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Abstract
Microcystins (MCs) are a family of toxic peptides produced by a number of cyanobacteria commonly
found in lakes, water reservoirs, and recreational facilities. The increased eutrophication of
freshwater supplies has led to an increase in the incidence of cyanobacterial harmful algal blooms
and concerns over the public health implications of these toxins in the water supply. Conventional
water treatment methods are ineffective at removing low concentrations of cyanotoxins, hence
specialized treatment is usually recommended for treatment of contaminated water. In this study, the
products of ultrasonically induced degradation of microcystin-LR (MC-LR) and microcystin-RR
(MC-RR) were analyzed by LC–MS to elucidate the probable pathways of degradation of these
toxins. Results indicate preliminary products of sonolysis of MCs are due to the hydroxyl radical
attack on the benzene ring and diene of the Adda peptide residue and cleavage of the Mdha–Ala
peptide bond. The effect of pH on the toxin degradation was evaluated since the pH of the solution
changes upon ultrasonic irradiation and varies with the water quality of treatable waters. The initial
rate of MC-LR degradation is greater at acidic pH and coincides with the change in hydrophobic
character of MC-LR as a function of pH. Hydrogen and organic peroxides are formed during
ultrasonic irradiation, but can be eliminated by adding Fe(II). The addition of Fe(II) also accelerates
the degradation of MC-LR, presumably by promoting the formation of hydroxyl radicals via
conversion of ultrasonically produced H2O2. These findings suggest that sonolysis can effectively
degrade MCs in drinking water.

Introduction
The frequency and intensity of toxic cyanobacteria blooms are increasing and present a threat
to drinking water sources. The most commonly occurring toxins produced by cyanobacteria
are microcystins (MCs), which are potent hepatotoxins and tumor promoters (1). MCs inhibit
serine/threonine phosphatase 1 (PP1) and PP2A. This inhibition leads to the disruption of a
number of critical cellular processes. In animals, the liver is the major target organ for
microcystin toxicity; it was shown to accumulate 20−70% of a radioactively labeled toxin
(2). MCs are normally confined within the cyanobacterial cells and are only released upon cell
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lysis (3). Animal poisoning and fish kills have been reported in conjunction with cyanobacterial
blooms and have resulted in significant economic losses (1,4).

MCs are cyclic heptapeptides that share a general structure containing γ-linked D-glutamic acid,
D-alanine, β-linked D-erythro-β-methylaspartic acid, N-methyldehydroalanine, and a unique
C20 β-amino acid, (2S, 3S, 8S, 9S), 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4(E),
6(E)-dienoic acid (Adda), and two variable L-amino acids. The Adda moiety, present in all
variants, is critical to the mode of MC activity (toxicity). Isomerization and/or oxidation of the
Adda moiety dramatically reduces the toxicity associated with MCs (5). The most abundant
and commonly detected microcystin in natural blooms is MC-LR (6).

The earliest case of gastroenteritis attributed to cyanobacteria was reported in 1931 in towns
along the Ohio River. The water treatment processes employed over months to combat this
bloom (prechlorination, sedimentation, filtration, chlorination, copper sulfate, aeration,
activated carbon, permanganate, ammonia, and dechlorination), all proved to be ineffective in
reducing taste, odor, or toxin content of the drinking water (7). MCs are highly stable and can
withstand hours of boiling across a range of pH (8). While it is reported that MCs undergo
minimal decomposition under exposure to sunlight alone, in the presence of pigments sunlight
can lead to the degradation of MCs (5,9). Conventional water treatment processes have proven
unreliable for the removal of these toxins and, hence, alternative treatment technologies need
to be evaluated (10). Advanced oxidation processes (AOPs) have shown considerable promise
for the remediation of hazardous organic compounds. AOPs involve the generation of hydroxyl
radicals which effectively degrade a wide variety of pollutants. A number of studies have been
reported on the application of AOPs for the degradation of MCs including TiO2 photocatalytic
degradation of MC-LR (11-13) and the activation of hydrogen peroxide by light or iron (14,
15).

Most AOPs require the addition of reagents and/or photolysis, but ultrasonic irradiation, an
AOP, is reagent free and can be used for the treatment of turbid solutions and slurries. While
energy costs have been the major drawback to application of ultrasound for water treatment,
recent papers indicate sonochemistry may be applicable for water treatment under specific
conditions or in combination with other treatments (16). A number of large-scale water and
sewer treatment plants are under development and sonolytic water purification systems have
entered the marketplace (17).

Ultrasonic irradiation can lead to hydroxyl radical, pyrolytic, and hydrolytic degradation
processes. The degradation is highly dependent on the chemical and physical properties of the
substrate. We have conducted detailed studies of different degradation pathways of MC-LR
during ultrasonic irradiation and conclude that hydroxyl radical is responsible for a significant
fraction of the observed degradation, but other processes, such as hydrolysis/pyrolysis, are also
important (18). The hydrophobic property of MC-LR appears to play a key role during
ultrasonically induced degradation. We also reported that ultrasonic irradiation effectively
destroys MC-LR and its associated toxicity is dramatically decreased (18). The effect of pH
on the degradation rates of MC-LR is reported herein. Significant amounts of hydrogen
peroxide and organic peroxides are formed during ultrasonically induced degradation of MC-
LR, but are readily degraded upon addition of Fe(II). Liquid chromatography–mass
spectrometry (LC–MS) was used to identify degradation products and elucidate the pathways
of toxin degradation. Preliminary products of ultrasonically induced degradation of MCs are
hydroxyl radical attack on the benzene ring and diene of Adda, and cleavage of the peptide
bond between Mdha and Ala. The Adda side chain, which is important for the toxicity of MCs,
is readily oxidized by ultrasonic irradiation. Reaction pathways are proposed based on the LC–
MS results at different irradiation times.
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Experimental Section
Materials

MC-LR was purified from a laboratory culture of Microcystis aeruginosa CCMP 299 using
the procedure previously described (18). MC-RR was purchased from Calbiochem (La Jolla,
CA). The highest concentration employed for MC-RR was 0.24 mM because of its limited
availability. Fe(II) sulfate heptahydrate and hydrogen peroxide 30% were obtained from Fisher
Scientific, and catalase was from Sigma-Aldrich. All other reagents and solvents used were
analytical or HPLC grade and all solutions were prepared in Milli-Q water. The pH of the
solutions was adjusted with HCl and NaOH.

Ultrasonic Irradiation
An ultrasonic transducer UES 1.5−660 Pulsar (Ultrasonic Energy Systems, Inc.) operating at
640 kHz under operational power of 500 W equipped with a 22 mL reaction vial was fitted
with a polyethylene window facing the transducer (see Figure S1, Supporting Information).
The reaction vessel was centered at a distance of 4.5 cm from the face of horn. Since modest
heating is observed during ultrasonic irradiation, the entire assembly was submerged in an ice
bath to maintain a constant temperature of 4 °C throughout the reaction process. Samples for
LC–MS analysis were prepared in 2 mL autosample vials.

Analysis
MC-LR was analyzed by HPLC with photodiode array detection under the following
conditions: column, Prosphere C18 250 × 4.6 mm i.d; the mobile phase consisted of 46%
CH3OH and 54% 20 mM ammonium acetate aqueous buffer solution. The LC–MS system
used in the study consisted of a Finnigan SpectraSystem P4000 HPLC Pump and Finnigan
SpectraSystem As 3000 autosampler and a Thermoquest Navigator Mass Spectrometer with
electrospay ionization source. The HPLC column was Alltech Prosphere C18 column (5 μm,
4.6 × 250 mm). Injection volume of the treated sample was 20 μL. Mobile phase was water
and acetonitrile (ACN), both containing 0.05% trifluoroacetic acid (TFA). Gradient elution
was 50% of ACN for 10 min followed by a linear increase to 85% in 5 min, held constant for
addition 5 min. The mass spectra data were obtained in the positive ion mode by full scanning
from m/z 600 to 1100. The hydrogen peroxide and organic hydroperoxides were determined
using colorimetric methods (19).

Results and Discussion
LC–MS Identification of Byproducts from Ultrasonic Irradiation of MCs

We recently reported that ultrasonic irradiation at 640 kHz can be used to degrade MC-LR and
the toxicity monitored using protein phosphatase inhibition assay (PP1) corresponds to the
concentration of MC-LR (18). At an initial concentration of 4.0 μM, MC-LR and MC-RR yield
similar pseudo first-order rate constants, 0.47 ± 0.06 and 0.53 ± 0.09 min−1, respectively, as
illustrated in Figure 2S in the Supporting Information. In an attempt to elucidate the reaction
pathways and better understand the degradation process, the breakdown products were
monitored using LC–MS. To separate and detect the degradation products, it is necessary to
use MC concentrations much higher than those found in the environment. Rapid degradations
of high concentrations of MC-LR and MC-RR were achieved upon ultrasonic irradiation (640
kHz) with 80−90% of the substrates being destroyed within 105 min as illustrated in Figure 1.

Analyses by LC–MS at various reaction times revealed ten MC-LR decomposition products
at detectable levels. Our structural assignments of the breakdown products of MC-LR during
ultrasonic irradiation were based on the analysis of the total ion chromatogram (TIC) and the
corresponding mass spectrum. The masses of the different products were determined from the
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(M + H)/z peaks corresponding to the molecular ion. For the purpose of this paper, we will
refer to the products by molecular weight (MW).

For compounds with low volatility hydroxyl radical is generally considered to be the
predominant oxidant during ultrasonic irradiation. Hydroxyl radical typically reacts by three
competing pathways: addition, hydrogen abstraction, and electron abstraction. The rates of
reaction of HO• with different reaction sites present in MC-LR are expected to vary
significantly. We expect the reaction rate of hydroxyl radical addition to the aromatic ring will
be fastest among the competing processes, given this process generally occurs at a nearly
diffusion controlled rate (20). The H-abstraction pathways are typically slower (∼108

M−1s−1) and electron abstraction reaction is the least common pathway and occurs only in very
electron rich systems.

Since TiO2 photocatalytic oxidation (PCO) and sonolysis can both involve hydroxyl radical
mediated degradation, we compared our LC–MS results to previously reported PCO
degradation products studies (21). Different product distributions are observed from ultrasonic
irradiation of MC-LR compared with the PCO studies. Products with MWs of 1029, 977, and
834 were observed during PCO and during our sonolysis studies. Liu proposed that the product
with the MW of 1029 is the result of hydroxyl radical attack at the diene leading to the formation
of the corresponding diol (21). The product with MW 977 is assigned to the cleavage of the
cyclic peptide ring via oxidation of the Mdha moiety, while oxidative cleavage of the diene
(Adda moiety) yields a product with MW 834. The assignments by Liu are consistent with the
hydroxyl radical reactions expected during PCO and ultrasonic irradiation processes. Three
products with MW 1011 (addition of 16 mass units) are observed within the first half-life of
MC-LR during ultrasonic irradiation (Figure 2), but were not observed during PCO studies
(21). The addition of 16 mass units is consistent with hydroxylation of the aromatic ring.

The reaction of hydroxyl radicals with the phenyl group in the presence of oxygen typically
leads to hydroxylation yielding phenol. The addition of the electrophilic hydroxyl radical to
the aromatic ring forms a resonance stabilized carbon-centered radical, subsequent addition of
oxygen and elimination of a hydroperoxyl radical yields the phenolic product (22).

While the specificity of electrophilic aromatic substitution is typically governed by the nature
of the substituent (20), reactions involving radicals are only modestly susceptible to substituent
effects which may account for our observation of three different products with the same m/z
ratio (23). The three peaks with similar retention times and MW 1011 (Figure 2) are assigned
as ortho, meta, and para phenolic products. These products were not observed during PCO of
MC-LR, presumably the result of adsorption or localization effects. Since PCO involves
reactions at or near the surface, if the aromatic ring is not directly or closely associated with
the surface phenolic products will not be expected. On the other hand, the phenolic products
formed during ultrasonic irradiation are consistent with previously proposed localization of
the phenyl group at the interface during cavitation where high concentrations of hydroxyl
radicals are present (18).

We observe a product with MW 1027 which is consistent with the addition of a second hydroxyl
group to the phenyl group. The addition of the hydroxyl group to the phenyl ring increases the
electron rich character making it more reactive toward the addition of a second equivalent of
hydroxyl radical. The product with MW 1029 corresponds to a major product and was assigned
as a diol during PCO (21). This product can result from the addition of two hydroxyl radicals
to the diene present in the Adda side chain. Oxidation of both the conjugated diene and phenyl
ring yields a product with MW 1045 which was observed at longer irradiation time. The
corresponding cleavage product (MW is 834) can be formed by oxidation of diol or cleavage
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of the diene. A summary of the proposed reaction pathways involving Adda is illustrated in
Figure 3.

Reaction pathways leading to opening of the MC ring have been proposed during PCO of MC-
LR and we observed analogous products during ultrasonic irradiation as summarized in Figure
4. While these products can be rationalized via hydroxyl radical oxidation, pyrolysis and
hydrolysis reactions can also yield these products. Pyrolysis and hydrolysis are not expected
to be significant during PCO, but the extreme conditions produced by ultrasonic irradiation
can lead to hydrolysis and pyrolysis of substrates localized at or near the interface during
cavitation as discussed in our previous paper (18).

Product analysis of ultrasonically induced degradation of MC-RR by LC–MS revealed eight
major peaks. The initial concentration of MC-RR is significantly lower than that of MC-LR,
and fewer products were detected. The molecular weights of the RR products are analogous
to those observed for MC-LR. The products include phenolic, diol, and ring opened adducts
and we proposed hydroxyl radical pathways which are similar to those for MC-LR, summarized
in Figures 3 and 4.

The reaction products of MC-LR and MC-RR were monitored using L–MS as a function of
irradiation time, illustrated in Figure 5. Since the products have similar structures, we assume
that their response factors (peak intensity/molecule) are similar; hence, the peak intensities are
indicative of the relative yields. The early appearance of peaks assigned to the phenolic and
diol products is consistent with the relative reaction rates for the hydroxyl radical reactions
leading to these products compared to the other hydroxyl radical reaction pathways. The diol
and phenol products of MC-LR are the major products and reach a maximum concentration
after 60 min of irradiation. These initial products are readily degraded upon continued
irradiation. Oxidative cleavage of the diene is also a significant reaction pathway. The oxidative
cleavage of a diene can occur directly under PCO, but is also expected to be the result of
hydroxyl radical reaction of the diol (secondary oxidation process). After 120 min of irradiation
the major observable product of MC-LR in the reaction solution is the product from oxidative
cleavage of the diene.

The reaction profile for MC-RR parallels those observed for MC-LR, with the phenol, diol,
and diene cleavage products being formed in the early stages of the reaction and readily
degraded upon continued irradiation. We proposed the MC-LR and -RR variants have
analogous product distributions and degradation pathways under ultrasonic irradiation.

Although our studies involved only 2 of over 70 MC variants, all MCs contain the Adda moiety
and should be readily degraded by ultrasonic irradiation. While mineralization may be
achieved, it would require an extensive irradiation time which is not practical. It has been
demonstrated that the MC byproducts from ultrasonic irradiation and PCO do not exhibit
significant biological activity based on PP1 and shrimp assay protocols, hence we did not
conduct mineralization studies.

Influence of pH
Since the solution pH can vary depending on the quality of water being treated, and treatment
leads to acidification, the rates of degradation as a function of solution pH from 2 to 10 were
studied and are summarized in Table 1. Under neutral and moderately alkaline conditions,
slightly slower degradation of MC-LR was observed. The increase in the rate of degradation
below pH ∼4 parallels the pKa of the carboxylic acid functionality present in MC-LR. The
influence of pH on the ultrasonically induced degradation of MC-LR is similar to those
observed during PCO of MC-LR (13).
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Maagd et al. reported that relative hydrophobicity of MC-LR depends on pH, with the
compound having the greatest log Dow (octanol/water distribution ratio, analogous to Kow)
values under strongly acidic conditions (24). The rates of degradation as a function of pH and
hydrophobicity (log Dow) are summarized in Table 1. The observation that the fastest
degradation occurs under the most acidic condition (greatest hydrophobicity) is consistent with
the proposal that the Adda moiety (hydrophobic) is localized at the hydro-phobic interface
during ultrasonically induced cavitation (18).

Role of Hydrogen Peroxide
While AOPs do not produce carcinogenic disinfection byproducts, the formation and buildup
of peroxide products during AOPs is a concern. During sonolysis, relatively high local
concentrations of HO• are formed and significant quantities of hydrogen peroxide can be found
from hydroxyl radical combination reactions, eq 1. Sonolysis also produces organic peroxides
in the presence of oxygen, as illustrated in eqs 2 and 3.

(1)

(2)

(3)

With this in mind, we monitored the formation of peroxides during ultrasonic irradiation of
MC-LR. Organic peroxides typically decompose under standard conditions used for isolation
and identification, hence the total peroxide concentrations were determined by the colorimetric
methods (19) as a function of irradiation time, as illustrated in Figure 6. The concentration of
organic peroxides is higher than the initial concentration of MC-LR, suggesting that ultrasonic
irradiation may lead to fragmentation of MC-LR via hydroxyl radical reactions and pyrolysis.

Since the H2O2 is a significant product of ultrasonic irradiation under our experimental
conditions and H2O2 is often added during AOPs to improve the efficiency of the treatment
process, the influence of added hydrogen peroxide was examined. Table 2 shows the
degradation of MC-LR as function of added H2O2. These results clearly demonstrate that
hydrogen peroxide at relatively high concentrations can inhibit the degradation rate of MC-LR
under our experimental conditions. The reduction in observed degradation of MC-LR is likely
the result of the relatively high concentration of H2O2 competing for the hydroxyl radical, as
indicated by the following reaction scheme (20):

(4)

Hydrogen peroxide can also undergo sonolytic degradation to yield hydroxyl radicals, but this
is a relatively slow process (25). Our results indicate that the addition of H2O2 during ultrasonic
irradiation can inhibit the degradation process. The built up ultrasonically produced H2O2 at
longer treatment time would inhibit the degradation process.

While hydrogen peroxide has a low reactivity toward most organic pollutants, it can be
converted to the strong oxidant hydroxyl radical using chemical or photochemical techniques.
Fenton type chemistry involves the reduction of hydrogen peroxide by Fe(II) to produce one
equivalent of hydroxyl radical (26).

(5)

The hydrogen peroxide generated during ultrasonic irradiation can be effectively utilized when
Fe(II) is added to the system, leading to an enhanced HO• generation via Fenton's reaction.
Fenton oxidation has been shown to effectively decompose MCs (14,15). The initial rate of
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sonolysis of the MC-LR increases modestly with Fe(II) concentration, as illustrated in Figure
S3 in the Supporting Information.

In summary, the ultrasonically induced degradation of MCs appears to involve hydroxyl radical
attack of the Adda benzene ring, substitution and cleavage of the Adda conjugated diene
structure, and cleavage of the peptide bond between Mdha and Ala. The degradation rates
increase with decreasing pH, consistent with the increase in the hydro-phobicity of MC-LR as
a function of pH. Ultrasonic irradiation of MC-LR leads to significant amounts of peroxides.
While the peroxides are a concern and inhibit hydroxyl radical induced degradation processes,
the addition of Fe(II) can destroy the peroxides leading to hydroxyl radical, thereby improving
the degradation process. The Adda moiety, which is important in MC toxicity, is readily
oxidized and destroyed during ultrasonic irradiation. Although our studies involved only 2 of
over 70 MC variants, all MCs contain Adda and should be readily degraded by ultrasonic
irradiation. Our studies demonstrated that sonolysis can effectively and rapidly degrade MCs,
but since the general application of ultrasound for water treatment is not considered to be cost-
effective, careful evaluation of the economic feasibility is required prior to large scale treatment
of MCs. Studies are underway to optimize the process under a variety of water quality
conditions.
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FIGURE 1.
Destruction of MC-LR and MC-RR by ultrasonic irradiation monitored by LC-MS. The initial
concentrations of MC-LR and MC-RR are 1.0 and 0.24 mM, respectively. The reproducibility
of the analytical measurements is within 5% on the basis of triplicate runs.
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FIGURE 2.
LC-MS analysis data for the decomposition products of MC-LR under ultrasonic irradiation.
Selective ion mass chromatograms monitored at m/z 1012 at different reaction time.
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FIGURE 3.
Byproducts and proposed reaction pathways for ultrasonically induced degradation of the Adda
side chain of MC-LR (X = Leu), MC-RR (X = Arg).
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FIGURE 4.
Byproducts and proposed reaction pathways for ultrasonically induced degradation of the
cyclic region of MC-LR (X = Leu), MC-RR (X = Arg).
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FIGURE 5.
Reaction profile of byproducts (listed by MW) from ultrasonically induced degradation of MC-
LR and MC-RR.
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FIGURE 6.
Formation of peroxides from ultrasonically induced degradation of MC-LR. The initial
concentration of MC-LR is 10 μM. Analyses were preformed in triplicate and the error bars
indicate the standard deviation of the mean.
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TABLE 1
Ultrasonically Induced Degradation Rates of MC-LR at Various Solution pHs, Parallel the Hydrophobicity of MC-LR
(Initial MC-LR Concentration was 3.0 μM)

pH of the solution degradation rate of MC-LR (min−1)a Log Dow
b

2.3 >3.0 1.5
3.2 1.01 ± 0.09 1.2
3.8 0.47 ± 0.02 1.0
4.7 0.66 ± 0.20 0
5.6 0.44 ± 0.15 −0.2
9.7 0.48 ± 0.04 −1.8

a
Observed first-order exponential decay rate (min−1). The reproducibility of the individual data points is within 5% based on triplicate runs. The reported

uncertainty is based on the standard deviation.

b
Values were extrapolated from ref 24.
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TABLE 2
Effect of H2O2 on the Ultrasonically Induced Degradation of MC-LR (Initial Concentration of MC-LR was 4.0 μM)

concentration of H2O2 (mM) degradation rate of MC-LR (min−1)a R2

0 0.47 ± 0.06 0.995
3.0 0.29 ± 0.01 0.999
15 0.15 ± 0.07 0.985
30 0.13 ± 0.03 0.997

a
Observed first-order exponential decay rate (min−1). The reproducibility of the individual data points is within 5% based on triplicate runs. The reported

uncertainty is based on the standard deviation.
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