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Abstract

Enzyme-linked immunosorbent assay (ELISA) is aribady-based analytical method
that has been widely applied in water treatmeritias for the screening of toxic cyanobacteria
metabolites such as microcystins (MCs). Howeveiis iinknown how the minor structural
difference of MCs may impact their measurementamdrination kinetics via ELISA method. It
was found in this study that, regardless of expenital conditions (n=21), there was no MC-YR
or MC-LY residual, while different removal rates ather MCs were observed (MC-RR > MC-
LR > MC-LA ~ MC-LF) as measured by liquid chromataghy tandem mass spectrometry (LC-
MS/MS), which was consistent with the relative tedty of the amino acid variables with free
chlorine. The removal of total MCs was generallwéo as measured by ELISA than by LC-
MS/MS. By incorporating both analytical resultsjstence of ADDA-containing byproducts or
byproducts that had a higher sensitivity towardEhéSA kit was demonstrated, after excluding
the contribution of the cross-reactivity of the gratr MCs. It should be noted, however, that the
cross-reactivities of MCs could be influenced natyoby MC congeners, but also by other

conditions such as mixtures and the applied ELI8A k

Keywords: ELISA; LC-MS/MS; chlorine; microcystin; mixture; @ss-reactivity
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1. Introduction

Cyanobacteria are among the most ancient orgarosnegarth and have been found to be
highly adaptive to various environmental conditiq@atherineet al. 2013, de la Cruzt al.
2013, Makhalanyanet al. 2015, Merekt al. 2013, Schopf 2006). Their increasing occurrence in
fresh water sources has induced significant rekgaterest and public concern, because certain
cyanobacteria species are capable of producing tmatabolites known as cyanotoxins or
cyanobacterial toxins (Catherimeal. 2013, de la Cruet al. 2013, Makhalanyanet al. 2015,
Merel et al. 2013). In order to secure safe drinking wateryeghis a need for a timely and
successful detection of these toxins before the liGgton of an appropriate
cyanobacteria/cyanotoxin treatment processedité. 2016, Merekt al. 2013).

Antibodies isolated against a specific toxin or pedfic group of toxins have been
considered as the most promising screening metbpaylanotoxins (McElhiney and Lawton
2005). The enzyme-linked immunosorbent assay (ELiSAne of such methods that have been
widely applied, due to its cost efficiency per sémpninimum sample processing and fast
throughput (Sangolkaat al. 2006). The USEPA has recommended ELISA for watsatient
utilities as a primary analytical tool for the qtifination of total microcystins (MCs) in raw and
treated water (USEPA 2015). The commonly used Abraticrocystins/Nodularin-ADDA
ELISA test kit is an indirect competitive ELISA kitts detection mechanism is primarily
through the competition between the ADDA functiogadups in the toxins and the immobilized
microcystins-protein analogue for the binding sitfsthe polyclonal sheep antibodies in
solution. However, MC has been reported to haveertitan 150 congeners (Samdadl. 2014),
with widely varying ELISA sensitivity and cross-m&ity (Rapalaet al. 2002, Sangolkaet al.

2006). Further, general water quality parameterh aas natural organic matter may have an
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unpredictable impact on the ELISA readings (Betal. 2005). Proper quality assurance (QA)
procedures can be used to assess the presenceegmed af the interference, but such QA
samples are often not included in a standard pobtoCthese differing sensitivities and
interference can cause significant overestimatigpi¢ally) or underestimation (less frequently)
of the ELISA reading relative to the concentratioh known species quantified by liquid
chromatography (Mountfost al. 2005).

Free chlorine has varied degrees of reactivity witjanic compounds ranging from < 0.1
— 10 M7 s, with the most reactive sites being amines, rediséfur moieties and activated
aromatic systems (Deborde and Von Gunten 2008)xeSahlorination of peptide bonds is
generally slow (Hcet al. 2006), it is the terminal or side amino group ttatermines overall
reactivity of the peptides (Hureildt al. 1994). Therefore, for the peptide MCs, the diffeere
reaction rates with chlorine are probably due te difference in their amino acid variables.
Information on how minor structural changes wittlie MC congeners can affect the reaction
rates of MCs with oxidants has yet been far froomprehensive (Aceret al. 2005, Heet al.
2015, Hoet al. 2006, Rodrigueet al. 2007). Since chemical oxidation of MCs aims tasfarm
toxic parent MCs without necessarily a mineralizati there could be a large number of
oxidation byproducts with the intact ADDA functidngroup (Mash and Wittkorn 2016,
Rosenblunet al. 2017, Zhangt al. 2016), interfering with the ELISA analysis.

In this study, free chlorine was selected as a moompound to degrade six UCMR4
MCs. The main objectives were (1) to investigae ithpact of MC structural difference on the
chlorination kinetics of MC mixtures; (2) to exariits influence on ELISA cross-reactivity and
subsequently ELISA measurement; (3) to study theretadion between the liquid

chromatography tandem mass spectrometry (LC-MS/&ff8) ELISA results in both raw and
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chlorinated samples; and (4) to evaluate the patertdle of cross-reactivity in addition to the
commonly known contribution of oxidation byproductsr the degradation kinetics, as

interpreted by ELISA.

2. Materialsand Methods
2.1.Natural water collection
Three water samples, from Finger Lakes (FL, WaterlY, on 07/25/2016), Grand

Lake St. Marys (GLSM, Celina, OH, on 07/26/2016)d & ake Mead (LM, Henderson, NV, on
07/27/2016), were collected in 10 L cubitainers arahsported in an iced cooler. Upon
receiving, samples were filtered through a glassrafiber filter (GMF, 1.5 um, Whatman®,
Marlborough, MA USA) by a vacuum pump. From a prefiary screening, no MCs (MC-LA, -
LF, -LR, -LY, -RR, and -YR, structures of which akown in Figure 1) or cylindrospermopsin
(CYN) which are included in UCMR4 (the fourth Untégted Contaminant Monitoring Rule,
(USEPA 2016)) were detected by LC-MS/MS. Howeviee, ELISA test for the filtered GLSM
sample showed a total MC concentration of 3.40+@84_. The results are consistent with the
historically predominant demethylated-MCs in Omtand lakes (personal communication with
Ohio EPA staff). More information on the quality GLSM can be found in Text S1, Figure S1,

in Supplementary Information (SI).

2.2.Materials
Cyanotoxins used for the experiments were purchas@dwder form from Enzo Life
Sciences (MC-LA (ALX-350-096-C100), MC-LF (ALX-35081-C100), MC-LR (ALX-350-

012-C500), MC-LY (ALX-350-148-C100), MC-RR (ALX-35043-C500), MC-YR (ALX-350-
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044-C100), and CYN (ALX-350-149-C100), Farmingda&; USA). The stock solutions were
prepared by mixing the chemicals as received withL4deionized water (DI). The cyanotoxins
for making LC-MS/MS calibration curves were alsaghased from Enzo Life Sciencease(
MC-LA (ALX-350-096-C025), MC-LF (ALX-350-081-C025)MC-LR (ALX-350-012-C050),
MC-LY (ALX-350-148-C025), MC-RR (ALX-350-043-CO50MC-YR (ALX-350-044-C025),
and CYN (ALX-350-149-C025)). Instead of DI, they needissolved in methanol in our lab.
ELISA kits (Microcystins/Nodularins (ADDA), PN 52@@0OH) were purchased from Abraxis
(Warminster, PA USA). The 5.6% liquid sodium hyploche (NaOCIl) was purchased from

Fisher Scientific (Waltham, MA USA) and used togaee the stock solutions.

2.3.Experimental procedures

The main experimental design is shown in TableSainples were generally spiked with
six MC congeners plus CYN, except stated otherwl$e initial concentrations, determined
against LC-MS/MS calibration curves using a sepalattch of stock solutions from the same
manufacturer, were considered as true initial t®xiancentrations. The experimental conditions
involved a varied water matrix (GLSM, LM, and FhetDOC of which were 7.8, 2.9 and 2.9
mg/L, respectively), oxidant dose (low (L), medigkh), and high (H), representing [{d:DOCy
mass ratio of 0.5, 1, and 2, respectively), pH3(@and 10), and temperature (T, 10, 20£2 and 30
°C). The experiments were performed as batch presessing 250 mL amber glass bottles,
containing a sample volume of 150 mL. Water pH wadgisted using 80, and NaOH, and
measured using a pH meter (Accumet® AP110, Fislogn8fic, Waltham, MA USA). The
20+2 °C experiments were conducted at room temperatueevirell circulated lab. The 1%C

and 30°C conditions were controlled by a chiller and wabath, respectively. Sodium
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thiosulfate was added after 20 min treatment tongoeany residual oxidant. Chlorinated
samples were injected into LC-MS/MS without any tpimeatment. Dilutions were conducted

whereas necessary for the ELISA analysis basedeoh@-MS/MS results.

2.4.Analytical methods

DOC was measured using a TOC analyzer (Shimadaup®@a, MD USA) according to
Standard Methods 5310B. ELISA analysis was condufibiowing U.S. EPA Method 546 by
using the cyanotoxin automated assay system (CAAgglel 2900, Abraxis, Inc., Warminster,
PA USA). An LC-MS/MS method, which has been repbiteeviously in detail for the detection
of common cyanotoxins (Weet al. 2014), was used for the identification and quéaratfon of
the cyanotoxins. MS/MS analysis was performed ubioilp negative and positive electrospray
ionization (ESI), with MC-RR and -YR quantified bye (+) mode while all the others by the (-)
mode. Each analyte was monitored by a quantitatiansition and at least one additional
confirmation product ion. The method reporting tifMRL) was determined to be 0.5 pg/L

(Wertet al. 2014).

3. Resultsand discussion
3.1.0Oxidant kinetics in MC mixtures determined b§-MS/MS
As shown in Figure 2 and Figure S2, compared terotariables such as temperature,
oxidant dose, and the background matrix, chloramatf MCs was influenced more significantly
by water pH, following generally pH 6 > pH 8 > pla.Tor pH 6, all chlorination experimental
series showed a complete removal of total MCs, geckefor one data point, which was by using

GLSM that had a high DOC level and was treated y@th]o:DOC, mass ratio of 1. In general,
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the acidic form of HOCI (pK= 7.5, (Aceroet al. 2005)) is the most effective at oxidizing
organic compounds. However, higher pH leads to edgminance of OClion and the
deprotonation of certain functional groups on @earspecies, thereby impacting chlorination
reactivity. As mentioned above, the phenolic acidl dhe phenonate have distinctive rate
constants with chlorine, and thus the negativecei® high pH may be offset for MCs having
tyrosine (with the side chain pkof 10.07 (Thorsoret al. 1995)). Other amino acid variables
(without any pK, except for a value of 12.48 for arginine (Gwhal. 2015)), the status of which
are not influenced by experimental pH, may be mofleenced by the speciation of chlorine.
The observed chlorination degradation efficiencyM&s in this studyj.e.,, pH 6 > pH 8 > pH
10, was therefore consistent with the hypochloracisl species being more reactive than the
hypochlorite ion.

Regardless of the experimental conditions, fordflerinated samples (n=21), there was
no MC-YR or MC-LY residual (indicating fast reaatip while different extents of degradation
on the other MCs (MC-RR > MC-LR > MC-LA ~ MC-LF) wn& observed (indicating slower
reactions). The results suggested the influenceamwofor structural difference within MC
congeners on the chlorination kinetics.

Among the amino acid variables in MCs, the actigaieomatic compound.e., tyrosine
(Y), has the highest reactivity, with a second-omdge constant of 0.36 Ms™ for the phenol at
the acidic pH and 2.19x{o™ s for the phenolate at alkaline pH conditions @al. 2006).
Arginine similar compound, ethyl guandine (as aieal amine group), has a rate constant of 19
M~ s at pH 7.2 (Deborde and Von Gunten 2008). Bothete® amino acids have a higher
reactivity with chlorine than the ADDA group, whiégd commonly represented by the sorbic

acid,i.e, 2.3 M s?, at pH 7.2 (Hoet al. 2006). The L-phenylalanine (F), on the other hasd,
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not activated and is thus expected to have a laestirgty with chlorine (Hureikiet al. 1994).
Lastly, leucine (L) and alanine (A) have minimunactvity with chlorine (Hoet al. 2006,
Hureiki et al. 1994). It could thus be expected that the reagti MCs with FC follows MC-
YR > MC-LY > MC-RR > MC-LR > MC-LF ~ MC-LA, whichs consistent with our results. In
fact, though comparable apparent and second-aatkeconstants for the reaction of MC-LR and
MC-RR with chlorine have been reported by Acerc0&@0at pH 6.3 and 7.9 (Acesbal. 2005),
a different study by Ho (2006) showed higher chation efficiency of MC-RR than MC-LR in
two different natural water samples, as suggesyethdir apparent second-order rate constants,
at pH 6.3 and 7.9 (Het al. 2006). The authors also showed an order of MC-YRIG-RR >
MC-LR > MC-LA (Ho et al. 2006).

Influence of MC minor structural difference on thvadation kinetics was systematically
examined and discussed in this section. With resuit MC-LA, -LR, -RR, and -YR consistent
with literature data (Aceret al. 2005, Hoet al. 2006), and the well validation using MC-LF and

-LY, chlorination of other MCs (>150 congeners) kkbibe similarly predicted.

3.2.Chlorination kinetics determined by ELISA — trdsution of byproducts?

As shown in Figure 3, there was a relatively loweanoval rate of total MCs calculated
by using ELISA results than by using LC-MS/MS résuln the other words, the ELISA to LC-
MS/MS ratio for the initial sample was lower tharetratio for the treated sample. Such an
observation could be expected to result from thstemce of ADDA-containing byproducts for
ELISA detection (Rosenblura al. 2017). However, considering two facts, (1) MC ocemgrs
are known to have different ELISA cross-reactivipd (2) chlorine shows different reactivity

with MCs, there could be an increase in the ovérhISA to LC-MS/MS ratio due to the slower
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removal of higher ELISA cross-reactivity MCs in tbengener mixtures. Therefore, for the MC
congener mixtures, presence of ADDA-containing bypicts cannot be regarded as the only
contributing factor to the lower removal rate afuaated by ELISA. This hypothesis will be

interpreted and demonstrated below.

3.2.1. Higher measured ELISA to measured LC-MS/MS ratio

As shown in Table 1, the total MCs measured by BLi& the ten control samples were
approximately 1.5 times higher than the LC-MS/MSults (n=10). The higher ratios have been
reported by other researchers (Foss and Aubel ZRdHalaet al. 2002). Foss and Aubel (2015)
showed 65.95+23.11% (n=22) as the average pereemfhgC-MS/MS compared to Abraxis
ELISA analysis for natural water samples colledreth different sources, which equaled to an
ELISA to LC-MS/MS ratio of 1.72+0.66 (Foss and Aul2©15). However, the correlation is
cyanobacteria species dependent. Lei (2004) shawveatio ranging from 0.16 for the MCs
isolated fromM. aeruginosa 526 to 1.20 for the MCs isolated frolh. aeruginosa vi, with an
overall average of 0.94+0.43 (n=6) (Leti al. 2004). The observations may be due to the
different mixtures of MC congeners, because differMCs have different ELISA cross-
reactivities,i.e., different binding efficiency with the antibodidsat are raised typically against
MC-LR (McElhiney and Lawton 2005, Zeek al. 2001). Efforts were thus taken to estimate the
cross-reactivities of the six UCMR4 MCs. If sucdaksthe measured ELISA should be
comparable to the predicted ELISA which is equalXtqcross-reactivity x actual variant
concentration measured by LC-MS/MS), in the cordeshples.

Higher ELISA to LC-MS/MS ratios were also obsenredhe treated samples regardless

of the experimental conditionse, 1.66 (R = 0.93, Figure 4). After considering the cross-
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reactivity, whether the elevated ratios as compé&wetie control were attributed to the presence

of ADDA-containing byproducts could be justified.

3.2.2. Estimation of ELISA cross-reactivity for individukICs in DI water

An individual MC at four different concentrationvids was prepared in DI water. The
measured ELISA to measured LC-MS/MS ratios wereutaled. The ratio for MC-LR was
0.94+£0.11. After this ratio for MC-LR was assignasl1.00, the cross-reactivity, defined as the
average of the measured ELISA to measured LC-MSYMi®s, was estimated as 2.17+0.42,
0.94+0.02, 2.05+0.16, 0.62+0.11, and 0.94+0.1Feesvely, for MC-LA, LF, LY, RR and YR
(n=4), as shown in Table 1. Alternatively, the srosactivity, estimated using the slope of the
linear regression, was determined to be 2.42, %%, 0.84, and 1.08, respectively, for MC-
LA, LF, LY, RR and YR, with the corresponding slspte be 2.18 (R= 0.99), 0.85 (R= 1.00),
1.86 (R = 0.99), 0.76 (R= 0.98), and 0.97 = 0.96), as shown in Table 1, Figure 5 and
Figure S4. These values are generally consistahtthve reported literature data by Lofgnal.
(2010), except for MC-LA for which Loftin reportedd12 (Loftinet al. 2010). The high cross-
reactivity for MC-LA was consistent with the mostcent studies, where the steric structure of
microcystin was indicated to influence the bindef§iciency and thus led to a higher cross-
reactivity of MC-LA as compared to MC-LR (Gus al. 2017, Rochelle 2015). Therefore,
ELISA that uses MC-LR as the standard would notwskiwe true concentrations of the other
MCs.

When using the calculated values in this sectibe, predicted ELISA to measured
ELISA ratio for the mentioned ten control samplessvd.68+0.08 (using average value, (2)-2,

Table 1), and 0.77+0.08 (using linear regressiopes| (3)-2, Table 1), both sets of values under-
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predicted the ELISA results. One possible reasanthat those numbers were determined using
individual MC spikes, while the reactivity for andividual MC may behave differently to that
present in a multiple congener system. However,wdreextra set of experiments was done by
mixing the six MCs in DI, CRW (pH = 8), WL (pH =,8and LM (pH = 8) water samples, the
ratio turned out to be 1.44+0.25 (using averageejaland 1.56+0.27 (using linear regression
slope), both over estimating the ELISA results. ieer reason was the use of a different
ELISA lot for this series of tests. Fluctuationtire immune response in the animals during the
cultivation of the antibodies may lead to such iligbin the antibody mixtures and thus

different cross-reactivities (McElhiney and Lawt2005).

3.2.3. Estimation of ELISA cross-reactivities in MC mixas using Solver in Excel

Solver in Excel was applied for the initial ten t@h samples to estimate the cross-
reactivities of the MCs. The objective in Solvergraeters was set as “measured ELISA =
(cross-reactivity x actual variant concentrationaswed by LC-MS/MS)”, by changing the
cross-reactivities of the MCs, the initial valudsatnich were assigned as 1.00. The results were
found to be 1.19+0.06, 1.20+0.05, 1.21+0.08, 1.9820and 1.47+0.12, respectively, for MC-
LA, LF, LY, RR and YR (n=10), as shown in Table AdaFigure 5 (indicated as “This study
(Solver-calculated, Abraxis)”). This set of crossctivities predicted well the ELISA results
with the predicted ELISA to measured ELISA ratioldd1+0.10. Raw data reported by Foss and
Aubel (2015), using Abraxis ELISA (PN 520011), weeealculated also by Solver (Foss and
Aubel 2015). All numbers below the MRL were elintied from the calculation. The results are
shown in Figure 5 (indicated as “Foss and AubeB2(Bblver-calculated, Abraxis)”). A value of

1.12+0.06 (n=2) was observed for MC-LA, comparablehe value reported by Loftin (2010)

12
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and by this study using Solver estimation (Lo#inal. 2010). Consistent with this study, the
high cross-reactivity values of 1.93+0.76 (n=13)l dn38+0.53 (n=19) were found for MC-RR
and MC-YR, respectively.

Apparently, the steric hindrance is not the onlgtda that influences the binding
efficiency. Rapala (2002) proposed the potentiaitrgoution of the hydrophobicity of the MCs
(Rapalaet al. 2002). The relative hydrophobicity of the free amiacids was found to be 41,
100, 97, -14 and 63, for alanine (A), phenylalaniRg leucine (L), arginine (R), and tyrosine
(Y), respectively (Monerat al. 1995). The sum for LA, LF, LR, LY, RR, and YR isus 138,
197, 83, 160, -28, and 49, respectively. The mugher cross-reactivities for MC-RR and MC-
YR may therefore be due to their higher hydrophitpias compared to MC-LR. Since not a
single set of cross-reactivity data shown in Figbrés consistent with those hydrophobicity
numbers, it may be speculated that steric hindrahgdrophobicity, differences in ELISA
production lots such as types of antibodies, immenhispecies, immunogens, MC standard
sources, MC producing species, and even analyfoatedures have all contributed to the
inconsistency in the reported cross-reactivitiesMiis (Lei et al. 2004, Rapalaet al. 2002,
Rochelle 2015, Zeckt al. 2001). The ELISA reading range may be one of tifeueéncing
factors, as shown by higher numbers predicted ugiegELISA results between 1.66 — 2.39
pa/L than those between 3.26 — 3.70 ug/L (Table S2)

Both Fisheret al. (2001) and Mountforét al. (2005) used the ELISA plates prepared in
their labs and showed a different set of crosstigties (Figure 5) (Fischeet al. 2001,
Mountfort et al. 2005). Using MC-LR isolated by a different labargt a high ratio of
1.64+0.14 (n=2) was observed as compared to thelatds purchased from Calbiochem and the

ELISA from Strategic Diagnostics Inc. (Rapaaal. 2002). Different MC material lots could

13
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again give a different ratiee.g., 0.66+0.02 (n=2) vs 0.50 (n=1) for MC-RR, whichrevenuch
lower than the MC-RR isolated frorAnabaena strain 90 with a ratio of 1.66+0.04 (n=2,
estimated using Solver) (Rapasaal. 2002). Gurbuzt al. (2009) followed the method described
in Metcalfet al. (2000). Instead of using polyclonal antibodiespomonal antibodies were used
to prepare the ELISA (Gurbua al. 2009, Metcalfet al. 2000). Since monoclonal antibody-
based ELISA, though sensitive and highly reprodecits highly congener specific (McElhiney
and Lawton 2005), the recalculated cross-reaawitising their reported HPLC and ELISA
numbers showed a high viability as representecbyetror bars in Figure 5, which may suggest
the inappropriateness of using the monoclonal ELI&Athe screening of total MCs in natural
water (Gurbuzt al. 2009). In fact, when Zec#t al. (2001) used a monoclonal antibody (clone
(MC10E7)) for the ELISA test, their results showsidhly diverse cross-reactivities with the
percentage cross-reactivity ranging from 134 fer li-AspJMC-RR to less than IbHfor MC-
LA, LF and LY (Zecket al. 2001).

Since Abraxis ADDA ELISA has been commercially dable and commonly applied, it
is meaningful to further evaluate the cross-re#etiv of the MCs and the stability of the test kit.
A more carefully designed test should be conductextder to obtain the true numbers. With the
vast existence of different MC congeners, the douation and the influence of different amino
acid variables should also be systematically asge$3ross reactivity was evaluated based on a
limited concentration range for each of the MC aargys. The reported cross reactivity factors
may also change (linearly or non-linearly) as th& bbncentrations changes. Differences in the
cross reactivity over a wider range of concentretjcand whether the reported cross-reactivity
values can be extrapolated to other studies, dra part of this study and should be evaluated in

future work.
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3.2.4. Chlorination kinetics determined by ELISA — contiilon of byproducts and cross-
reactivity
As discussed above, chlorine reacts preferably WiB-YR (a cross-reactivity of

1.47+0.12) and MC-LY (a cross-reactivity of 1.2108) (Aceroet al. 2005, Hoet al. 2006).
MC-RR is such a compound that has a medium regctinth chlorine and a high ELISA cross-
reactivity (1.98+0.32). Its residual in the MC mirés (MC-RR to total MCs ratio, detected by
LC-MS/MS) was around 0.37+0.02 in the ten conteshples. For the treated samples, the ratio
varied from 0.19 to 0.58, depending on the treatrnenditions. The higher measured ELISA to
LC-MS/MS ratio could therefore be attributed to #levated concentration of MC-RR in the
treated samples. Using the estimated cross-reesivdetermined by Solver in this study, the
predicted ELISA that represented only the parensM@re found to be lower than the measured
ELISA, as shown in Figure 6, demonstrating the terise of ADDA-containing byproducts or
byproducts that had a higher cross-reactivity. H@vewithout ruling out the contribution of the
cross-reactivity of parent MCs in the treated sasipit was less convincing by attributing
directly the elevated ELISA to LC-MS/MS ratio toethexistence of ADDA-containing

byproducts.

4. Conclusions
This study compared two commonly applied analytmathods, ELISA and LC-MS/MS,
for the detection of microcystins with and withathtlorination. For the chlorinated samples
(n=21), there was no MC-YR or MC-LY residual, redjass of the experimental conditions;

while different extends of degradation on the oth&s (MC-RR > MC-LR > MC-LA ~ MC-
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342

343

344

345

346

347

348

349

350

351

LF) were observed, which was consistent with thatike reactivity of the amino acid variables
with free chlorine. The chlorination efficiency limived apparently pH 6 > pH 8 > pH 10, highly
dependent on the speciation of the oxidant rath@n the side chains, the speciation of which
was not impacted by the studied pH except for tpesOther variables such as temperature,
oxidant dose, and the background matrix, though asotsignificant, also contributed to the
removal of MCs. The cross-reactivities of the siCNMR4 MCs were estimated using two
different methods,e., (1) direct calculation of ELISA to LC-MS/MS ratfor the individual MC
standard in DI water; and (2) an estimation by 8oln Excel for the MC mixtures in different
water matrices, showing an inconsistency on thesereactivities determined in this study by
using the same ELISA kit but a different lot andraixing different MCs, as compared to the
numbers reported in literature. A systematic expental design should be conducted to provide
a more robust set of cross-reactivity data. Resuiltlsis study also demonstrated the existence of
ADDA-containing byproducts or byproducts that hakigher cross-reactivity, by ruling out the
contribution of the cross-reactivity of the par®&fs.

This work has several implications for water uglt monitoring and treating for MCs.
First, ELISA results may produce apparently highencentrations than LC-MS/MS results,
depending on cross-reactivity of congeners, anthges where congeners such as demethylated
MC-LR exist and are detectable by ELISA but are qumntified by LC-MS/MS in the absence
of a standard. Second, when using ELISA to measomeentrations of MCs in finished water,
ADDA-containing post-chlorination byproducts mayoguce an elevated ELISA result as
compared to LC-MS/MS analysis, leading to potentidée positive results requiring public

notification. Third, oxidation of MCs is variable/ ltongener type and water quality conditions,
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thus utilities would be well-served to identify whicongeners dominate in their source water to

better inform decision making on tailored treatmegpproaches.
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Captions

Figures

Figure 1. Structures of MCs. A = Alanine; F = Phatgnine; L = Leucine; R = Arginine; Y =
Tyrosine.

Figure 2. Degradation of MCs: influence of congeneH and oxidant type. The order of the x-
axis was arranged based firstly on the initial pktl @econdly on the total MCs as
measured by LC-MS/MS. GLSM = Grand Lake St. Maffys;= Finger Lakes; LM =
Lake Mead; L, M, and H in oxidant dose = low, medjiand high, corresponding to an
[Cl;]0:DOCy mass ratio of 0.5, 1 and 2, respectively; T = terafure {C).

Figure 3. Comparison of chlorination kinetics, ¢y ELISA vs C/G@ by LC-MS/MS. Dash line
has a slope of 1.0.

Figure 4. Measured ELISA vs measured LC-MS/MS ilorchated samples.

Figure 5. Inconsistency in ELISA cross-reactiviyumbers for Foss and Aubel (2015) and
Gurbuzet al. (2009) were recalculated by using the reported data and the Solver in
Excel. Fisheret al. (2001) used lab prepared ELISA plates coated WXA-ADDA-
hemiglutaryl conjugate; Mountfortt al. (2005) used lab prepared ELISA plates with
modified coating following Fisheat al. (2001), with the numbers recalculated from the
ratios among PP-2A, ELISA, and LC-MS; Gurlaial. (2009) used lab prepared ELISA
with monoclonal antiserum (Alexis 804-320) and gaati-rabbit IgG-HRP, according to
Metcalf et al. (2000); Loftin et al. (2010) and Rochelle (2015) used Abraxis
Microcystins-ADDA ELISA; Foss and Aubel (2015) us@braxis Microcystins-ADDA
ELISA (PN 520011); this study used Abraxis Micraoys-ADDA ELISA (PN
5200110H, purchased at two different times) (Fisehal. 2001, Foss and Aubel 2015,
Gurbuz et al. 2009, Loftinet al. 2010, Metcalfet al. 2000, Mountfortet al. 2005,
Rochelle 2015).

Figure 6. Measured ELISA vs predicted ELISA using Solver estimated cross-reactivity. Dash

line has a slope of 1.0.
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390
391 Tables

392 Table 1. Estimation of cross-reactivity. (1) byngsithe Solver in Excel and the ten control

393 samples in this study; and (2) & (3) in a separabegeriment by spiking four different
394 levels of individual MC in DI water, with a diffen¢ lot of ELISA kit used in this case.
395 The cross-reactivity of MC-LR (p&) was assigned as 1.00. The predicted and the
396 measured ELISA results in the last column are baped the same ten control samples.
397 The average values are expressed as “mean + dadeia@ation”. Concentration unit is
398 in po/L.

399
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LC-MS/MS ELISA ELISA/LC PredictetilJI to
measure
CYN LMAC LMFC [ARC LMYC I\R/Ig ys Total Total zl;'l\gs ELISA Ratio
Average concentration for the ten control samples
7.86+ 5.75+ 6.09+ 16.60 6.27+ 29.00 14.10 77.81 116.76%1 15040.16
049 086 128 +1.78 0.98 +2.40 0.99 1554 5.29
(1) Estimated cross-reactivity by Solver usingtére control samples
1.19+ 1.20+ 1.00 1.21+ 1.98+ 1.47+ 1.01+0.10
0.06 0.05 ' 0.08 0.32 0.12
Using a different lot of ELISA Kkit, individual MC in DI water
(2)-1 Average ratio of measured ELISA to LC-MS/MS
2.04+ 0.88+ 0.94+ 1.92+ 0.59+ 0.88+ 0.64+0.07
039 002 011 015 0.10 0.12
(2)-2 Estimated cross-reactivity using averager@fir = 1)
2.17+ 0.94+ 1.00 2.05+ 0.62+ 0.94+ 0.68+0.08
0.42 0.02 ' 0.16 0.11 0.13
(3)-1 Slope of the linear regression for measurel$&E vs LC-MS/MS
2.18 0.85 0.90 1.86 0.76 0.97 0.69+0.08
R? 0.99 1.00 0.96 0.99 0.98 0.96
(3)-2 Estimated cross-reactivity using slope oflthear regression (¢ = 1)
2.42 0.94 1.00 2.07 0.84 1.08 0.77+0.08
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Total MCs by ELISA, measured (ug/L)

[0}
o

(o2}
o

N
o

N
o

o

Total MCs by ELISA, predicted using cross-reactivity (ug/L)

O e
~
~
~
o_
O e
-
O
(@) /
-0
~
~
~
~
//
(@)
o) © - 20
~
o) 9/
(@)
o
c
a@
~
~
~
~
T T T T T
0 20 40 60 80




Highlights

Amino acid variables and pH have a strong impact on HOCI kinetics of MC
mixtures.

Cross-reactivity of MCsis estimated showing different sensitivity toward ELISA.
Inconsistency exists in the cross-reactivity of MCsin this study and literature.
Higher removal kinetics of total MCsis shown by LC-MS/M S than by ELISA.

Both byproducts and cross-reactivity contribute to the sustained ELISA.



