensity profiles for
necessary to consider another parameter for measurement.non-sonicated DNA and DNA solutions that were sonicated

Measuring the area under the curve associated with anyfor 1, 2 and 5minFig. 5A compares the intensity profiles
fragmentation was chosen as a factor that would be reflec-for non-sonicated samples prepared with no additional salt
tive of the overall intensity measured and was anticipated to and in 1 M NaCl solution. There is a peak in the 1M NaCl
correspond to the quantity of fragments produced by the ul- non-sonicated sample near 220 pixels (or 125bp) and the
trasound exposure. The equation generated with respect taverall intensity profile is higher than that of the control
the area under the curve was for a confidence level of 90%. containing no salt. Keeping in mind that these samples were
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120 centered in the 150 bp area. As the exposure time increased,

poy TR0 L 90 20 L e pairs the intensity for fragments in 450-1400 bp region decreased

—_ lOOA T T I | L 1

> 2000 1000 500 300 100 while the fluorescent intensity in the 150bp region in-

& 804 creased only marginally. Given that one region decreased

P 60 ——NS no salt significantly in intensity while the other increased by only a

» —NS1M small amount, it can be suggested that the size of fragments

A :

o 401 decreased. It also seems possible that some of the strands

£ ZOAM potentially changed to a single-stranded form while at the
A same time disrupting the arrangement of any salt associated

with the DNA, causing a decreased fluorescent intensity in
that region. As the duration of sonication was increased, the

A Pixel # distribution of fragment sizes shifted closer to the 150 bp
region. A hybridization assay would normally be used to
120 discover the amount of available single-stranded target ma-
F——————————* base pais terial. However, given that there may be entire fragments in
100-pzoe0, sppy so0 a0 00 either a double- or single-stranded form or fragments that
S 804 — Son M 1min are composed of both double- and single-stranded regions,
£ — Son 1M 2min it would be incredibly difficult to accurately interpret any
> 601 — Son 1M 5min results from a hybridization experiment.
@ 4o ~— Son no salt 5 min The changing fragmentation patterns in 1 M NaCl DNA
o solutions seen for increased times of sonication suggested
£ 209 that the effects of high ionic strength on fragmentation pat-
0 Y Y Y ‘ terns could be overcome. The larger fragments produced un-
100 150 200 250 300 der conditions of high ionic strength have the potential to

be used in DNA biosensors. However, given that the opti-
mal target strands should be 100 bases or I€bsf et al.,
Fig. 5. Effect of increasing ultrasound exposure times in high salt solutions. 1999, it would seem that care should be taken to keep salt
(A) comparison of intensity profiles for non-sonicated samples prepared concentrations as low as possible if sonication is to be used
yvith n.o additional salt apd in 1M NaCI solut.ions. (B) Compar'ison of to fragment DNA. Any use of salt or other ions in buffers
intensity for samples sonicated for times ranging from 1 to 5min. used for DNA biosensors should be added to the sample af-
ter it has been fragmented by ultrasound if possible.
adjusted to the same ionic strength before gel electrophore-
sis, this suggested that salt increased the stability of the3.5. Comparison of ultrasound sheared purified genomic
double-stranded structure or associated with the fragmentsDNA and whole cell material
to cause increased fluorescence. Experiments that investi-
gated fluorescence from DNA in the presence of dye using The use of ultrasound to fragment genomic DNA is an
NaCl concentrations from 0 to 1 M demonstrated that the energy transfer method, which means that other components
intensity of fluorescence remained constant in this range exist in the media that may absorb the ultrasound or react
of ionic strength. Therefore, the intensity changes seen in with the free radicals. This can become very important when
the analysis of gels was associated with the alteration of considering applications on whole cell cultures since several
stability of double-stranded DNA by the salt concentration. other materials, like protein, will be present and are known
This is not surprising since it is well known that raising to absorb ultrasound-¢y, 1978. The purified genomic ma-
the ionic strength of a DNA solution by adding additional terial used in the studies was salmon sperm DNA (ca. 2000
salt causes an increase in the melting temperature of DNAbase pairs) {Tanaka and Okahata, 1996 he effect of ul-
(Puglisi and Tinoco, 1989 However, the results also sug- trasound orEk. coli cell cultures (ca. 4 million base pairs)
gest that not only is the double-stranded structure resistant(Cooper, 199Yand a comparison with the products formed
to separation at ionic strengths, the DNA backbone itself from sonication of purified genomic material from salmon
resists fragmentation to smaller sizes. sperm was done.

Fig. 5B compares the intensity profiles for samples soni-  The results seen iRig. 6A indicate that the DNA frag-
cated for times ranging from 1 to 5 min. As sonication time ment size with the highest fluorescence for sonicated puri-
increased, there was a decrease in the range of fragmenfied genomic DNA was centered near 300-500 bp, but that
sizes with a shift towards smaller fragment sizes (larger fragments ranged in size from 50 to 1500 bp regardless of
pixel numbers). For solutions processed at a high ionic the mode of sonication that was used (continuous or pulsed,
strength with application of ultrasound for 1min, there or interjected periods of cooling). As can be seeRim 6B,
was a large amount of fragmentation associated with the the most predominant fragment size resulting from the son-
migration range for 450-1400 bp with some fragmentation ication of whole cell material was once again in the range

(B Pixel #
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(B)

{A)

Fig. 6. Comparison of predominant fragment size and distribution of
sonicated purified genomic material (A) and sonicated whole cell material
(B). The arrows mark the 300-500bp fragment regions. The reference
mass ladders cover the range from 50 to 2000bp. The conditions of
sonication for the above trials were: (a) non-sonicated, (b) 5 min pulsed, (c)
5min constant, (d) 3min constant, (e) 3 min pulsed, (f) 3min continuous
with periods of cooling, (i) 3 min pulsed, (ii) 3 min continuous, (iii) 1 min
pulsed, (iv) 1 min continuous, and (v) 30s continuous.

of 300-500 bp. The duration of sonication for these studies
ranged from 30s to 3min, although some of the purified
genomic material studies ranged up to 5min. No migration
of DNA was observed for non-sonicated cells. Preliminary
experiments using a fiber optic biosensAinjadidy et al.,

2002 to investigate samples of whole cell suspensions that

had been sonicated indicated that there was no significant

difference in fluorescence signal development in compari-
son to use of purified genomic DNA for similar quantities
of total genomic DNA.

4. Conclusions
Ultrasound is a rapid method to fragment DNA for use in

biosensors applications. It can be applied directly to cellular
samples or purified genomic material with very similar re-

sults. Salt concentration, exposure time, power, and tempera-

ture can be manipulated to control the length and potentially
the form of fragment desired (single- or double-stranded).
With careful control of sonication and hybridization con-
ditions, this sample processing method has the potential to
move nucleic acid biosensor technology towards “real-time”
analysis.
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