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Several ultrasound-based platforms for DNA sample preparation were evaluated in terms of effective
fragmentation of DNA (plasmid and genomic DNA)—ultrasonic probe, sonoreactor, ultrasonic bath and
the newest Vialtweeter device. The sonoreactor showed the best efficiency of DNA fragmentation while
simultaneously assuring no cross-contamination of samples, and was considered the best ultrasonic
tool to achieve effective fragmentation of DNA at high-throughput and avoid sample overheating. Sev-
eral operation variables were studied—ultrasonication time and amplitude, DNA concentration, sample

5%3;3;: 4 volume and sample pre-treatment—that allowed optimisation of a sonoreactor-based strategy for effec-
Sonoreactor tive DNA fragmentation. Optimal operating conditions to achieve DNA fragmentation were set to 100%

ultrasonic amplitude, 100 L sample volume, 8 min ultrasonic treatment (2 min/sample) for a DNA con-
centration of 100 wgmL-!. The proposed ultrasonication strategy can be easily implemented in any
laboratory setup, providing fast, simple and reliable means for effective DNA sample preparation when

DNA fragmentation
Sample preparation
Restriction enzyme

fragmentation is critical for downstream molecular detection and diagnostics protocols.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of biomolecular assays and diagnostics based
on nucleic acid recognition requires suitable procedures for optimal
sample preparation. This is particularly relevant when the recog-
nition step of the assay depends on the specific hybridisation of
oligonucleotide probes [1-4], where small DNA fragments with
known molecular weight and concentration are required. Among
the most commonly used methods, PCR and restriction enzyme
digestion produce compatible DNA fragments but require addition
of specific enzymes and optimisation of pH and ionic strength con-
ditions. These reagents may sometimes hamper the detection step
[5] and more often involve an additional purification step, with
concomitant loss of valuable sample [6]. The use of ultrasounds as
fragmentation procedure for DNA samples has been gradually gath-
ering momentum as a robust approach to attain DNA fragments
susceptible of use in downstream detection protocols without fur-
ther purification.

Ultrasounds are described as high frequency acoustic waves
(20kHz or higher) requiring a medium in order to propagate [7,8].
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When passing through an aqueous solution, acoustic waves cause
the formation of microbubbles filled with gas (cavities), a process
known as cavitation. Two types of cavitation have been described:
stable cavitation (gas body activation) and inertial cavitation (tran-
sient or vaporous). Stable cavitation occurs during low intensities
of ultrasound, but inertial cavitation requires high intensities of
ultrasound. The latter is responsible for high energy events, consid-
ered to be extremely destructive to biological molecules [9]. During
inertial sonication, the size of microbubbles varies: first, there is a
rapid increase in size, followed by a decrease, until it implodes. The
high temperatures and high pressure inside the bubble are suffi-
cient to cause hydrolysis, sonoluminescence phenomena [10] and
shearing of biological molecules [11]. Besides cavitation, two addi-
tional phenomena may lead to the damage of biological molecules:
mechanical and thermal degradation; and reaction with radicals
generated from water [12-16]. Also, the use of ultrasonic waves
directly in cells was shown to induce DNA fragmentation and dam-
age [11,17].

The study of the influence of acoustic shear waves in the
behaviour of oligonucleotides [18] has prompted the development
of methodologies for DNA sample treatment relying on the use of
ultrasonic probes resulting in efficient in vitro fragmentation of
purified DNA, which can then be used in a multitude of biosens-
ing applications [19,20]. Several ultrasound platforms can be used
towards DNA sample preparation, such as probes, sonoreactors,
baths, but no data have yet been produced comparing these systems
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Fig. 1. Image of the four ultrasonic devices used in the present study.

in terms of optimisation for subsequent biomolecular recognition
assays. Moreover, to the best of our knowledge only ultrasonic
probes have been described as a practical tool for DNA fragmen-
tation [20].

Here we present a comparative analysis of available ultrasonic
platforms towards optimisation of DNA fragmentation. We also
explore the advantages and disadvantages of ultrasound versus
enzymatic digestion, as a means to generate DNA fragments.

2. Experimental
2.1. Materials

All thiol-modified oligonucleotides were purchased from
STAB_Vida (Portugal). RNase A, restriction enzymes (Eco471, Mval)
and digestion buffers were purchased from Fermentas (Canada).
Trizma® base BioChemika, EDTA BioUltra and boric acid BioUltra
were purchased from Fluka (USA). UltraPure™ Agarose was pur-
chased from Invitrogen (Spain). Ethanol absolute was purchased
from Panreac Quimica S.A.U. (Spain). Phenol (molecular biology
grade) and chlorophorm (biotechnology grade), were purchased
from Sigma-Aldrich (USA). DNA samples were prepared with ultra-
pure water from a Millipore Milli-Q system.

2.2. Apparatus

Several ultrasonic systems were assessed in this study: probe
(UP100H: 30KHz/100W, Heilscher Ultrasound Tech, 1mm tip
diameter), sonoreactor (UTR200: 24 KHz/200 W, Heilscher Ultra-
sound Tech), VialTweeter: 24 KHz/250W (Heilscher Ultrasound
Tech) and ultrasonic bath (Transsonic TI-H-5: 130 KHz, Elma Ultra-
sonic Tech). The four devices studied are presented in Fig. 1.

2.3. DNA purification

Total genomic DNA was purified from peripheral blood. For plas-
mid DNA, a plasmid harbouring a fragment of the human 3-globin
gene was used. DNA was purified following modified alkaline lysis
protocol [21]. Further purification included a RNase digestion step
followed by a phenol:chlorophorm extraction and ethanol precip-
itation. The resulting purified DNA was resuspended in water and
stored at 4°C until further use.

2.4. Ultrasonic procedure and agarose gel electrophoresis

Standard ultrasonication was performed in 1.5mL tubes
with a total volume of 100 uL and final DNA concentration
of 100 ugmL-1. After sonication, all samples were stored at
4°C and analysed by agarose gel electrophoresis (1% agarose;

1x TBE (Tris, boric acid, EDTA); 2V/cm; 300 min; post-staining
with EtBr 0.5pgmL-!) using a GeneRuler DNA Mix Ladder
(Fermentas) 0.1 pgmL~1.

An initial assay was performed to compare DNA fragmen-
tation through several ultrasonic systems: probe, sonoreactor,
VialTweeter and ultrasonic bath. When using an ultrasonic probe
for ultrasonication, the tip of the probe needs to be inserted into the
sample, whilst the other three methods allow for indirect sonica-
tion, thus the sample can be treated in sealed cups. The differences
in performance between these devices have been recently reviewed
[22].

2.5. Restriction enzyme digestion

Eco471 and Mval were carefully chosen from a vast number
of restriction enzymes, to produce a considerable amount of DNA
fragments ranging from 100 to 1000 bp. Enzymatic digestion was
carried out at 37 °C, for 2 h, with a final concentration of 1 enzyme
unit/pg of DNA. Inactivation was performed at 65 °C, for 20 min. The
digestion products were left at room temperature, to cool down,
and stored at 4°C for subsequent analysis.

3. Results and discussion
3.1. Ultrasonic devices

The outcome and efficiency of ultrasonication depends on
the chosen ultrasonic device. Parameters such as frequency and
intensity of ultrasonication must be carefully analysed in the imple-
mentation of this type of energy in any sample treatment workflow.
To assess the differences between three ultrasonic devices, 1 mL of
water was submitted to ultrasonication using 50% of the nominal
amplitude in different times and every 5s the temperature was
recorded. Fig. 2 plots the increment in time versus the increment
in Q. The slope of the linear relation obtained increases according
to the following: sonoreator (0.626)>UP100 (0.311) > UB. Since the
incrementin Q can be associated to the cavitation effects, especially
for short operation times, one may speculate that the best perfor-
mance is obtained with the UP100. This was later confirmed with
experimental data (see below). The Vialtweeter was not included
in this study.

3.2. Finding out the best device for DNA ultrasonic fragmentation

For effective hybridisation protocols, the average length of
target DNA fragments should be reduced to decrease sec-
ondary structure formation [2-4]. The efficiency of four different
ultrasonic-based platforms to yield suitable DNA fragments was
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Fig. 2. AQ []J] versus time of sonication for three of the four ultrasonic devices
assessed in this work. The slopes of the lines (J/s) are as follows: sonoreactor, 0.453;
ultrasonic probe UP100, 0.319; ultrasonic bath 0.013. The Vialtweeter was not anal-
ysed in this study due to its low performance.

l...'

GR Plasm Gen Plasm Gen Plasm Gen Plasm Gen Plasm Gen GR

Fig. 3. DNA fragmentation potential for different sonication setups. 1% Agarose gel
(in 1x TBE) electrophoresis of plasmid and genomic DNA, respectively: lanes 2 and
3: non-sonicated; lanes 4 and 5: ultrasonic bath; lanes 6 and 7: VialTweeter; lanes 8
and 9: sonoreactor; lanes 10 and 11: UP100H probe (1 mm diameter tip). All samples
were sonicated for 2 min at maximum amplitude. Lanes 1 and 12: GeneRuler DNA
Mix Ladder (Fermentas). Red arrows show intact plasmid DNA conformations. (For
interpretation of the references to color in the citation of this figure, the reader is
referred to the web version of the article.)

initially assessed setting the amplitude of ultrasonication at its
maximum value (100%) and the time of treatment at 2 min.

Fig. 3 shows the electrophoretic profile of fragments origi-
nated from plasmid and genomic DNA submitted to ultrasonication.
Results show that the ultrasonic bath and the VialTweeter have
little effect in DNA integrity, causing a slight disruption of some
plasmid conformations—see lanes 4 and 5 for ultrasonic bath and
lanes 6 and 7 for the VialTweeter. Other native conformations of
the plasmid are still present after the ultrasonic treatment (red
arrows in Fig. 3 showing the intact conformations). This can be eas-
ily explained since both systems have low intensity of sonication,
and therefore cavitation efficiency is not enough to promote con-
siderable DNA fragmentation. Conversely, the ultrasonic probe and
the sonoreactor originated smaller fragments in short operation
times, yielding low molecular weight fragments with total disrup-
tion of native DNA conformations (see Fig. 3 lanes 8-11). The best
performance was obtained for the ultrasonic probe, where 2 min

ultrasonic time and 100% ultrasonic amplitude yielded a DNA frag-
ment distribution comprised between 600 and 100 bp—Table 1. The
sonoreactor also provided good results for the same experimen-
tal conditions as no native DNA conformations were observed and
DNA fragments’ size dispersion within the 1500-100 bp range—see
Table 1 and Fig. 3 lanes 8 and 9. What is more, is that, when the
time of ultrasonication was increased to 8 min, the DNA fragments’
size homogeneity was better, being comprised between 1000 and
100 bp. These results are in agreement with previously reported
data by Bankier and by Fukudome et al. [23,24], that observed that
the molecular weights of DNA fragments after ultrasound exposure
were remarkably decreased when ultrasonic power was increased
from 25 to 105 W. The use of an UP to fragment DNA and the evalua-
tion of the influence of ultrasonic power and ionic strength on DNA
fragmentation has already been reported [20]. More recently, it was
observed that the plasmid DNA condensation affects its resistance
to fragmentation caused by ultrasonic waves [25].

Despite the UP probe’s potential for DNA fragmentation, this
device presents two major disadvantages: aerosol formation when
ultrasonication is applied to the sample, which causes loss of sam-
ple; and risk of carry over contamination, as the tip of the probe is
inserted into the sample. Also, as the tip vibrates to generate ultra-
sonic waves, it is subjected to micro-degradation [26], potentially
leading to sample contamination with metal fragments that may
hamper downstream applications (e.g. enzymatic amplification).
On the other hand, the sonoreactor does not enter in direct contact
with the sample, therefore presenting the advantage of reducing
the contamination risk and possible losses of sample. In addition,
the formation of an aerosol is not observed. Also, since the sonore-
actor inputs 50 times less energy into the sample than the ultrasonic
probe [22,27], the risk of thermal degradation derived from tem-
perature is also reduced. In addition, although 2 min was enough to
complete the treatment with the UP (1 sample), 4 samples can be
treated at once using the sonoreactor. Therefore sample throughput
is equivalent. Last but not least, the minimum sample volume that
can be treated with a regular UP is 100 p.L, whilst with the sonore-
actoris 1 L. Based on these data, the sonoreactor-based ultrasonic
treatment was selected for further studies and optimisation.

3.3. Sample treatment optimisation

3.3.1. Influence of ultrasonication time

The effect of the time in ultrasonication was evaluated by
ultrasonication of samples at different time intervals comprised
between 2 and 6 min—see Fig. 4 in Section 3.3.1. The ultrasonica-
tion amplitude was set at 100%, since previous data had shown that
lower amplitudes (<80%) led to lower efficiency in the fragmenta-
tion of DNA (data not shown). As may be seen in Fig. 4, the sample
treatment is clearly time-dependent. For plasmid DNA, 4 min of
sample treatment was enough to reach a fragment distribution
comprised between 1000 and 100 bp, whilst for genomic DNA a
distribution comprised between 800 and 100 bp was obtained with
6 or 8 min of sample treatment. To guarantee the robustness of the
procedure, the duration of treatment in further experiments was
set to 8 min.

Table 1

Comparison of DNA fragmentation potential for different sonication setups.
Devices Conditions Plasmid DNA Genomic DNA

Time (min) Amplitude (%) Volume (pL) [DNA] (pgmL-1) Peak Homogeneity Peak Homogeneity

Non-sonicated - 8500 bp 13,000-8500 bp 12,000 bp 12,000-500 bp
Bath 8500 bp 13,000-8500 bp 12,000 bp 12,000-500 bp
VialTweeter 2 M 100 100 8500 bp 8500 bp 12,000 bp 12,000-500 bp
Sonoreactor ax 800 bp 1500-200 bp 700 bp 1200-100 bp
Probe 500 bp 600-100 bp 400 bp 600-100 bp
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Fig. 4. Optimisation of the sonoreactor method for plasmid (A, C, E, G) and genomic (B, D, F, H) DNA. Variation of DNA size distribution: (A and B) influence of ultrasonication
time; (C and D) influence of sample pre-treatment; (E and F) influence of volume of sample sonicated; (G and H) influence of DNA concentration. Amplitude of sonication

was always 100%.

3.3.2. Influence of sample pre-treatment

To study the influence of the DNA conformation in the efficiency
of the ultrasonic induced fragmentation, previously denatured and
non-denatured DNA were submitted to the same conditions of
ultrasonication. Fig. 4 in Section 3.3.1 shows that there was no
improvement in the efficiency of the treatment due to previous
denaturation. This suggests that the fragmentation process caused
by cavitation is mainly a physical process and not chemical, i.e.

caused by the creation of radicals during the cavitation process.
Ultrasonication may also cause denaturation of proteins and DNA
and therefore previous DNA denaturation may be of little help in the
fragmentation process. These findings suggest that the main con-
tribution to DNA strands’ fragmentation is due to hydrodynamic
forces as consequence of cavitation bubble collapse. This has been
proposed by Grokhovsky [19] to explain the influence of temper-
ature in the breaking of DNA, where hydrodynamic forces are the

Table 2
Comparison of different conditions using the sonoreactor system and its influence on DNA fragmentation potential.
Devices Conditions Plasmid DNA Genomic DNA
Time (min) Amplitude (%) Volume (L) [DNA] (pgmL-") Peak Homogeneity Peak Homogeneity
Non-sonicated - - 100 100 8500 bp 13,000-8500 bp 12,000 bp 12,000-500 bp
2 800 bp 1500-200 bp 700 bp 1200-100 bp
4 450bp 1000-100 bp 500 bp 1100-100 bp
SOOI 6 [0 100 420bp  1000-100bp 380bp 800-100bp
8 420bp 1000-100 bp 380bp 800-100 bp
100% 300 700 bp 1500-100 bp 500 bp 1200-100 bp
° 500 900 bp 2100--100bp 550bp 1200-100bp
3 200 500 1200-100 bp 480 bp 1000-100 bp
100 500 500 1500-100 bp 480 bp 1000-100 bp
Sonoreactor (sample 100 420bp 1000-100 bp 380bp 800-100bp

denatured beforehand)
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main causes of ultrasonic DNA fragmentation, and that chemical
processes generating radicals during cavitation play only a minor
role, if any (Table 2).

3.3.3. Influence of sample volume

For equal conditions of time and amplitude of ultrasonication, as
the sample volume increases, the ultrasonication density (i.e. effi-
ciency of treatment) is expected to decrease. This was confirmed
in a set of experiments in which the ultrasonic conditions and DNA
concentration were maintained, but the sample volume treated
was incremented from 100 to 500 p.L. As shown in Fig. 4 (in Section
3.3.1), the average size of the plasmid DNA fragments was 900, 700
and 420 bp whilst for genomic DNA was 550, 500 and 380 bp for
sample volumes of 500, 300 and 100 L, respectively. A volume of
100 L was chosen as optimal for further experiments.

3.3.4. Influence of DNA concentration

The influence of DNA concentration was also assessed. Results
suggest that for the same ultrasonication time and amplitude,
the fragmentation efficiency is slightly diminished as the DNA
concentration increases (Fig. 4 in Section 3.3.1). The size distribu-
tion of DNA fragments obtained incremented from 1000-100 to
1500-100 bp for plasmid DNA and from 800-100 to 1000-100 bp
for genomic DNA. However, if the time of treatment is increased,
the average size of the fragments and the size distribution
can be the same, regardless of the DNA concentration (range
100-500 wgmL—1).

After exhaustive analysis of all different conditions and setups,
an optimised protocol for DNA fragmentation was set out in which
the sample was sonicated by means of a sonoreactor for 6 min at
100% ultrasonication amplitude in a volume of 100 L.

3.4. Ultrasonic fragmentation versus restriction enzyme digestion

The optimised ultrasonic protocol was compared to restric-
tion enzyme digestion for fragmentation of DNA samples. To
assure digestion, a double restriction was performed with two fre-
quent cutters—Eco471 and Mval. Fig. 5 displays the electrophoretic
patterns for sonicated and digested DNA samples (plasmid and
total genomic DNA). The patterns corresponding to plasmid DNA
samples sonicated (lane 3) and digested (lane 4) show consider-
able differences. The ultrasonicated sample exhibits a fragment
distribution (100-500bp), whilst the digested sample consists
of numerous DNA fragments with discrete molecular weight
(100-3000 bp). This is not observed for the genomic DNA samples,
where both the sonicated and digested samples (Fig. 5—lanes 6 and
7, respectively) exhibit a smear corresponding to extensive frag-
mentation. It should be noted that, whilst ultrasonication yields
fragments with low size dispersion (<500 bp), the digested sam-
ple shows a wider range of fragment distribution from high to
low molecular weight fragments (10,000-<100 bp). The restriction
enzyme treatment of genomic DNA results in a fragment pro-
file which can be compared to that attained by simple mechanic
fragmentation occurring during DNA extraction and purification
(untreated sample). When compared to the untreated sample, the
restriction enzyme treatment can be considered negligible as it
shows a much lower capability of fragmentation than that of ultra-
sonication.

Restriction enzyme digestion, due to the specific sequence
recognition, may allow a more discrete cleavage but it is time con-
suming, relies on expensive reagents (e.g. enzymes, buffers) for the
reaction to occur at optimum activity conditions, and requires sub-
sequent sample purification. Contrary to what it might seem, DNA
fragmentation through ultrasounds does not occur totally at ran-
dom, as 5-CpG-3’ dinucleotides have been shown to be primary
hotspots for double-strand breaks [19]. What is more, the ultra-
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Fig. 5. Comparison between the sonoreactor system and restriction enzyme diges-
tion in generating DNA fragments. 1% Agarose gel (in 1x TBE) electrophoresis of
plasmid DNA samples, respectively: lane 2: non-sonicated; lane 3: sonicated with
the sonoreactor; lane 4: digested with restriction enzymes; and genomic DNA sam-
ples, respectively: lane 5: non-sonicated; lane 6: sonicated with the sonoreactor;
lane 7: digested with restriction enzymes. Lanes 1 and 8: GeneRuler DNA Mix Ladder
(Fermentas). Conditions of ultrasonication: ultrasonication time 8 min, ultrasonica-
tion amplitude 100%.

sonication approach here proposed avoids any purification step,
is significantly faster and less expensive than restriction enzyme
methods, generating fragments of equivalent molecular weight and
suitable for downstream detection applications.

4. Conclusions

We have presented a simple, fast, high-throughput and inex-
pensive sonoreator-based method for DNA fragmentation. Four
ultrasonic devices were compared in terms of fragmentation effi-
ciency, and only the sonoreactor and the ultrasonic probe were
found suitable for efficient DNA fragmentation. However, the
sonoreactor shows several advantages when compared to the ultra-
sonic probe: (i) allows for processing of smaller sample volumes;
(ii) sample overheating is greatly diminished (no degradation of
analyte); and (iii) avoids cross-contamination between samples.

Despite both being noteworthy methodologies for DNA frag-
mentation, the proposed sonoreactor methodology shows several
advantages when compared to commonly used restriction enzyme
digestion, namely a larger extent of DNA fragmentation with
smaller size dispersion is attained in less time at smaller costs. Last
but not least, all this is achieved without the need to further sam-
ple purification, greatly diminishing the risk of loss of sample or
contamination while increasing the reliability of the approach.

Acknowledgements

We thank FCT/MCTES for financial support: project
PTDC/BIO/66514/2006; PTDC/SAU-BEB/66511/2006 and CIGMH;
SRFH/BD/38509/2007 for H. M. Santos; SFRH/BD/64026/2009 for
Miguel Larguinho. SFRH/BDE/15544/2005 and STAB Vida, Lda for
G.Doria. FCGulbenkian ref. 76436. Dr. J.L. Capelo acknowledges
Xunta de Galicia (Spain) for their Parga-Pondal Research contract
and Universidade de Vigo (Spain) for Project ref. 2009-INOU-15.



886 M. Larguinho et al. / Talanta 81 (2010) 881-886

References

[1] P. Baptista, E. Pereira, P. Eaton, G. Doria, A. Miranda, I. Gomes, P. Quaresma, R.
Franco, Anal. Bioanal. Chem. 391 (2008) 943-950.
[2] M. Mehlmann, M.B. Townsend, R.L. Stears, R.D. Kuchta, K.L. Rowlen, Anal.
Biochem. 347 (2005) 316-323.
[3] W. Liu, H. Guo, J. Wu, Appl. Environ. Microbiol. 73 (2007) 73-82.
[4] O.A.Vinogradova, I.A. Physnaya, V.F. Zarytova, E.M. Ivanova, D.V. Pyshnyi, Appl.
Mol. Biol. 41 (2007) 148-156.
[5] J. Zehnder, R.V. Atta, C. Jones, H. Sussman, M. Wood, Clin. Chem. 43 (1997)
1703-1708.
[6] T.Mygind, L. @stergaard, S. Birkelund, J.S. Lindholt, G. Christiansen, BMC Micro-
biol. 3 (2003) 19.
[7] ]J.L.Capelo, Ultrasound in Chemistry: Analytical Applications, Wiley, Weinheim,
2009.
[8] M.D. Luque de Castro, F.P. Capote, Analytical Applications of Ultrasound, Else-
vier, Amsterdam, 2007.
[9] M.W. Miller, D.L. Miller, A.A. Brayman, Ultrasound Med. Biol. 22 (1996)
1131-1154.
[10] K.S. Suslick, Y. Didenko, M.M. Fang, T. Hyeon, K. Kolbeck, W.B. McNamara III,
M.M. Mdeleni, M. Wong, Phil. Trans. R. Soc. Lond. A 357 (1999) 335-353.
[11] D.L. Miller, R.M. Thomas, Ultrasound Med. Biol. 22 (1996) 681-687.
[12] W.D. O’Brien Jr., Progr. Biophys. Mol. Biol. 93 (2007) 212-255.

[13] NJ. Pritchard, D.E. Hughes, A.R. Peacocke, Biopolymers 4 (1966) 259-273.

[14] A.R. Peacocke, N.J. Pritchard, Biopolymers 6 (1968) 605-623.

[15] K. Makino, M.M. Mossoba, P. Riesz, ]. Phys. Chem. 87 (1983) 1369-1377.

[16] K. Milowska, T. Gabryelak, Biomol. Eng. 24 (2007) 263-267.

[17] D.L. Miller, R.M. Thomas, R.H. Buschbom, Ultrasound Med. Biol. 21 (1995)
841-848.

[18] B.A. Cavic, M. Thompson, Anal. Chim. Acta 469 (2002) 101-113.

[19] S.L. Grokhovsky, Mol. Biol. 40 (2006) 317-325.

[20] L.T. Mann, U.J. Krull, Biosens. Bioelectr. 20 (2004) 945-955.

[21] J. Sambrook, E.F. Fritisch, T. Maniatis, Molecular Cloning, a Laboratory Manual,
Cold Spring Harbor Laboratory Press, New York, 1989.

[22] H.M. Santos, ].L. Capelo, Talanta 73 (2007) 795-802.

[23] A.T. Bankier, in: H.G. Griffin, A.M. Griffin (Eds.), Methods in Molecular Biol-
ogy: DNA Sequencing: Laboratory Protocols, vol. 23, Humana Press, Totowa,
NJ, 1993, pp. 47-50, Chapter 7.

[24] K. Fukudome, K. Yamaoka, K. Nishikori, H. Tatehata, O. Yamamoto, Polym. J. 18
(1986) 81-88.

[25] M. Wau, S. Freitas, G. Monteiro, D. Prazeres, J. Santos, Biotechnol. Appl. Biochem.
53 (2009) 237-246.

[26] S. Freitas, G. Heilscher, H.P. Merkle, B. Gander, Ultrason. Sonochem. 13 (2006)
76-85.

[27] R. Rial-Otero, R]. Carreira, F.M. Cordeiro, AJ. Moro, L. Fernandes, I. Moura, J.L.
Capelo, ]. Prot. Res. 6 (2007) 909-912.



