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ABSTRACT: There is greatinterestin rapidly monitoring g

metals of biological and environmentalinterest. Electro- £ ]f . ]p’e L&oo/(b

chemistry is traditionally a powerful tool for metal analysi&‘bu_ | i .
O .o°

can be limited by its scope and low tempsblutionThe ’ )
scope is limited by the potential window of the working g - ”0_,_,4.,,..0 o p.
o o.o"’ oo..-o

etal

electrode and rapid analysis is limitepart,by the need for %
nucleation/growth forpreconcentratiorin prior work, we @ r .
showed thata rapid equilibrium mediated preconcentratiorr €2 (Al [2n(in] [Mg(ih]
rocessfacilitated fast scan cyclic voltammetry(FSCV) < _ = ¢ M, 20 B a2t
Fesponseﬁo Cu(ll) and Pb(l>ll) at carbon fibglS micro)- c':’:(ca(zadgicafsol) AK:A'(SJd?)A'?;oI) ZE(';Z"(Zads)Z"(zsol) M.gl;, Mg M9fson
electrodes (CFMs)In this manuscriptwe apply this same ¢ o b e
principle to Ca(ll), Al(lll), Mg(ll), and Zn(ll), metalions g
that are traditionally difficulto electroanalyzéVe demon-
strate FSCV reduction peaks for these four metals whose positions and amplitudes are dependent be sdaarpien
profilesof these ionsonto CFMs follow Langmuir'stheory for monolayercoverageWe calculate the thermodynamic
equilibrium constant of metatlsorption onto CFMs and find that these constants follow the same order as those previously
reported by other groups on other activated carbon mdtanelg,a real-time complexation study is performed with ligands
that have preference fativalentor multivalentions to probe the selectivity ofhe real-time signaMVe observe a linear
relationship between formation constagtdkd % change in the FSCV sigaald use this correlation tfor the first time,
report the kof an Al(lll)-complexThis work demonstrates the versatility of FSCV as a method with capacity to extend the
scope of rapid electroanalysis.

_ _J _

Rgal-time metadnalysis is usefinl a variety of laboratory  since minutes or tens of minutes are still required for

nd real world situations.™ Electrochemistrys well preconcentration ofmetalions into the Hg amalgam or Bi
suited for metal measurementdecausecations can be fused alloy.Furthermore]imited potential window remains
electrostaticallypreconcentrated onto traditionalelectrode problematic, along with toxicity and practicality concerns (in the
materialsfor high sensitivity measurementsdowever,the case of Hg)There isthus,a clear need for new materials and
scope of metals that can be analyzedwith traditional methodsthat enable rapid analysisf metalssuch asthose
electrochemistry is limited to those whose redox potentials fg|bscribed above.

within the potential window of the Working electrode. As SUCh, In recent yearswe have been employing fastan Cyc"c
direct electroanalysis of species with highly negative reductiQg|tammetry (FSCV) at carbon fiber microelectrodes (CFMs)
potentials,such as Ca(ll), Al(ll), and Mg(ll), whichare ¢4 5 second analysis of Ctidhd Pb(ll)'>This method is
analytes obiologicaland environmentahterestis challeng- — genitiveand fast becausethe signalis driven by rapid

Ing.” F_’rewous elec_trochemlca%aélysm_ othese species has preconcentration via adsorptionmdsitive ions ratherthan
been via complexation strategies, which are lengthy and nucleation/growth,onto activated carbon electrodes.We

laboriousand thus highly limit in situ, real-timeanalysis. . : ' .
Additionally for metals that can be electroanalyzed within theprevIOUSIy studied the carbon fiber-metal adsorption thermody-
namic equilibrium and found thahis equilibrium facilitates

potentialwindow of the working electrodenucleation and redox process ch thatcydlic voltammograméCVs) for
h in the el hemical A esu miC
growth processes underpin the electrochemical response. Intlig,) 1 "5 1145 Could be obtained at high scan rates. In this

caseof Zn(ll), another significantion of interest, this . L9 X
phenomenon necessitatas activation procedure on solid work, we seek to establish whether this principle can be applied

electrodesthat provide small amountsof zinc to act as to metals that are traditionally difficultto electrochemically
nucleation sitésTaken together, the activation and proceedingnalyze.

nucleation and growth processepreventfast analysisjn
addition to compromising stability due to Zn build up over  Received: May 17,2018
time. While nucleation and growth are largely stabilized using\ccepted: August 282018
Hg and Bi'° this does not much improve tempaesolution  Published: August 282018
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We observéor the first imeFSCV reduction peaks within +1.0V +1.0V +10V 413V +13V
the CFM potentialwindow for Ca(ll), Al(lll), Mg(ll) and +o.zv\/\ - \/
Zn(ll). We demonstrate thathe position and amplitude of e b
redox peaks obtained for these species depend on scan rate. The 'V -0V o
adsorption profiles dhese metals using fast scan controlled- Calll A & Zn(Ih Mg(ll
adsorption voltammetry (FSCAV) show thtite adsorption
follows a Langmuir monolayer isothefihe thermodynamic

equilibrium constant of adsorption on CFMs is calculated fordissolved in 0.01 M NaCA triangular waveform was applied

each metadnd we find that these adsorption constants follow ™ : . : :
the same order as previously reported by other groups on otgg'an‘? (ﬁ:;gr:aﬁgggj;fgxf‘sfuggd.ﬁ%C(\)/nl‘;v rsltglauntig]n:?(?r-VIEW

activated carbon material§inally, we perform a real-time | i it t it d do
complexation studyusing 1,2-bis(o-aminophenoxy)ethane- slow-scan cyclic voltammetry were nitrogen-purged pior

N.N,N’,N'-tetraacetic acid (BAPTA) and e_thyle.n-diaminetetra%)(g’I_‘iac;‘r{16":'dntb"’;;”gIr:a'(;r,[rr‘gpl’:]‘ﬁr/1 g‘_gg] tge;e,&znv%ﬁfglﬁgmds?g:;s
acetie acid (E[-)TA)’Wh'Ch- prefgqgntlally bird dlvaler_m_nd WA). FSCV experiments (scan rates =3pwese conducted’
tmhult|va_lgnt cahonseste::ltlveI%/, fo al_ddress Isetl_ectl\rl]l_t y gfmg@ll?.a potentiostat (Dagan Corporatio;m Minneapolis, MN) and

e rapid response. Lastly, we use a linear relationship be i : : . ’ e
formation constantk,) and % change in concentration after cuséom-bunt integration unit that incorporated data acquisition
ligand addition to determine thefAl(lll)-BAPTA complex- ~ ards:

g . e ; Fast Scan Controlled-Adsorption Voltammetry
ation. This study highlightsFSCV as a fast and versatile ; - 4 .
electrochemicagol \?vhogse analyticacope reachelseyond (FSCA}QE;SCAV expe'rlments were consistent with previons
traditional methods. reports.”'“An electronic relay (ADG-419, Analog Device) was

. used to switch between the waveform at 100 Hz and a constant
potential (resting potential). The delay time for the adsorption
EXF,)ERIMENTAL SEC,TION ) of metals onto the CFM was 1(3sata analysis of the buffer-
Solutions. Unless otherwisestated,all chemicalswere  gyptracted response curve (current vs voltage) was performed
purchased from Sigma-Aldrich (Stouis,MO). A 0.01 M with LabVIEW 2014 software by integrating the reduction peak
sodium chloride (NaCl) solution (certified ACS) was used asfrom the background subtracted CVs mitals The surface
the b_ackground electrolyte;. Ca(_II), AI(I, Zn(I_I), and Mg(ll) coverage (I..) was calculated using Faraday’s sammar-
solutions were made by d|s§olvmg Cafplertified ACS),  ized by [ .,= Q/(NFA), where Q is the charge obtained from
AI(NO3); (ACS reagentz98%), Zn(NO;), (reagentgrade, integrating FSCAV peaks, n is the number of electrons, and A is
98%),Mg(NOs), (ACS reagent grad@9%] in 0.01 lVl NaCl,  the surface ared.Since Ca(ll),Al(lll), Zn(ll), and Mg(ll)
respectlverB;oth ligands, EDTA (anhydrous,299%) and  fjlowed monolayer adsorption, a linearized Langmuir isotherm
BAPTA (298%) were prepared using the same concentrationeq 1) was used to fit the data such that C is the concentration of

NaCl solution.The solution’s pH was 5.84 £ 0.05 (standard  metqj in the bulk solution, ang,fis the maximum monolayer
deviation). This is the ambient pH of the 0.01 M NaCl solutiogsyerage at CFM.

while redox peak positiondepend on pH, these peakare C

apparent over a rather wide pH range. The following = 1 C+ 1

concentrations are for real-time complexation stug@ies Mmetal [max Mmask (1)

Mg(ll) solution was injected into solutions with 1 mM BAPTA,, . I .

or EDTA (Figure 6B); 10 M Al(Ill) was injected into solution§< is the forward equilibrium constant for the following process,

with either 5 uM BAPTA or 5 uM EDTA (Figure 6C). In total, adsorbate adsorbenE adsorption

20 pM Zn(Il) was injected into solutions with either 10 pM b that

BAPTA or 10 pM EDTA (Figure 6D). ZnSQ (bioreagent ~ >4 tha

grade, suitable for cell culture) was used to test whether or notK _[adsorption complex

there was an effeadf the anion on the currentduring flow [adsorbalgadsorbent @)

injection analyseall solutions were made in deionized water. ) . )
Microelectrodes_ CFMS were prepared as described W|th unit Of Crﬁ mOI' . HOWeVer, because the concentration Of

elsewheré! Briefly,using vacuum suctioa, carbon fiber (5  the carbon fiber ([adsorbent]) does not change, we assumed an

um radius, T-650, Cytec Industries, NJ) was inserted into a @gt¥ity of unityThus,eq 2 can be simplified to

Figure 1. Optimized waveforms for the different metals.

capillary (1.0 mm external diameter, 0.5 internal diameter, A-M [adsorbed spedies

systems]nc., Sequim,WA). A vertical micropipet puller ads ™ W 3)
(Narishige,Tokyo, Japan) wasused to pull the fiber-filled

capillary, creating a carbon-glasseal. Under an optical where K is unitless and this is the equilibrium constant we

microscopehe electrode was cut to 150 yifhe electrodes  report in this manuscript.

were cycled for 10 min at 60 Hz and 10 min at 10 Hz using theData Analysis. Custom software (WCCV 3.0@ritten in

dopamine waveform first to activate and clean the surface, witkBVIEW 2014 by Knowmad Technologieks| C, Tucson,

the exception ofMg(ll). Figure 1 summarizethe different AZ) was employed to collect and analyze data using background

optimized waveforms for each metal of interest and these wengbtractionsignalaveragingand digital filtering. Data was

applied after the initial cycling. Scan rates varied per experinbackground-subtracted and filtered usinga fourth order

and were defined in figure captions. Butterworth low pass filteFhe CVs were stacked in time to
Cyclic Voltammetry. A 2-electrode system was employed produce a 2-D color ploin which the x-axis is timg;axis is

for slow-scan and fast scan cyclic voltamntetryslow-scan  potential applied, and the color indicatescurrent. Cyclic

cyclic voltammetry (scan rates <100 Ty @ microelectrode  voltammograms were extracted from the software as text files

was placed into a continuously stirred solution of metal nitratend imported into Excel for further analysis.

11918 DOI: 10.1021/acs.analchem.8b02210
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Figure 2. CVs collected for 1.0 M Ca(ll) (left column, orange and red) and 0.1 M Al(lll) (right column, blue and purple) with increasing scan raf
(A) slow (10-100 mV8) and (B) fast scan rates (50-400Y.s

A Current (nA) Current (nA) Current (nA)

Current (nA)
675 0 -450 300 0 -200 300 0 -200 200 0 -133
T I . [ .| T .
1.0V
1.0V
1.0V
Time (90 seconds) Time (90 seconds) Time (90 seconds) Time (90 seconds)
B
N 14 1 = 0 1
£ —
g V vs. Ag/AgCI
o
C
150 Q4oo s 180 o 420 o
g © o o o ©
1001 o ° 1209 © 280
8 O 200 {0 8 ©
3 50 i 60 140
0+ T +» 0% T " 0+ T " 0+ T "
0 50 100 0 250 500 0 250 500 0 50 100
[Ca(l)] (mM) [AI(IN] (kM) [Zn(11)] (uM) [Mg(I)] (mM)

Figure 3. FSCV characterization for Ca(ll) (rad}Jl) (purple), Zn(Il) (green),and Mg(ll) (orange)(A) Representative color plots for each
metal. 90 s total data acquisition time with 30 s injection time. (B) Representative CVs at 200, 300;'4@@nanate208nd 400 mM, 20 uM,
20 pM,and 1 mM concentratiomsspectively for Ca(ll), Al(llIZn(ll), and Mg(ll). (C) Calibration curves constructed for each metal.

-RESULTS AND DISCUSSION substrateA number of important metaits¢luding Ca(ll) and

Redox Peaks for Ca(ll) and Al(lll) on CFMs. It is not
possibleto voltammetrically analyzespecieswhose redox
potentialfalls outside the potentiavindow of the electrode traditional electrode materials due to this constraint.

Al(lll), are considered challengingp electroanalyzewith

11919 DOI: 10.1021/acs.analchem.8b02210
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We previously determined that the adsorption of Cu(ll) ontquantitation (LOQ) for each metalere calculated and are
CFMs enables a thermodynamically favorable preconcentrati@bulated in Table 1. In all cases, the linear range and LOQ are
equilibrium thatunderlies the rapidity ofhe FSCV signal®
During a slow scan cyclic voltammogram (CV) of Cugg, Table 1. Calibration Parameters for Each Matal
observed classicahucleation/growth and stripping peaks.

Interesting we observed an additional redox céMpken the el L0 EEE LO@ —
scan rate was increased, the nucleation/growth peaks decreaséd(!) 0.10-5.00 mM 0.1 mM 30 uM

in amplitude while the additional peaks increased in amplitude Al(ll) 1.00-50.00 uM 1.00 uM 300 nM
and subsequentlyturned into the classicalFSCV Cu(ll) Zn(ll) 0.50-20.00 pM 0.50 uM 150 nM
response. By taking atomic force microscopy images at differedfa(!) 0.010-2.00 mM 0.010 mM 3uM
points of the slow-scan experimenive observed solid Cu AWe reportthe limit of quantitationLOQ, and limit of detection,
deposition after the reduction peak tife additionalcouple. ~ LOD, for our method.

This experiment provided direct evidence the FSCV peaks were

Faradaic in naturédere,we ask whether Ca(ll) and Al(lII) sufficientto perform anaISysis in a range physiologicaand

ions, that are commonly difficulto analyze follow the same  environmentaystems! > Our technique’s LOD lies within
phenomenorilhe panels in Figure 2A show slow-scan CVs ofhe range of other methods, summarized in Table 2, even though
1.0 M Ca(ll) (left orange panel) and 0.1 M Al(lll) (right blue the analysis is performed on a fundamentally different temporal
panel) in 0.01 M NaCl for different scan rates (10-100).mV sscale (orders of magnitude faster).

Here we do not observe the classic nucleation/growth and
stripping peakdecause they occuutside of our potential Table 2. Reported Limit of Detection for the Four Metals via
window.However particularly in the case dBa(ll), a small Alternate Methods Compared to FSCV

reduction peak at around —0.3 V is seen to shift with increasinn
scan ratean indication ofF aradaic processigure 2B shows el Ly HolD
background-subtracted fast scan CVs (50-400)V Redox Ca(ll)  potentiometry with ionophores T mM 1
peaks are easily captured after background subtraction for these Stﬂgggag voltammetry with polymer 0.1 ni
fast scan voltammograms (Figure 2B). The peak width and the amperoietw with polymer coating 0.5 M2
peak amplitude both increase as scan rate incGidasteesyior '

. - . galvanostatic polarization with ionophord.1 ni?®
attributed to adsorbed species and Faradaic processes as we differential pulse voltammetry with Au 051 uh*

previously described for Cu(ll). We can therefore postulate that nanoparticles-modified electrode and
the unique adsorption driving force of activated carbon fibers chelating agent
enablesfor the first time realtime electrochemicateasure- Ca(ll)-imprinted membrane electrode ~ 0.75 uM®
ments of Ca(ll) and Al(lll)The redox peaks for these metals Ca(ll)-selective solid state microelectrodegiM®
are captured within the CFM potential window because Al(ll) - adsorptive Stripging voltammetry 1nM-1.8 uM
adsorption becomes a significant driver in bringing the analyte (Arancibia et a). .
to the surface,thereby reducingthe energyrequired for Zn(11) elaelczt7r)ochem|cal biosensors (Gumpu et 1.4 nM®-100 nM
voltammetric detection by facilitating electron transfer. Mg(ll) potémiometry with ionophores 50 ulf
Other examples afetals thatare traditionally difficulto adsorptive stripping voltammetry 0.31 uM®
rapidly analyze are Mg(ll) and Zn(ll). Like Ca(ll) and Al(lll), square wave adsorptive stripping 6 nME°
Mg(Il) has a high reduction potentiaind is thus difficult to voltammetry with electroactive ligand
analyze. Zn(ll) analysis should be possible within the potentiat
window of traditional materials but nucleation/growth The source of metal inherently constitutes an anion. To verify
processethat underlie preconcentration limfast analysis. that this anion doesnot voltammetrically contribute to the

Since CFMs preconcentrate analytes via adsorptiemext signal, the following experiment was performed. Three solutions
investigated whether Mg(Il) and Zn(ll) also display redox peafZn(ll) were prepared: 250 uM Zn(NJ3, a mixture of 125
on CFMs. MM Zn(NO 3), and 125 yM ZnSQ,, such thatthe Zn(ll)
Characterization of Ca(ll),Al(lll), Zn(ll), and Mg(ll). In concentration remained the sanaed 250 uM ZnSQ. The
this experiment, FSCV is performed in a flow injection analysfsee responses were identical, showing that the anion does not
(FIA) system with various concentration ranges of Ca(ll) (0. affect the signal as observed in Figure 4.
100 mM), Al(llT) (1-500 uM), Zn(Il) (0.5-500 pM), and Metal Adsorption onto CFMs Is Consistent with
Mg(ll) (0.1-100 pM). Details of the setup and instrumentatioddsorption onto Other  Activated Carbon Materials.
for FIA were described previcildlize potential limits, resting Once again,it is difficult to compare the thermodynamic
potential, and scan rate are all optimized to obtain a CV withgoperties of the different FSCV signals for each metal because
well-defined reduction peak and to provide optimal sensitivityliffierent waveforms are necessary for optimal analysis. However,
each species (see Figure Figure 3A shows representative it is possible to compare adsorption profiles by constructing
color plots for a square injection of each metal where a redu@mtherms and calculating equilibrium constants for metal-CFM
event is clearly apparenigure 3B shows CVs extracted from adsorption (K,4). We previouslyreported the adsorption
the color plots at the position of the dashed vertical lines.  isotherm profile forCu(ll)-CFM, which agreesvell with a
It is difficult to compare the peak positionand currents Langmuir adsorption isothermsuggestingg monolayerof
between the four becausetbg different waveforms utilized. Cu(ll) on CFMs'>Here we generate adsorption profiles for our
Howeverthe reduction peaks that appeared at approximatelyfour metals using FSCAV to ask whether Langmuir’s theory also
-0.3, -0.4, -0.6, and —-0.5 V on the Ca(ll), Al(lll), Zn(ll), and applies.
Mg(ll) CVs, respectivelycan be employed to construct We perform FSCAV experiments for each metal in a simple
calibration curves (Figure 3Clhe linear range and limit of  matrix, NaCl. Although we previouslyreported that the

11920 DOI: 10.1021/acs.analchem.8b02210
Anal. Chem. 20180, 11917-11924
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Figure 4. Data for FIA (2 mL mjrfor 125 uM Zn(NQ), + 125 uM ZnS© 250 uM Zn(N@,, and 250 uM Zn§Orhe Zn(Il) concentration is

the same across all three solutions. (A) 2D color plot showing potential sweep on the y-axis and time (in s) on the x-axis. The color indicates |
in nA. The black plug indicates a 10-s bolus injected into the flow cell. A horizontal cross section through the bolus injection generates the cul
time curve shown in part B while a vertical cross section through the bolus injection generates the current vs potential cyclic voltammograms
part C. The %eak indicated by the star is the reduction peak for Zn(Il) and its magnitude is not affected by the nature or concentration anion u:
(NOj3™ or SQ7).

surrounding matrix does not significantlydisturb Cu(ll) similar adsorption to Cu(ll) on carbon fibénssummarywe
adsorption on CFMs? it is bestto use a matrix without report increasing adsorption trends as thus: Mg(ll) < Ca(ll) <
competing equilibria to simplify the experimerit.series of Zn((11) < Al(llT) < Cu(ll).

differentconcentration®f each metal(Figure 5A-D) was Our results provide evidence thainallmetalions follow

prepared in 0.01 M NaCl and the surface concentration of eanbnolayer adsorption onto CFMs and have different adsorption
metalwas calculated as explained abGvEhe experimental  efficiencies based on their size and electrostatic interactions with
data fit well to a linearized Langmuir model as shown in Figucarbon fibers. In these four cases, it is also clear that the kinetics
5ii, confirming monolayer adsorptiégqfor each metalvas of adsorption are rapid enough such th&00 ms resttime
calculated using eq 1. Figure 5iii represents a schematic diageimeen scans is sufficient for preconcentration. We next apply
that illustrates the adsorption equilibrium ggof€ach metal  this method to tracking the levels of these four metals in real time
onto the CFM. using metal chelators.

Adsorption favorability ofthese fourmetalsto CFMs is Real-Time Trace Metal Complexation. As proof of
evaluated by comparing the adsorption constants we obtain poinciple that the levels of these four metals can be tracked in
those reported in the literature fothese metals onto other  real time, we perform dynamiccomplexation studiedt is
activated carbon materials. Since our carbon fibers are activiatgdrtant to note thags it standghis method would not be
electrochemically by oxidizing at 1.3 V prior to each experimasgful to study real or complex samples due to selectivity issues.
we hypothesize the order afisorption should be similar for We have created ultraselective Cu(ll¢lectrodesria mod-
these four metals as on activated carbon materials that are ufieation of the CFM surface with Cu(ll) selective ionophores
to “remove” metals from aqueous systéiksliearth metals  and plan to apply to same strategy here féuture analysis.
adsorb weakly onto activated catlaon our data support this  Nonethelesshe method is able to look at real-time complex-
since Mg(ll) has the lowest adsorption constant onto CFMs ation of our four metals in a simple matrix as proof of concept.
followed by Ca(ll). We previously studied Cu(ll) adsofption  In these experiment&€DTA and BAPTA are utilized as
and reported the,){value as 4.12 x°#hd we report here the ligands with varying affinities for the four me®B&PTA has
Koes0f Zn(ll) is lower than that of Cu(ll) at 5.95 x®0 been shown to selectively bind to Ca(ll), in a mixture of Ca(ll)

Literature validates this result, showing that Cu(ll) and Mg(ll), servingas a selectivechelatorfor Ca(ll) in
adsorption ismore favorable than Zn(Il) onto carbor>®  biologicalmatrixesHowever BAPTA does have affinity for
Comparison of Al(lll) adsorption to other metals has not beenther divalent cations such as Znfif)EDTA is chosen as a
reported in the literatureHere we reportthat Al(lll) has a universal chelator as it binds nonselectively to most metals. The

11921 DOI: 10.1021/acs.analchem.8b02210
Anal. Chem. 20180, 11917-11924
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Figure 5.Adsorption profiles for (A) Ca(llB) Al(lll), (C) Zn(ll), and (D) Mg(ll). (i) Langmuir isotherm fit with raw daft@i) linearized
Langmuir isotherm, and (iii) schematic representation of solution equilibria near the electrode surface.

experimentaparadigm utilized here comprisethree steps.  9.38) > Ca(ll)-BAPTA (log & 6.97) > Mg(ll)-BAPTA (log k

Using Ca(ll) as an example, the electrode is placed into a stirihd7)>° To the best of our knowledge, thebgsknot been

solution of 0.01 M NaCl and is allowed to equilibrate. The sofigported for Al(ll1)-BAPTA presumably because it is negligibly

red line on Figure 6A illustratesthe change in free Ca(ll) small.

concentration over timéfter 5 s,Ca(ll) is injected into this To this end, a linear regression can fitthe relationship

solution to reach a finakoncentration o6 mM. Next, two between log &nd % change in concentration after BAPTA and

similar experiments are performed where Ca(ll) is spiked int&BTA binding (Figure 7) with a slope of 2.3 + 0.1 (+SiEM,

solution of 2.5 mM BAPTA (dashed red line) and EDTA axis errors bars are present but are smaller than the markers). We

(dotted red line) respectivelylhis procedure is repeated for use this correlation to estimate the logalue for the Al(lll)-

Al(lll), Zn(11), and Mg(ll) to generate real-time concentration BAPTA binding to be 0.82 + 0.05 (+SEM).

curves (Figure 6C,D). Different concentrationsare used Real-time monitoring of ligand affinities has implications in

depending on the linear range and environmeatalilability =~ both biologicaland environmentabpplications:The above

(see Table 1 and methods). complexation measurements are proof-of-principle demonstra-
When the metals are injected into EDTA solution, as tions that our method can not only monitor real-time binding

expectedsince EDTA has affinity for all four methlsre is a  between trace metains and chelators but is also sensitive to

decrease in free concentration of these metals and thus a loiEerent binding affinities. This real-time monitoring of metal-—

signal. The largest effect can be seen with Zn(1l) and Al(lll) (|ggnd complexatioo the best ofour knowledgehas never

K: of metal-EDTA binding = 16.5 and 16.18spectively} been done before electrochemicallyOther glectrochemlcal

where the metal concentration is reduced by approximately 47ethodsdo not have the temporalresolution required to

and 31%respectivelyThere is a lesser effect for Ca(ll) and = Perform these analyses.

Mg(Il) (reflected in the lower log Kof metal-EDTA binding .

values of 10.96 and 8.68spectivelyj whose concentrations CONCLUSION

are reduced by 20-26%. When injected into BAPTA, howevdi, this manuscriptwe demonstrated that metals traditionally

the largest effects are seen with Zn(ll) and Ca(ll) (decrease difficult to electroanalyzdye to negative standard reduction

concentration ofhese metals by approximately 23 and 20%, potentials (in the cases of Ca(ll), Al(lll), and Mg(ll)) and the

respectively) but much smaller effects are observed for Mg(lheed for nucleation and growth (in the case of Zn(ll)), could be

and Al(lll) (change in concentration offree metalions by rapidly analyzed using CFMs with FSO¥ .measured FSCV

around 6 and 2% respectively)This is consistenwith the reduction peaks for these four metals and demonstrated that the

decreasing trend in the |@s Kollows: Zn(11)-BAPTA (logrk adsorption profiles of these metals onto CFMs follow Langmuir
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Figure 6.Schematic representation of different equilibria in each solution (solid line) and real-time complexation data with EDTA (dotted) and
BAPTA (dashed) for (A) Ca(ll), (B) Mg(ll), (C) Al(lll), and (D) Zn(ll). The shaded area around each line represents the standard error of mean
(SEM) for a total of 12 repetitions.

350 1 this complex. Taken together, this work established the capacity
=40 - y=(23£0.1) x o} of FSCV as a method to extend the reach of rapid electroanalysis.
2 56| R? = 0.89412 .
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