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Fig. 19 Linearity of CE determination of microcystins. Buffer: 50 mM sodium phosphate,

pH 9.30. A =240 nm, voltage =25 KV.

3.3 CE-MS identification

Mass spectrometry can provide the accurate information on molecular weight and

molecular structure. The off-line ESI-MS was used to identify MCs.% However, no

research was focusing the on-line CE-MS determination of MCs. In this research, CE
coupled with ESI-TOF was developed for the determination of MCs in environmental
algal blooms. With the optimized CE separation condition, ESI-TOF parameters were
investigated in order to achieve better sensitivity. The major requirement for MS
optimization was the compatibility with on-line ESI-TOF detection. The optimized CE
conditions were directly applied on the CE-MS detection using a sheath flow liquid

consisting of methanol/water (50:50, v:v) as sheath liquid with a flow rate of 3 pL/min.
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The background electrolyte was 50 mM sodium phosphate, pH 9.30. Unfortunately at this
pH, no useful MS data was obtained. One potential reason could be at the high pH (9.30)
of sodium phosphate, analytes were not ionized efficiently and few analyte were spayed
into the MS. Another reason may be ion suppression from the relatively high salt content.
Therefore, a buffer pH of 8.50 without the addition of B-CD was used in the CE-MS
analysis. As expected, MC-YR and MC-LR coeluted, however, the co-eluting analytes
could be differentiated by the different m/z ratio of the two parent ions (Fig. 20). With
MC-LR showing a [M+H]" ion at m/z of 995.5609 and MC-YR showing a [M+H]" ion at
with m/z of 1045.5362. MC-RR showed a [M+H]" ion at a m/z of 1038.5911 and it also
showed a characteristic doubly charged [M+2H]*" with m/z of 519.7998 (Fig 21). This
[M+2H]*" fragment could be very useful to identify MC-RR. MC-LA showed [M+H]"
with m/z of 910.5175. The mass errors were listed in Table 3. For all the MCs, mass
errors were less than 30 ppm. The obtained results showed the CE-ESI-TOF method

could be potentially used in the analysis of crude algae samples.
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Fig. 20 Extracted Ion Chromatograms of microcystins: (A). MC-RR ([M+2H]2+ ion
519.8033); (B). MC-RR ([M+H]" ion 1038.6067); (C). MC-YR ([M+H]" ion 1045.5452);
(D). MC-LA ([M+H]" ion 910.5190; (E). MC-LR ([M+H]" ion 995.5769. Buffer for CE-
MS: 50 mM sodium phosphate, pH = 8.50. Positive ion mode, sheath liquid

methanol/water (50:50, v:v).
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Fig. 21 Mass spectrum of four analytes. [MC-LA+H] 910.5109, [MC-YR+H] 1045.5452,
[MC-LR+H] 995.5769, [MC-RR+H] 1038.6067, [MC-RR+2H] 519.8033. Positive ion
mode, sheath liquid methanol/water (50:50, v:v).

Table 3. Mass results of microcystins.

Compound  Theoretical m/z  Experimental m/z  Error (amu)  Error (ppm)

MC-RR 1038.5719 1038.5911 0.0192 18
MC-LR 995.5548 995.5609 0.0061 6
MC-YR 1045.5341 1045.5362 0.0021 2
MC-LA 910.4909 910.5175 0.0266 29
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3.4 Analysis of environmental samples
3.4.1 Analysis of spiked water sample

The developed CE methods were next tested on the spiked lake water samples. A
mixture consisting of 5.0 pg MC-LR, 5.0 pg MC-RR, 1.0 pg MC-LA, 1.0 pg MC-YR
was spiked into 10 mL lake water and extracted as described in the experimental section
and eluted with 2 mL methanol. The eluted sample was dried by a steam of nitrogen and
reconstituted in 200 pL of methanol. The recovery was calculated based on the
calibration curve. The percent recovery of MC-RR, MC-LR, MC-YR, and MC-LA was
calculated to be 78.65%, 82.43%, 60.12%, and 70.33% respectively.

The reproducibility was evaluated by testing the extracted MCs in five replicates.
All the MCs were detected by CE-UV and good reproducibility was obtained (Fig. 22).
The CE-MS analysis was carried out with 50 mM sodium phosphate with pH of 8.50,
with no addition of CDs. All four microcystins were detected in five replicates with good

reproducibility (Fig. 23).
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Fig. 22 CE separation of spiked standards in drinking water plant sample in North

Carolina: (1). MC-RR (25 pg/mL) and (2). MC-LR (25 pg/mL); (3). MC-YR (10 pg/mL)
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and (4). MC-LA (10 pg/mL). Buffer: 50 mM sodium phosphate without addition of -

cyclodextrin, pH = 9.30, A = 240 nm, CE voltage = 25 KV.
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Fig. 23 CE-MS spectrum of microcystins spiked in drinking water plan sample in North
Carolina. [MC-LA+H] 910.5109, [MC-YR+H] 1045.5452, [MC-LR+H] 995.5769, [MC-
RR+H] 1038.6067. Positive ion mode, sheath liquid methanol/water (50:50, v:v).
3.4.2 Analysis of algal bloom samples

The environmental water sample was extracted as previously described and tested
by CE-UV and CE-MS methods. There were two positive results showing the presence of
microcystins out of 17 environmental algal blooms. The algal bloom samples were
collected at a drinking water plant in North Carolina. In bloom sample 4, MC-LR, MC-
YR, and MC-LA were detected by CE-UV and CE-MS (Fig. 26-27). The microcystin

peaks could be identified according to the migration times and mass spectrum. In bloom
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sample 8, no commonly found MCs were present. The mass spectrum showed an m/z ion

of 725.3704 which is in the molecular weight range of microcystin. The UV spectrum of

this analyte was similar to the spectrum of a microcystin. The obtained results were

checked by HPLC-MS/MS analysis, and HPLC results were consistent with CE results.
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Fig. 24 Electropherogram of bloom sample 4 with CE method. Buffer: 50 mM sodium

phosphate, pH 9.3, A = 240 nm, CE voltage = 25 kV.
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Fig. 25 Mass spectrum of bloom sample
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Fig. 26 Electropherogram of bloom sample 8 with CE method. Buffer: 50 mM sodium

phosphate, pH 9.3, A = 240 nm, CE voltage = 25 kV.
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Fig. 27 Mass spectrum of bloom sample 8. [M+H] 725.3704. Positive ion mode, sheath

liquid methanol/water (50:50, v:v).
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CHAPTER 4
Conclusion and future work

Methods utilizing CE and CE-MS have been developed for the determination of
four frequently occurring microcystins (MC-RR, MC-YR, MC-LR, and MC-LA). The
developed methods provided optimal separation of the microcystins in spiked lake water
sample and also in algal bloom samples. Unlike previously reported chromatographic
methods, these CE methods could be integrated into a microfluidic chip device and
suitable for field applications. Furthermore, the method described here is the first to
utilize cyclodextrins in the simultaneous separation of microcystins. The UV detection
enabled the determination of microcystins in mg/mL range.

The coupling of the CE separation with an ESI-TOF detector is a powerful tool to
identify microcystins at lower detection limits. The developed CE method could not be
used directly on CE-MS due to the high pH of buffer electrolyte is not preferable for the
ionization of analytes and the occurrence of ion suppression. Therefore, sodium
phosphate with pH of 8.50 was chosen to be the buffer electrolyte for CE-MS analysis.
With this buffer electrolyte, MC-YR and MC-LR were co-eluting, but they can be
differentiated by m/z ions. Four different microcystins were identified based on the exact
mass of the [M+H]" and [M+2H]*" ions. This result is the first demonstration of CE-ESI-
TOF in the analysis of harmful microcystins. The CE-UV and CE-MS results described
in this project have been shown to be a rapid, useful, and sensitive assay for determining
microcystins in environmental samples that may cause human illness or even death. In

the future study, the methodologies could be applied on the detection of other
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cyanotoxins such as nodularin, anatoxin, and cylindrospermopsin. The methods could be

tested on portable CE devices and on the microfluidic devices.

44



10.

1.

12.

13.

References

Andersen, R. A. (1992) Diversity of eukaryotic algae, Biodivers. Conserv. 1, 267-
292.

Fleurence, J. (1999) Seaweed proteins: biochemical, nutritional aspects and
potential uses, Trends Food Sci. Technol. 10, 25-28.

Hallegraeff, G. M. (1993) A review of harmful algal blooms and their apparent
global increase*, Phycologia 32, 79-99.

van Apeldoorn, M. E., van Egmond, H. P., Speijers, G. J. A., and Bakker, G. J. L.
(2007) Toxins of cyanobacteria, Mol. Nutr. Food Res. 51, 7-60.

Jurczak, T., Tarczyiska, M., Karlsson, K., and Meriluoto, J. (2004)
Characterization and Diversity of Cyano- bacterial Hepatotoxins (Microcystins) in
Blooms from Polish Freshwaters Identified by Liquid Chromatography-
Electrospray Ionisation Mass Spectrometry, Chromatographia 59, 571-578.

Wang, X., Parkpian, P., Fujimoto, N., Ruchirawat, K. M., DeLaune, R. D., and
Jugsujinda, A. (2002) Environmental conditions associating microcystins
production to microcystis aeruginosa in a reservoir of Thailand, Journal of
Environmental Science and Health, Part A 37, 1181-1207.

Ciganovich, E. A. (1999) Field Manual of Wildlife Diseases.

Katircioglu, H., Akin, B. S., and Atici, T. (2004) Microalgal toxin(s):
characteristics and importance, African Journal of Biotechnology 3, 667-674.

Yoo, S. R. (1995) Cyanobacterial (Blue-Green Algal) Toxins: A Resource Guide,
AWWA Research Foundation and American Water Works Association.

Yoshizawa, S., Matsushima, R., Watanabe, M., Harada, K.-i.,, Ichihara, A.,
Carmichael, W., and Fujiki, H. (1990) Inhibition of protein phosphatases by
microcystis and nodularin associated with hepatotoxicity, J. Cancer Res. Clin.
Oncol. 116, 609-614.

McElhiney, J., and Lawton, L. A. (2005) Detection of the cyanobacterial
hepatotoxins microcystins, Toxicol. Appl. Pharmacol. 203, 219-230.

Feurstein, D., Holst, K., Fischer, A., and Dietrich, D. R. (2009) Oatp-associated
uptake and toxicity of microcystins in primary murine whole brain cells, Toxicol.
Appl. Pharmacol. 234, 247-255.

Puerto, M., Pichardo, S., Jos, A., and Camean, A. M. (2009) Comparison of the

toxicity induced by microcystin-RR and microcystin-YR in differentiated and
undifferentiated Caco-2 cells, Toxicon 54, 161-169.

45



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Prieto, A. 1., Jos, A., Pichardo, S., Moreno, I., de Sotomayor, M. A., Moyano, R.,
Blanco, A., and Camean, A. M. (2009) Time-dependent protective efficacy of
Trolox (vitamin E analog) against microcystin-induced toxicity in tilapia
(Oreochromis niloticus), Environ. Toxicol. 24, 563-579.

World Health Organization (1998) Guidelines for drinking-water quality, Vol. 2,
2 ed.

Pearson, L. A., Moffitt, M. C., Ginn, H. P., and Neilan, B. A. (2008) The
Molecular Genetics and Regulation of Cyanobacterial Peptide Hepatotoxin
Biosynthesis, Crit. Rev. Toxicol. 38, 847-856.

Young, F. M., Thomson, C., Metcalf, J. S., Lucocq, J. M., and Codd, G. A. (2005)
Immunogold localisation of microcystins in cryosectioned cells of Microcystis, J.
Struct. Biol. 151, 208-214.

Song, W., de la Cruz, A. A., Rein, K., and O'Shea, K. E. (2006) Ultrasonically
Induced Degradation of Microcystin-LR and -RR: Identification of Products,
Effect of pH, Formation and Destruction of Peroxides, Environ. Sci. Technol. 40,
3941-3946.

Tsuji, K., Naito, S., Kondo, F., Ishikawa, N., Watanabe, M. F., Suzuki, M., and
Harada, K.-i. (1994) Stability of microcystins from cyanobacteria: effect of light
on decomposition and isomerization, Environ. Sci. Technol. 28, 173-177.

MacKintosh, C., Beattie, K. A., Klumpp, S., Cohen, P., and Codd, G. A. (1990)
Cyanobacterial microcystin-LR is a potent and specific inhibitor of protein
phosphatases 1 and 2A from both mammals and higher plants, FEBS Lett. 264,
187-192.

Maynes, J. T., Luu, H. A., Cherney, M. M., Andersen, R. J., Williams, D.,
Holmes, C. F. B., and James, M. N. G. (2006) Crystal Structures of Protein
Phosphatase-1 Bound to Motuporin and Dihydromicrocystin-LA: Elucidation of
the Mechanism of Enzyme Inhibition by Cyanobacterial Toxins, J. Mol. Biol. 356,
111-120.

Craig, M., Luu, H. A., McCready, T. L., Holmes, C. F. B., Williams, D., and
Andersen, R. J. (1996) Molecular mechanisms underlying the interaction of

motuporin and microcystins with type-1 and type-2A protein phosphatases,
Biochem. Cell Biol. 74, 569-578.

Honkanen, R. E., Zwiller, J., Moore, R. E., Daily, S. L., Khatra, B. S., Dukelow,
M., and Boynton, A. L. (1990) Characterization of microcystin-LR, a potent
inhibitor of type 1 and type 2A protein phosphatases, J. Biol. Chem. 265, 19401-
19404.

46



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Goldberg, J., Huang, H.-b., Kwon, Y.-g., Greengard, P., Nairn, A. C., and
Kuriyan, J. (1995) Three-dimensional structure of the catalytic subunit of protein
serine/threonine phosphatase-1, Nature 376, 745-753.

Dawson, J. F., and Holmes, C. F. B. (1999) Molecular mechanisms underlying
inhibition of protein phosphatases by marine toxins, Front. Biosci. 4, D646-D658.

Lee, E. Y. C., Zhang, L., Zhao, S., Wei, Q., Zhang, J., Qi, Z., and Belmonte, E. R.
(1999) Phosphorylase phosphatase: new horizons for an old enzyme, Front.
Biosci. 4, D270-D285.

Xing, Y., Xu, Y., Chen, Y., Jeffrey, P. D., Chao, Y., Lin, Z., Li, Z., Strack, S.,
Stock, J. B., and Shi, Y. (2006) Structure of Protein Phosphatase 2A Core
Enzyme Bound to Tumor-Inducing Toxins, Cell 127, 341-353.

Sangolkar, L. N., Maske, S. S., and Chakrabarti, T. (2006) Methods for
determining microcystins (peptide hepatotoxins) and microcystin-producing
cyanobacteria, Water Res. 40, 3485-3496.

Meriluoto, J. (1997) Chromatography of microcystins, Anal. Chim. Acta 352, 277-
298.

Diehnelt, C. W., Peterman, S. M., and Budde, W. L. (2005) Liquid
chromatography—tandem mass spectrometry and accurate m/z measurements of
cyclic peptide cyanobacteria toxins, TrAC, Trends Anal. Chem. 24, 622-634.

Pérez, S., and Aga, D. S. (2005) Recent advances in the sample preparation, liquid
chromatography tandem mass spectrometric analysis and environmental fate of
microcystins in water, TrAC, Trends Anal. Chem. 24, 658-670.

Gathercole, P. S., and Thiel, P. G. (1987) Liquid chromatographic determination
of the cyanoginosins, toxins produced by the cyanobacterium Microcystis
aeruginosa, J. Chromatogr. 408, 435-440.

Watanabe, M. M., Kaya, K., and Takamura, N. (1992) Fate of the toxic cyclic
heptapeptides, the microcystins, from blooms of microcystis (cyanobacteria) in a
hypertrophic labke 1, J. Phycol. 28, 761-767.

Kos, P., Gorzo, G., Suranyi, G., and Borbely, G. (1995) Simple and Efficient
Method for Isolation and Measurement of Cyanobacterial Hepatotoxins by Plant
Tests (Sinapis alba L.), Anal. Biochem. 225, 49-53.

Allis, O., Dauphard, J., Hamilton, B., Ni Shuilleabhain, A., Lehane, M., James, K.
J., and Furey, A. (2007) Liquid Chromatography—Tandem Mass Spectrometry
Application, for the Determination of Extracellular Hepatotoxins in Irish Lake
and Drinking Waters, Anal. Chem. 79, 3436-3447.

47



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Diehnelt, C. W., Dugan, N. R., Peterman, S. M., and Budde, W. L. (2005)
Identification of Microcystin Toxins from a Strain of Microcystis aeruginosa by
Liquid Chromatography Introduction into a Hybrid Linear Ion Trap-Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer, Anal. Chem. 78, 501-
512.

Barco, M., Rivera, J.,, and Caixach, J. (2002) Analysis of cyanobacterial
hepatotoxins in water samples by microbore reversed-phase liquid
chromatography—electrospray ionisation mass spectrometry, J. Chromatogr. 959,
103-111.

Bateman, K. P., Thibault, P., Douglas, D. J., and White, R. L. (1995) Mass
spectral analyses of microcystins from toxic cyanobacteria using on-line
chromatographic and electrophoretic separations, J. Chromatogr. 712, 253-268.

Murata, H., Shoji, H., Oshikata, M., Harada, K.-I., Suzuki, M., Kondo, F., and
Goto, H. (1995) High-performance liquid chromatography  with
chemiluminescence detection of derivatized microcystins, J. Chromatogr. 693,
263-270.

Zhao, Y.-Y., Hrudey, S., and Li, X.-F. (2006) Determination of Microcystins in
Water Using Integrated Solid-Phase Microextraction with Microbore High-
Performance Liquid Chromatography—Electrospray Quadruple Time-of-Flight
Mass Spectrometry, J. Chromatogr. Sci. 44, 359-365.

Barco, M., Lawton, L. A., Rivera, J., and Caixach, J. (2005) Optimization of
intracellular microcystin extraction for their subsequent analysis by high-
performance liquid chromatography, J. Chromatogr. 1074, 23-30.

Spoof, L., and Meriluoto, J. (2002) Rapid separation of microcystins and
nodularin using a monolithic silica C;g column, J. Chromatogr. 947, 237-245.

Gu, C., Lin, L., Chen, X., Jia, J., Wu, D., and Fang, N. (2007) Analysis of
microcystins by capillary high performance liquid chromatography using a
polymethacrylate-based monolithic column, J. Sep. Sci. 30, 2866-2873.

Meriluoto, J., Kincaid, B., Smyth, M. R., and Wasberg, M. (1998)
Electrochemical detection of microcystins, cyanobacterial peptide hepatotoxins,
following high-performance liquid chromatography, J. Chromatogr. 810, 226-230.

Weinberger, R. (2000) Practical Capillary Electrophoresis, 2 ed., Academic
Press.

Landers, J. P. (1993) Handbook of Capillary Electrophoresis, CRC Press.

Venn, R. F. (2000) Principles and Practice of Bioanalysis, 2 ed., CRC Press.

48



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Khaledi, M. G. (1998) High-Performance Capillary Electrophoresis: Theory,
Techniques, and Applications, Wiley.

Krivacsy, Z., Gelencsér, A., Hlavay, J., Kiss, G., and Sarvari, Z. (1999)
Electrokinetic injection in capillary electrophoresis and its application to the
analysis of inorganic compounds, J. Chromatogr. 834, 21-44.

Smith, R. D., Barinaga, C. J., and Udseth, H. R. (1988) Improved electrospray
ionization interface for capillary zone electrophoresis-mass spectrometry, Anal.
Chem. 60, 1948-1952.

Olivares, J. A., Nguyen, N. T., Yonker, C. R., and Smith, R. D. (1987) On-line
mass spectrometric detection for capillary zone electrophoresis, Anal. Chem. 59,
1230-1232.

Schmitt-Kopplin, P., and Frommberger, M. (2003) Capillary electrophoresis —
mass spectrometry: 15 years of developments and applications, Electrophoresis
24,3837-3867.

Kasic¢ka, V. (2001) Recent advances in capillary electrophoresis of peptides,
Electrophoresis 22, 4139-4162.

Dolnik, V., and Hutterer, K. M. (2001) Capillary electrophoresis of proteins
1999-2001, Electrophoresis 22, 4163-4178.

Righetti, P. G., Gelfi, C., and D'Acunto, M. R. (2002) Recent progress in DNA
analysis by capillary electrophoresis, Electrophoresis 23, 1361-1374.

Wittke, S., Fliser, D., Haubitz, M., Bartel, S., Krebs, R., Hausadel, F., Hillmann,
M., Golovko, I., Koester, P., Haller, H., Kaiser, T., Mischak, H., and Weissinger,
E. M. (2003) Determination of peptides and proteins in human urine with
capillary electrophoresis—mass spectrometry, a suitable tool for the establishment
of new diagnostic markers, J. Chromatogr. 1013, 173-181.

Liu, Y., Garcia, C. D., and Henry, C. S. (2003) Recent progress in the
development of pTAS for clinical analysis, Analyst 128, 1002-1008.

Breadmore, M. C., Wolfe, K. A., Arcibal, I. G., Leung, W. K., Dickson, D.,
Giordano, B. C., Power, M. E., Ferrance, J. P., Feldman, S. H., Norris, P. M., and
Landers, J. P. (2003) Microchip-Based Purification of DNA from Biological
Samples, Anal. Chem. 75, 1880-1886.

Hummert, C., Reichelt, M., Legrand, C., Graneli, E., and Luckas, B. (1999) Rapid
clean-up and effective sample preparation procedure for unambiguous

determination of the cyclic peptides microcystin and nodularin, Chromatographia
50, 173-180.

49



60.

61.

62.

63.

64.

65.

Kuhn, R., and Hoffstetter-Kuhn, S. (1992) Chiral separation by capillary
electrophoresis, Chromatographia 34, 505-512.

Contradi, S., Vogt, C., and Rohde, E. (1997) Separation of Enantiomeric
Barbiturates by Capillary Electrophoresis Using a Cyclodextrin Containing Run
Buffer, J. Chem. Educ. 74, 1122.

Maruszak, W., Schmid, M., Giibitz, G., Ekiert, E., and Trojanowicz, M. (2004)
Separation of Enantiomers by Capillary Electrophoresis Using Cyclodextrins, In
Chiral Separations (Giibitz, G., and Schmid, M., Eds.), pp 275-289, Humana
Press.

Majid, E., Male, K. B., Tzeng, Y.-M., Omamogho, J. O., Glennon, J. D., and
Luong, J. H. T. (2009) Cyclodextrin-modified capillary electrophoresis for achiral
and chiral separation of ergostane and lanostane compounds extracted from the
fruiting body of Antrodia camphorata, Electrophoresis 30, 1967-1975.

Chen, L., Dionysiou, D. D., and O’Shea, K. (2011) Complexation of Microcystins
and Nodularin by Cyclodextrins in Aqueous Solution, a Potential Removal
Strategy, Environ. Sci. Technol. 45, 2293-2300.

Sirén, H., Jussila, M., Liu, H., Peltoniemi, S., Sivonen, K., and Riekkola, M.-L.
(1999) Separation, purity testing and identification of cyanobacterial hepatotoxins

with capillary electrophoresis and electrospray mass spectrometry, J. Chromatogr.
839, 203-215.

50



