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Abstract The bovine serum albumin (BSA) was selected
as a target molecule, the sonodynamic damage to protein in
the presence of dioxopromethazine hydrochloride (DPZ)
and its mechanism were studied by means of absorption
and fluorescence spectra. The results of hyperchromic
effect of absorption spectra and quenching of intrinsic
fluorescence spectra indicated that the synergistic effects of
ultrasound and DPZ could induce the damage of BSA
molecules. The damage degree of BSA molecules increased
with the increase of ultrasonic irradiation time and DPZ
concentration. The results of synchronous fluorescence and
three-dimensional fluorescence spectra further confirmed
that the synergistic effects of ultrasound and DPZ induced
the damage of BSA molecules. The results of oxidation-
extraction photometry with several reactive oxygen species
(ROS) scavengers indicated that the damage of BSA
molecules could be mainly due to the generation of ROS,
in which both 1O2 and ·OH were the important mediators of
the ultrasound-inducing BSA molecules damage in the
presence of DPZ.

Keywords Spectroscopy . Ultrasound . Dioxopromethazine
hydrochloride . Protein damage . Reactive oxygen species

Introduction

Photodynamic therapy (PDT) is a useful technique for the
treatment of cancer. In the presence of oxygen, the photosen-
sitizer can be activated by visible light of appropriate
wavelength and generate reactive oxygen species (ROS)
which can cause the apoptosis and/or necrosis of tumor cells
[1, 2]. At present, PDT is being tested in the clinic for use in
oncology to treat various cancers [3–9]. Although PDT has
given encouraging results in clinical trials, it has a major
problem. PDT can be applied only to the superficial lesions
of tissues because of the limited penetration of light into
tumor tissue [10]. In recent years, a promising new modality
for treating cancer called sonodynamic therapy (SDT), in
which the activation of sonosensitizers is carried out using
ultrasound irradiation, has been introduced to overcome the
minimal tissue penetrating ability of light in PDT [11, 12].
Ultrasound has an appropriate tissue attenuation coefficient
for penetrating intervening tissues to reach non-superficial
objects while maintaining the ability to focus energy into
small volumes [13, 14].

Recently, SDT has been widely investigated focusing on
the mechanisms of killing effects by using different
ultrasound parameters and different sonosensitizers [15,
16]. Most of them regarded the tumor cells as assault target,
and achieved the goal of treating tumors through damaging
cell membrane [16]. The damage to intracellular substances
might be a more effective method to kill the tumor cells. If
the proteins in the tumor cells were damaged by sonosensi-
tive drug under ultrasonic irradiation, the whole cells would
undergo apoptosis abnormally [17].
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Dioxopromethazine hydrochloride (DPZ) is chemically
named as 5,5-Dioxo-10-(2-(dimethylamino) propyl) pheno-
thiazine hydrochloride (Fig. 1). It is one of the most
important compounds of the phenothiazine derivatives and
has the functions of preventing cough, antihistamine,
relieving the spasm of smooth muscle, anti-inflammation
and local anesthesia. It has been widely used to cure acute
or chronic bronchitis, rhinitis, cough, nettle rash and
pruritus in clinic [18, 19]. In addition, many phenothiazine
derivatives have been investigated and used as biological
photosensitizers of photodynamic therapy (PDT) [20–22].
Many photosensitizers can be used as sonosensitizers in the
research of SDT [23–25], which demonstrate that pheno-
thiazine derivatives have potential to be used as sonochem-
ical sensitizer for tumor treatment in combination with
ultrasound. However, the sonodynamic activity of DPZ and
its mechanism have not been reported.

Reactive oxygen species (ROS) are a class of ubiquitous
molecules such as superoxide anion radical (·O2-), hydro-
gen peroxide (H2O2), hydroxyl radical (·OH), and singlet
oxygen (1O2) and have been implicated in many biological
processes [26]. Lots of reports indicate that ROS play a
primary role in ultrasonically induced apoptosis of cells in
the presence of sonosensitizer [10, 27–29] and many
technologies and methods, such as electron spin resonance
[30, 31], chemiluminesce [32], oxidation-extraction pho-
tometry [33], free radical scavengers [34, 35], etc., have
been used in the study on the generation and kind of ROS
in SDT.

In this work, the bovine serum albumin (BSA) was
selected as a target molecule, the sonodynamic damage to
protein in the presence of DPZ and its mechanism were
studied by means of absorption and fluorescence spectra.
Firstly, sonodynamic damage of BSA in the presence of
DPZ was investigated. Some influencing factors, such as
ultrasonic irradiation time and DPZ concentration, were
also studied systemically. Secondly, the mechanism of
synergistic effects of ultrasound and DPZ was investigated
by means of oxidation-extraction photometry with several
ROS scavengers. It is expected that this report would offer
some valuable references to use DPZ or its derivatives as
sonosensitive drug to treat tumor in the future.

Experimental Section

Materials

BSA (Fraction V) was obtained fromAmresco (USA) and used
without further purification. DPZ was obtained from the
Liaoning Donggang Hongda Pharmaceutical Co., Ltd. (China).
The BSA stock solution, 5.00×10−5 mol L−1, was prepared in
0.05 mol L−1 Tris-HCl buffer solution of pH 7.40 containing
0.05 mol L−1 NaCl, then stored at 0−4 °C in the refrigerator.
The DPZ stock solution, 5.00×10−5 mol L−1, was prepared in
the same buffer solution. All the other materials were of
analytical reagent grade and used without further purification.
Doubly distilled water was used to prepare solutions.

Apparatus

The fluorescence spectra were carried out on an LS-55
fluorescence spectrophotometer (Perkin-Elmer, USA).
Fluorescence spectra were obtained at an excitation
wavelength of 285 nm, with the slit widths of both the
excitation and emission set at 2.5 nm and the scanning
speed of 1,200 nm min−1. The synchronous fluorescence
spectra were obtained by simultaneously scanning excita-
tion and emission monochromators. As Δ1 between
excitation wavelength and emission wavelength is 15 nm,
synchronous fluorescence offers characteristics of Tyr
residues, while Δ1 is 60 nm, it provides the characteristic
information of Trp residues [36]. The three-dimensional
fluorescence spectra were performed under the following
conditions: the initial excitation wavelength at 200 nm, the
emission wavelength between 200 nm and 800 nm,
scanning number 30 and increment 5 nm with other
parameters just as the same to those of the fluorescence
spectra. The absorption spectra were recorded on a UV-1201
spectrophotometer (Beijing Rayleigh Analytical Instrument
Co., Ltd., China) in the range of 200–400 nm with the slit
width set at 1 nm. The controllable serial-ultrasonics apparatus
(KQ5200DB, Kunshan Ultrasonic Instruments Co., Ltd.,
China) shown in Fig. 2 was used as irradiation source,
operating at ultrasonic frequency of 40 kHz and output
power of 200 W through manual adjusting. All pH measure-
ments were made with a pHS-25 digital pH-meter (Shanghai
Reaches Instrument Co., Ltd., China).

Procedures

The experiments of sonodynamic damage of BSA under
ultrasonic irradiation with and without DPZ were per-
formed according to the method of Wang et al. [37] with
some modification. Firstly, four 25.00 mL volumetric flasks
were marked with a–d, respectively. Four 5.00 mL BSA
stock solution were taken and put into volumetric flasks a–
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Fig. 1 Molecular structure
of DPZ
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d, respectively. Then, two 5.00 mL of DPZ stock solution
were added into volumetric flasks b and d, respectively.
Finally, all volumetric flasks were diluted to 25.00 mL with
Tris-HCl-NaCl solutions. The final concentration of BSA
and DPZ were both of 1.00×10−5 mol L−1. The solutions a
and b were put into an ultrasonic apparatus away from light
directly under ultrasonic irradiation, while the solutions c to
d were only placed away from light without ultrasonic
irradiation. After 3.0 h, the absorption and fluorescence
spectra of each sample solution were determined to evaluate
the damage of BSA molecules. In addition, the effects of
ultrasonic irradiation time and DPZ concentration on the
damage of BSA were also examined.

The oxidation-extraction photometry method is an
effective method to determine ROS with many advantages,
such as fast and accurate detection, simple equipment
requirements, low-cost reagent, wide detection range and
simple requirements for sample, etc. [38]. In this method,
1,5-diphenylcarbohydrazide (DPCI) can be oxidized by
ROS into diphenylcarbonzone (DPCO), which can be
extracted by organic solvents and shows the maximum
absorption at 563 nm. The absorbance values of DPCO at
563 nm are correlated to the quantities of ROS generation.
The experiments to confirm the generation of ROS were
performed according to the method of Liu et al. [33] with
some modification. Firstly, the effects of DPZ concentration
on the generation of ROS were examined. In six 50.00 mL
volumetric flasks, the final concentration of DPCI were
both 5.00×10−3 mol L−1, and the final concentration of
DPZ were changed from 0.00 mol L−1 to 2.50 mol L−1 at
0.50 mol L−1 intervals. Then, each of them (25.00 mL) was
transferred into 50 mL conical flask and placed in an
ultrasonic irradiation apparatus, the other (25.00 mL) was
kept in the dark. After 3.0 h, the solutions (10.00 mL) were
extracted repeatedly with Benzene-CCl4 (1:1) mixed solu-
tion. The extraction solutions were diluted to 10.00 mL

with the extractant and detected at 563 nm by absorption
spectrophotometer. Secondly, the effects of ultrasonic
irradiation time on the generation of ROS were examined.
The final concentration of DPCI and DPZ were 5.00×
10−3 mol L−1 and 2.00×10−4 mol L−1, respectively. The
ultrasonic irradiation time were changed from 1.0 h to 6.0 h
at 1.0 h intervals. Thirdly, to confirm the kind of ROS
inducing BSA damage, several scavengers, such as sodium
azide (NaN3), dimethyl sulfoxide (DMSO), L-histidine
(L-His), ascorbic acid (VC), were used to quench different
ROS. The final concentration of DPCI and DPZ were 5.00×
10−3 mol L−1 and 2.00×10−4 mol L−1, respectively. All of
the quencher’s concentrations were 5.00×10−2 mol L−1.

Results and Discussion

Absorption and Fluorescence Spectra of BSA and BSA-
DPZ Mixed Solutions With and Without Under Ultrasonic
Irradiation

The absorption and fluorescence spectra of BSA and BSA-
DPZ mixed solutions at different conditions are shown in
Fig. 3. It can be seen from Fig. 3a that the BSA solution has
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Fig. 3 Absorption spectra (a) and fluorescence spectra (b) of BSA
and BSA-DPZ mixed solutions at different conditions, [BSA] = 1.00×
10−5 mol L−1, [DPZ] = 1.00×10−5 mol L−1, tUS = 3.0 h, US:
ultrasound

Fig. 2 The apparatus of ultrasonic irradiation
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a strong absorption peak at 278 nm. When BSA mixed with
DPZ, the maximum absorption wavelength emerges blue
shift to 277 nm and the absorbance intensity increases
obviously, which indicates that there is an interaction
between DPZ and BSA and forms one protein—drug
complex with certain new structure [18]. After ultrasonic
irradiation for 3.0 h, the BSA and BSA-DPZ mixed
solutions both show hyperchromic effects compared with
corresponding those without ultrasonic irradiation. In
addition, the BSA-DPZ mixed solution exhibit more
obvious hyperchromic effect than pure BSA solution. These
results can be explained that water can generate some ROS
due to the cavitations effect of ultrasonic irradiation [39]
and induce the damage of BSA molecules. Moreover, DPZ
can be activated by ultrasound and undergo effective
energy transfer to generate more ROS. And because of
the binding of DPZ to BSA, the very short distance makes
ROS induce the damage to BSA molecules more effective.

As shown in Fig. 3b, it is obvious that BSA has a strong
fluorescence emission peaked at 350.5 nm after being
excited with the wavelength of 285 nm. The fluorescence of
BSA is quenched by DPZ due to the interaction between

DPZ and BSA and a non-fluorescent complex is formed
[18]. Under ultrasonic irradiation, the fluorescence intensi-
ties of BSA and BSA-DPZ mixed solutions decrease
obviously. And the fluorescence intensity of BSA-DPZ
mixed solution decreases more strikingly. The intrinsic
fluorescence of proteins comes from phenylalanine (Phe),
tyrosine (Tyr) and tryptophan (Trp) residues although they
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BSA-DPZ mixed solutions with different DPZ concentration, [BSA] =
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are relatively rare in proteins [40]. The fluorescence of Phe
residue usually can be negligible. Under ultrasonic irradi-
ation, the generated ROS induce the oxidation of Trp and
Tyr residues and the fluorescence of them are quenched.
Furthermore, the synergistic effects of ultrasound and DPZ
induce more serious damage to BSA molecules. These
results coincide with those obtained from the absorption
spectra above.

Effect of Ultrasonic Irradiation Time on Damage of BSA

The effect of ultrasonic irradiation time on the damage of
BSA was investigated by changes of absorbance and
fluorescence intensities. As shown in Fig. 4a, the absor-
bance increase with the increase of ultrasonic irradiation
time whether in the presence or absence of DPZ. Moreover,
the absorbance of BSA-DPZ mixed solution is much higher
than corresponding that of BSA solution at any ultrasonic
irradiation time. The corresponding results of fluorescence
intensity changes are shown in Fig. 4b. It can be seen that
the fluorescence intensities decrease with the increase of
ultrasonic irradiation time, and the fluorescence intensities
of BSA-DPZ mixed solution are obviously lower than those

of BSA solution at any ultrasonic irradiation time. These
results indicate that the degree of BSA molecules damage
enhance with the increasing ultrasonic irradiation time.
Moreover, the synergistic effects of ultrasound and DPZ
induce more serious damage to BSA molecules. It can be
inferred that the quantities of generated ROS in the
solutions also increase gradually with the increase of
ultrasonic irradiation time.
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In order to confirm the preliminary inferences, the
oxidation-extraction photometry method was used to
determine the generated ROS in solutions under ultrasonic
irradiation. The absorbance values of DPCO showed in
Fig. 5 are the absorbance difference values of solutions
under ultrasonic irradiation and kept in the dark. It can be
seen that the absorbance of DPCO at 563 nm both increase
with the increase of ultrasonic irradiation time in the
presence and absence of DPZ. However, the absorbance
of DPCO in DPCI-DPZ mixed solution is much higher than
corresponding that in the DPCI solution at any ultrasonic
irradiation time. And the difference values of absorbance of
them increase with the increasing ultrasonic irradiation

time. These results indicate that the ability of ROS
generation is very limited for simple ultrasonic irradiation.
Moreover, DPZ can be activated by ultrasound and generate
ROS more effectively, and the quantities of ROS increase
with the increase of ultrasonic irradiation time. Therefore,
the damage of BSA becomes increasingly serious.

Effect of DPZ Concentration on Damage of BSA

The changes of absorbance and fluorescence intensity of
BSA-DPZ mixed solutions with different DPZ concentra-
tion are shown in Fig. 6. Because of the interaction between
DPZ and BSA, the maximum absorption wavelength of
BSA emerges blue shift from 278 nm to 266 nm and the
maximum fluorescence emission wavelength emerges red
shift from 350.5 nm to 354.5 nm (Fig. 7). It can be seen
from Fig. 6a that with the increase of DPZ concentration,
the absorbance at the maximum absorption wavelength of
BSA in BSA-DPZ mixed solution increase gradually with
and without ultrasonic irradiation. Moreover, the hyper-
chromic effect under ultrasonic irradiation is higher than
that without ultrasonic irradiation. These results indicate
that more chromophoric amino acid residues are exposed
with the increase of DPZ concentration gradually. And
then, BSA molecules are damaged sequentially and the
peptide chain spread much more under ultrasonic irradia-
tion. The corresponding results of fluorescence intensity
changes are shown in Fig. 6b. It can be seen that the
fluorescence intensities of maximum fluorescence emission
wavelength of BSA-DPZ mixed solutions decrease with the
increase of DPZ concentration with and without the
ultrasonic irradiation. After being irradiated by ultrasound,
the fluorescence intensity of BSA-DPZ mixed solutions
decrease much faster compared with that without ultrasonic
irradiation. It can be inferred that the quantity of ROS
generation in unit time in the solutions also increase and the
oxidation possibilities of BSA molecules also become
higher with the increase of DPZ concentration.

From Fig. 8 it can be seen that the absorbance of DPCO
at 563 nm of DPCI-DPZ mixed solution kept in the dark
have no obvious change with the increase of DPZ
concentration. However, under ultrasonic irradiation, the
absorbance of DPCO at 563 nm of DPCI-DPZ mixed

tUS (h) 0 1.0 2.0 3.0 4.0 5.0

Δ1 = 15 BSA 0 9.42 15.01 19.79 33.86 39.41

BSA-DPZ 16.53 22.29 29.66 43.06 48.81 58.92

Δ1 = 60 BSA 0 4.01 8.95 20.54 31.52 40.69

BSA-DPZ 8.13 15.62 21.94 37.46 44.77 51.68

Table 1 Synchronous fluores-
cence quenching ratios (RFQ)
of BSA and BSA-DPZ mixed
solutions with different
ultrasonic irradiation time
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Fig. 10 Synchronous fluorescence spectra of BSA-DPZ mixed
solutions with different ultrasonic irradiation time at Δ1 = 15 nm
(a) and Δ1 = 60 nm (b), [BSA] = 1.00×10−5 mol L−1, [DPZ] = 1.00×
10−5 mol L−1, tUS (1–6) = 0, 1.0, 2.0, 3.0, 4.0, 5.0 h
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solution increase significantly with the increasing DPZ
concentration when DPZ concentration is less than 2.00×
10−4 mol L−1. The results indicate that the quantity of ROS
generation increase with the increase of DPZ concentration
under ultrasonic irradiation. In addition, the absorbance of
DPCO of DPCI-DPZ mixed solution at 563 nm decreases
when DPZ concentration is more than 2.00×10−4 mol L−1

under ultrasonic irradiation. The reason might be that the

high DPZ concentration would inhibit the light transmis-
sion from sonoluminescence.

Synchronous Fluorescence Spectra of BSA and BSA-DPZ
Solutions with Different Ultrasonic Irradiation Time

Synchronous fluorescence measurements provide informa-
tion about the molecular microenvironment in the vicinity

Fig. 11 Three-dimensional fluorescence spectra of BSA (a), BSA-DPZ (b), BSA + US (c), BSA-DPZ + US (d), [BSA] = [DPZ] =1.00×
10−5 mol/L, tUS = 3.0 h

Fig. 12 Contour spectra of BSA (a), BSA-DPZ (b), BSA + US (c), and BSA-DPZ + US (d), [BSA] = [DPZ] = 1.00×10−5 mol/L, tUS = 3.0 h
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of the fluorescent functional groups [41]. The synchronous
fluorescence spectra of BSA solutions in the absence and
presence of DPZ with the increase of ultrasonic irradiation
time are shown in Figs. 9 and 10. It can be seen that the
fluorescence intensities of Tyr and Trp residues both
decrease with the increase of ultrasonic irradiation time.
Meanwhile, the maximum emission wavelengths of Tyr
residues shift towards short wavelength with the increase of
ultrasonic irradiation time, which indicates that Tyr residues
are located in a more hydrophobic environment and less
exposed to the solvent. On the contrary, the maximum
emission wavelengths of Trp residues shift towards long
wavelength with the increase of ultrasonic irradiation
time, which indicates that Trp residues are located in a
more polar environment and more exposed to the solvent
[42]. In addition, the synchronous fluorescence quenching
ratios (RFQ) were calculated by using the equation
RFQ %ð Þ ¼ 1� F=F0ð Þ � 100, where F0 represents the
synchronous fluorescence intensity of BSA solution
without ultrasonic irradiation, and F represents the
synchronous fluorescence intensity of BSA or BSA-DPZ
mixed solution with different ultrasonic irradiation time.
From Table 1 it can be seen that the RFQ for both Δ1 =
15 nm and Δ1 = 60 nm in the presence of DPZ under any
ultrasonic irradiation time are higher than the corresponding
those in the absence of DPZ, which indicates that the
synergistic effects of ultrasound and DPZ induce more
serious damage to BSA molecules.

Three-Dimensional Fluorescence Spectra of BSA and BSA-
DPZ Mixed Solutions With and Without Under Ultrasonic
Irradiation

Three-dimensional fluorescence spectroscopy is a new
analytical technique which is applied to investigate the
conformational changes of proteins in recent years [43, 44].

The excitation wavelength, the emission wavelength and
the fluorescence intensity can be used as the axes making
the investigation of the characteristic conformational
changes of proteins more scientific and credible [45, 46].
The three-dimensional fluorescence and contour spectra of
BSA and BSA-DPZ mixed solutions under with or without
ultrasonic irradiation are shown in Figs. 11 and 12,
respectively, and the corresponding characteristic parame-
ters are listed in Table 2. As shown in Figs. 11 and 12, peak
1 (1ex = 1em) is the Rayleigh scattering peak, peak 2 (1em =
21ex) is the second-order scattering peak. Peak a (1ex =
285.0 nm, 1em = 350.5 nm) is the fluorescence peak and
mainly enunciates the spectral behavior of tyrosine and
tryptophan residues. Peak b (1ex = 285.0 nm, 1em =
666.0 nm) is the second-order fluorescence peak, which is
mainly caused by the transition of π → π* of characteristic
polypeptide backbone structure C = O of BSA [47]. It is

Systems and parameters Peak a Peak b

BSA Peak position 1ex/1em nm/nm) 285.0/350.5 285.0/666.0

Fluorescence intensity 896.6 313.6

Stokes Δ1 (nm) 65.5 381.0

BSA-DPZ Peak position 1ex/1em (nm/nm) 285.0/352.5 285.0/665.5

Fluorescence intensity 817.2 245.3

Stokes Δ1 (nm) 67.5 380.5

BSA + US Peak position 1ex/1em (nm/nm) 285.0/350.0 285.0/667.0

Fluorescence intensity 604.9 222.4

Stokes Δ1 (nm) 65.0 382

BSA-DPZ + US Peak position 1ex/1em (nm/nm) 285.0/353.5 285.0/660.0

Fluorescence intensity 464.7 151.8

Stokes Δ1 (nm) 68.5 375.0

Table 2 Three-dimensional fluo-
rescence spectral characteristics
of BSA, BSA-DPZ, BSA +
US, and BSA-DPZ + US
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Fig. 13 Absorbance of DPCO at 563 nm in DPCI-DPZ mixed
solutions in the presence of various scavengers under ultrasonic
irradiation, [DPCI] = 5.00×10−3 mol L−1, [DPZ] = 2.00×10−4 mol
L−1, [NaN3] = [DMSO] = [L-His] = [VC] = 5.00×10−2 mol L−1, tUS =
6.0 h
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obvious that both fluorescence peak a and b of BSA are
quenched at different conditions, but to different extent as
shown in Table 2, which indicate that their conformation
have changed. Moreover, the fluorescence intensities of
BSA-DPZ mixed solution under ultrasonic irradiation
decrease more strikingly, which indicate that the syner-
gistic effects of ultrasound and DPZ induce more serious
damage to BSA molecules. These results coincide with
those obtained from the synchronous fluorescence spectra
above.

Effect of Scavengers of ROS

In this study, it can be found that the synergistic effects of
ultrasound and DPZ cause an obvious increase of ROS
generation, which indicates that the damage in the SDT
process is related to the generation of ROS. To confirm the
kinds of ROS, we tested the scavenge effect of different
ROS scavengers on SDT-induced ROS generation. It is well
known that NaN3 is the scavenger of 1O2 [48], DMSO is
the scavenger of ·OH [49], L-His is the scavenger of 1O2

and ·OH [50], and VC can scavenge all kinds of ROS [51].
If the absorbance of DPCO at 563 nm decreases after
adding some kind of scavenger, it will demonstrate there is
a kind of corresponding ROS in the system. As shown in
Fig. 13, the absorbance of DPCO at 563 nm decrease
remarkably in the presence of VC, which suggests that
the effect of SDT on BSA damage could be mainly due to
the generation of ROS. Moreover, the absorbance of
DPCO at 563 nm decrease to different extent in the
presence of NaN3, DMSO and L-His, which suggests that
both 1O2 and ·OH are the important mediators of the
damage in the SDT process.

Conclusions

The damage to BSA molecules under ultrasonic irradi-
ation in the presence of DPZ was studied by means of
absorption and fluorescence spectra. The results indicat-
ed that the synergistic effects of ultrasound and DPZ
could induce the damage of BSA molecules. The
damage degree of BSA molecules increased with the
increase of ultrasonic irradiation time and DPZ concen-
tration because of the increased quantities of ROS
generation. The results of synchronous fluorescence
and three-dimensional fluorescence spectra confirmed
that the synergistic effects of ultrasound and DPZ
induced the damage of BSA molecules. The mechanism
of synergistic effects of ultrasound and DPZ was
investigated by means of oxidation-extraction photome-
try combined with several ROS scavengers. The results
indicated that the damage of BSA molecules could be

mainly due to the generation of ROS, in which both
1O2 and ·OH were the important mediators of the
ultrasound-inducing damage in the presence of DPZ.
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