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An experimental method has been developed which enables the determination

of the critical molar mass (Mmc) of ovalbumin oligomers degraded by ultrasound of

known frequency. To test the validity of the Mmc postulate, a series of ovalbumin

oligomers was prepared by the radiolytic cross-linking of 1% solutions of ovalbumin

monomer dissolved in 50mMNa/K-phosphate buffer pH7.0 saturatedwithN2O.Under

these conditions, irradiation with 5 kGy from a
60
Co source, yielded ovalbumin dimers,

trimers, tetramers, and higher order oligomers. On the basis of the results obtained with

the ovalbumin oligomers, it was concluded that for ultrasound of 23 kHz frequency and

5mm amplitude, the Mmc was 274000 – 14000 g/mol. Our results confirmed that the

two postulates in the chemistry of polymer degradation by ultrasound are valid when

ovalbumin oligomers are used as substrates, i.e., (1) that the higher the molar mass of

the original macromolecule, the faster is its degradation rate, and (2) that a lower molar

mass limit (LMmL) exists below which the macromolecules are resistent to further

degradation.
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Biological studies have discovered numerous changes at different levels of

cell organization induced by ultrasound treatment, but the mechanisms by which
these changes were produced are poorly understood. Thus, for example, transmis-

sion electron microscopy showed that ultrasound treatment could produce local
disruption of tissues, as well as holes of micrometer diameter in cells.1 In vitro cell

systems showed that cell lysis and cell death may also occur after ultrasonic
treatment.1 This might be due to either heat damage or to cavitation events.

Ultrasound treatment may also cause disassembly of microtubules2 and disruption
of cell organelles, such as mitochondria and lysosomes.3 It can also induce more

subtle changes such as the alteration of cell membrane permeability to Na+, K+ and

Ca2+.

4 Further successful implementation of ultrasound presumes a more precise

knowledge about the boundary between biohazards and beneficial effects of ultra-
sound treatment, i.e., about the molecular mechanisms by which the biological

effects of ultrasound are achieved. For example, it is not clearwhat kind of structural
changes to cellular proteins may occur during therapeutic ultrasound treatment, i.e.,
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when ultrasound with frequency of 20�100 kHz is used. The chemistry of ultra-
sound effects on organic polymers in solution postulated the existence of a critical

molar mass (Mmc), termed lower molecular mass limit (LMmL). According to this
postulate, polymers whoseMm is below the LMmL remain unaffected by ultrasound

treatment under the chosen set of conditions. To test the validity of both postulates
it was necessary to have a substrate consisting of a set ofmacromoleculeswithmolar

masses that cover the range ofLMmL.However, such a substrate is difficult to isolate
intact from natural sources. Consequently, it was necessary to artificially synthesize

a set of macromolecules with defined molar masses. In this paper we present the
results of the determination of the LMmL for ultrasound of 23 kHz frequency and 5

mmamplitude using a set of artificially produced ovalbumin oligomers with defined
molar masses.

EXPERIMENTAL

Purified ovalbumin (Sigma, grade VI) was dissolved in 50 mMNa/K-phosphate buffer pH 7.0

and saturated with N2O by passing the gas over the sample for 3 h. Then the sample was irradiated

with
60
Co g-rays at a dose rate of 51.5 Gy min

-1
, as determined by Fricke dosimetry, and subsequently

treated for 50 s with 23 kHz and 5 mm amplitude ultrasound from a Soniprep 150. The ultrasound

treatment was repeated six times (300 s total duration) with an intermediate air saturation for 60 min.

Both the ultrasound treated and the control samples were first boiled for 2 min at 100 ºC in an equal

volume of 125mMTris-HCl pH6.8 containing 2%SDSand5%b-mercaptoethanol and then separated
on a 3% acrylamide � 0.5% agarose composite gel. The protein bands were stained by Coomassie

Brilliant Blue (Serva R 250), destained with a series of methanol-acetic acid solutions and scanned by

a high precision laser densitometer Pharmacia-LKB UltraScan-XL. Under the above staining condi-

tions, the absorbance of the protein bound Coomassie stain is linearly proportional to the ovalbumin

concentration. The calibration was performed using thyroglobulin (330 000 g/mol), ferritin (220 000

g/mol), ovalbumin (43500 g/mol), ovalbumin dimer and ovalbumin oligomers as molar mass stand-

ards. The viscosity of 1% ovalbumin solution in 50mMNa/K-phosphate buffer pH 7.0, was measured

at 20.0 ºC using an Ostwald viscometer. The control and ultrasound treated samples were separated

by electrophoresis on a 10% SDS-polyacrylamide gel (SDS-PAGE). The quantification of protein

products obtained after ultrasound treatment was performed by comparison of the respective integral

area of the control and the treated sample, using an Origin 4.0 PC software package.

RESULTS ANDDISCUSSION

To test the validity of the lower molar mass (LMmL) postulate, a series of

ovalbumin oligomers was prepared by the radiolytic cross-linking of a 1% ovalbu-

minmonomer solution in 50mMNa/K-phosphate buffer pH7.0 saturatedwithN2O.

Under these conditions, the irradiation of the samplewith 5 kGy from a 60Co source,

yielded ovalbumin dimers, trimers, tetramers, and higher order oligomers. The

obtained set of ovalbumin oligomers represents and attractive substrate for testing

the ultrasound postulate about the existence of a LMmL for several reasons. Thus,

in contrast to the more native proteinaceous substrates, (e.g., ribosome, nucle-

osomes, proteasomes) whose extraction and purification from living cells is tedious

and produces only small quantities of the final preparate, ovalbumin oligomers can

be obtained in large quantities necessary for the ultrasound treatment experiments.
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Also, their degradation by ultrasound is easily followed using composite gel

electrophoresis, and, due to the small differences in molar masses of adjacent

ovalbumin oligomers, the experimental error of theLMmL determination is less than

10%. The molar mass of the cross-linked ovalbumin products, prepared under the

described conditions ranges from monomer, with a molar mass of 43 500 g/mol, to

oligomers whose molar mass is approximately 106 g/mol, as determined by electro-

phoresis on the composite 3% acrylamide � 0.5% agarose gel. The irradiation dose

of 5 kGy was chosen, as it generated ovalbumin oligomers whose molar masses

covered the wide range which was also expected to include the LMmL (Fig. 1,

control sample). The sample of ovalbumin oligomers was treated for 300 s with

ultrasound of 23 kHz frequency and 5 mm amplitude (Fig. 1, treated sample). Then,

both the treated and the control sample were separated by electrophoresis on a

compoosite 3% acrylamide � 0.5% agarose gel. The protein bands were visualized

byCommasieBrilliantBlue staining and their absorbance at 633 nmwasdetermined

by scanning densitometer.

Figure 1 represents the absorbance at 633 nm of the control and ultrasound

treated ovalbumin oligomer samples versus their mobility (Rf values). It shows

monomers whose mobility was 0.97, dimers whose mobility was 0.92, trimers

whose mobility was 0.78, tetramers whose mobility was 0.69 and pentamers and

other oligomers whose mobility was in the range from zero to 0.63. The cross-sec-

tion between the control and the ultrasound treated sample presents the mobility of

the oligomer whose mass concentration remained constant during the ultrasound

treatment. This point is termed the isosbestic point (iso, in Greek, means equal; and

Fig. 1. Absorbance at 633 nm of electrophoretically separated ovalbumin samples versus the corre-

sponding mobility (Rf) values. Arrows indicate the isosbestic point, and the position of the ovalbu-

min monomer m), dimer d), trimer t), and tetramer tet).
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sbestosmeans extinguished; i.e., the point where the absorption of the two light-ab-

sorbing forms is equal). The experimental results presented in Fig. 1. were repeated

several times (n = 12) in order to obtain a stastically significant value for Rf. Thus,

the calculated Rf value of the isosbestic point was 0.496–0.020. The experimental

error of these measurements was less than 5%, which indicated that the method was

reproductive.

To determine the critical molar mass (Mmc) it was necessary to calibrate the

composite 3% acrylamide � 0.5% agarose gel. For this purpose standards of known

molar mass, thyroglobulin (330 000 g/mol) and ferritin (220 000 g/mol), were used.

The linear dependence of the logarithm of molar mass (log Mm) of the standard

proteins versus the corresponding Rf values was obtained:

logMm = �1.076 Rf + 2.971 (correlation coefficient = 0.99)

From this equation the critical molar mass (Mmc), which was 274 000–14000
g/mol for the ultrasound of 23 kHz frequency and 5 mm amplitude, was calculated.

Thus, the ultrasound used in our experiments affected only ovalbumin oligomers

whoseRf was less than 0.496, i.e., those withmolarmass above 274 000 g/mol. This

molar mass value was the lower molar mass limit (LMmL) below which the

macromolecules resisted further degradation.

This conclusion was further corroborated by the results of viscosity measure-

ments. Namely, it is known from the polymer cross-linking literature, that the viscosity
of a polymer increaseswith increasing averagemolarmass, although themass concen-

tration of a polymer remains constant.5 In our expeirments the viscosity of the control,

Fig. 2. The dependence of the loga-

rithm of the molar mass (log Mm)

on the mobility values (Rf) for each

of the ovalbumin n-mers, and for

the marker proteins: thyroglobulin

and ferritin. The molar masses are

given in thousands. The ovalbumin

monomer and dimer lie outside the

curve, as linearity holds only for the

medium part of the gel.

126 FILIPOVI], RADOJ^I] and MILOSAVLJEVI]



nonirradiated 1% ovalbumin monomer solution was 1.17 mPa s, while the viscosity

of the 5 kGy irradiated ovalbumin sample was slightly higher, i.e., 1.45mPa s. This
small, but persistent difference suggested that the ionizing radiation induced cross-link-

ing of the ovalbumin, i.e., the formation of ovalbumin oligomers might have affected
the sample viscosity. However, after ultrasound treatment of the ovalbumin oligomers,

Fig. 3. The percent changes in protein concentration for each of the ovalbumin n-mers (molar mass

of ovalbumin is 43 500 g/mol).

Fig. 4. The SDS-PAGE profiles of:

1. intact ovalbumin monomer and

2. ovalbumin monomer treated for

300 s by ultrasound of 23 kHz fre-

quency and 5 mm amplitude.
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the viscosity dropped to 1.34 mPa s. This value was slightly smaller compared to
the viscosity of the radiolytically cross-linked ovalbumin, and, taken together with

the result of electrophoretic separation shown in Fig. 1, suggested an alteration in
the average molar mass of the ovalbumin oligomers after ultrasound treatment.

TABLE I. Molar masses and percent changes in the concentration of ovalbumin n-mers before and

after treatment by ultrasound of 23 kHz frequency and 5 mm amplitude. The Rf values for the ovalbumin

monomer and dimer are labelled by asterix as they are experimental values taken from Fig. 1

Ovalbumin
n-mere

Molar mass

Mm · 10-3
logMm
 · 10-3

Mobility
Rf

Control
sample/%

Treated
sample/%

Treated-
Control/%

Monomer 43.5 1.64 0.97
*

7.76 8.94 1.18

Dimer 87 1.94 0.92
*

4.45 7.54 3.09

Trimer 130.5 2.12 0.78 6.63 9.96 3.33

Tetramer 174 2.24 0.69 8.82 11.93 3.11

Pentamer 217.5 2.34 0.57 10.91 12.82 1.91

Hexamer 261 2.42 0.53 6.98 7.19 0.21

Heptamer 304.5 2.48 0.45 5.64 5.11 �0.53

Octamer 348 2.54 0.39 5.98 5.01 �0.97

Nonamer 391.5 2.59 0.35 6.76 5.37 �1.39

Decamer 435.4 2.64 0.31 4.41 3.23 �1.18

11-mer 478.5 2.68 0.27 3.99 3.09 � 0.90

12-mer 522 2.72 0.24 3.39 2.61 � 0.78

13-mer 565.5 2.75 0.21 3.09 2.45 � 0.64

14-mer 609 2.79 0.18 3.03 2.00 �1.03

Oligomer ‡ 15 mer 800 2.90 0�0.18 2.70 1.60 �1.14

Fragments 10 1 0.92�1 2.36 2.89 0.53

Ovalbumin 43.5 1.64 0.97

Ferritin 220 2.34 0.61

Thyroglob. 330 2.52 0.41

To calculate the molar mass of each of the obtained n-mers of ovalbumin, a

calibration diagram of logMm versusRf value was constructed (Fig. 2). The percent
change in the concentration of each ovalbumin n-mere was calculated before and

after ultrasound treatment. The results are shown in Table I and in Fig. 3. It can be
seen that all ovalbumin n-mers whose molar mass exceeded 274000 g/mol (i.e.,

6-mers and above) were significantly degraded by treatment with ultrasound of 23
kHz frequency and 5 mm amplitude. The results shown in Fig. 3 may also be

interpreted in such a way that all the macromolecules present are degraded, but that
the degradation probability depends on themolarmass. In this case a similar change
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in molar mass distribution might be observed. However, the opposite argument was
obtained when a 1% ovalbumin monomer solution was treated for 300 s with

ultrasound of 23 kHz frequency and 5 mm aplitude, and then separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE, Fig. 4). As may be observed in

Fig. 4, after ultrasound treatment theSDS-PAGEprofile corresponding to the treated
sample (lane 2) remained the same as the profile of the untreated 1% ovalbumin

(lane 1). This result speaks in favour of our determination of the LMmL, according
to which the value of the molar mass of ovalbumin (43500 g/mol) is well below the

critical molar mass of 274000 g/mol, and, therefore, ovalbumin monomer would
not be affected by the ultrasound treatment.

Taken together, our results confirm that the two postulates of the chemistry of

polymer degradation by ultrasound are valid in the case when ovalbumin oligomers

were used as the substrate. Namely, our results clearly show that the higher themolar

mass of ovalbuminoligomers, the fasterwas their degradation, and they also indicate

the existence of a lower molar mass limit (LMmL = 274000 g/mol) below which the

ovalbumin oligomers resist further degradation.

I Z V O D

ODRE\IVAWE KRITI^NEMOLARNEMASE OLIGOMERAOVALBUMINA

TRETIRANOG ULTRAZVUKOM

DRAGANAFILIPOVI], MARIJA RADOJ^I]I BRATOQUB H. MILOSAVQEVI]

Institut za nuklearne nauke "Vin~a", p.pr. 522, 11001 Beograd

Razvili smo metodu koja omogu}ava odre|ivawe kriti~ne molarne mase proteina

(KMm ili LMmL od engleskog "lower molecular mass limit") tretiranih ultrazvukom poz-

natefrekvencije.DabiproverilipretpostavkuopostojawuKMm, napravqena je serija
oligomeraovalbumina radioliti~kim umre�avawem 1%ovalbumina (makromonomera)

u 50 mM K/Na-fosfatnom puferu pH 7,0, zasi}enom N2O. Ozra~avawem uzorka dozom od

5 kGy iz izvora
60Co dobijeni su dimeri, trimeri, tetrameri i oligomeri ovalbumina

ve}ih molarnih masa. Na osnovu rezultata dobijenih na ovom supstratu zakqu~ili smo

da je za ultrazvuk frekvencije 23 kHz i amplitude 5 mm kriti~na molarna masa oligom-

era ovalbumina 274 000 – 14 000 g/mol. Na{i rezultati su potvrdili da dva postulata o

degradaciji polimera ultrazvukom va�e u slu~aju degradacije oligomera ovalbumina,

odnosno da se: (1) oligomeri ovalbumina br�e degradiraju ukoliko je wihova molarna

masa ve}a, i da (2) postoji kriti~na molarna masa KMm, te da oligomeri ~ija je molarna

masa mawa od KMm ne podle�u razgradwi u toku tretmana ultrazvukom.

(Primqeno 26. maja, revidirano 28. septembra 1999)
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