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Reactions of Phospholipase Aat a Mercury Electrode Surface
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Cyclic voltammetric techniques (dc and ac) have been employed to probe the interfacial interaction of porcine
pancreatic phospholipase fPLA,) with mercury. A reaction mechanism based on the interaction of cystine
residues (disulfide) with mercury is presented. It appears that the interfacial electrical properties play an
important role in determining the surface behavior of adsorbed.Phdlecules. For instance, the predominant
step of the electron transfer process is dependent on the electrode surface properties, including the surface
concentration of PLAand the fraction of free surface mercury sites. In addition, the local pH at the interface
and interfacial buffer capacity were also found to be important factors in the surface reaction mechanism.
Studies of the electron transfer kinetics showed that the transfer coeffiajewas somewhat less than 0.50,

and the rate constark)(was of the order of 10s™1. From ac cyclic voltammetric studies it was determined
that the adsorbed PLAayer corresponded to a capacitor of abowtFcn? and that the faradaic component

of the interfacial capacitance was aboutR/cn¥.

Introduction SCHEME 1: Schematic Depiction of the Surface
Reaction Mechanism of a Disulfide Group on a Mercury

There has been much interest in studying the interfacial Surface®

reactions of thiols/disulfides at noble metal electrode surfaces,
such as gold,silver? and platinum as well as mercur§-® It

is generally found that thiols/disulfides adsorb very strongly to
these metal surfaces and that the adsorption involves rather
complicated surface reactions, mainly due to the fact that the
sulfur functional groups readily react with these metal centers
to form the corresponding, and energetically more stable, thiolate 5%
complexes. Such reactions enhance the adsorption of the
molecules in turn, typifying the surface behavior of this group
of molecules. Among these studies, those on the cystine/
cysteine system on mercury electrode surfaees particularly
valuable in terms of providing insight into the surface reaction
mechanism. Since both cystine and cysteine show rather well-
defined electrochemical responses, electrochemical techniques
have been quite extensively employed in addressing the above-
mentioned problems. On the basis of the studies of cystine/
cysteine on mercury electrode surfaédishas been postulated
that the reaction series consists of the essential step of formation
of a mercury thiolate complex (chemisorption) prior to the actual
electron transfer process (electrochemical reaction) (Scheme 1),
which is summarized below:

LA,

RSSR+ Hg < (RSLHY 445 1)

(Rs)zHg(ads)+ Hg A 2RSHgads) (2)

- ———

(RS)HYe+ 2H  + 26 < 2RSH o+ Hg  (3)
a Reaction steps correspond to those indicated in the text. Although
+ — PLA; is used as an example, the scheme can be used for other disulfide
RSHQags+ H' +e < RSH,,) + Hg ) species. Note that the figure is not to scale.

where the subscript (ads) denotes adsorption through a thiolaterate-determining step, it is postulated that either of the surface
linkage and (ps) denotes a physisorbed and/or adsorbed statéeactions of the disulfide group with mercury as shown in (1)
through interactions different from a thiolate. We make this and (2) can be the slow, rate-limiting step. In a previous study
distinction to differentiate molecules adsorbed via thiolate/ We have demonstrated that the rate constant ofRid&orption
mercury interactions from other types of interactions that are onto mercury via one of its seven disulfide groups is of the
likely present in this case such as intermolecular and chain/ order of 18 s™, indicating that in this case reaction 1 is fairly

chain interactions. However, as to which reaction is the actual rapid. Thus, itis likely that in PLAadsorption the actual rate-
limiting step is the disulfide bond-breaking/bond-forming reac-

® Abstract published ilidvance ACS Abstractecember 15, 1996.  tion, as shown in (2). On the other hand, as shown in the above
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reaction scheme, there is a coexistence of mercury(l) and -(I)
thiolate complexes, which apparently depends on the specific
surface conditions, such as the concentrations of disulfide and
mercury (i.e., the concentration of free surface mercury).

Correspondingly, there are two electron transfer pathways, (3)
and (4), which involve two protons/two electrons and one

proton/one electron, respectively.

It has been previously demonstrated that the electrical
properties of the interface play an important role in the above-
mentioned reaction mechanism of cystine/cystéia@d one
would anticipate that a similarly important role would be played
in the reactions of disulfide groups within enzymes. This
provides, in part, our motivation for the study of the interfacial
reactions of one of the disulfide groups within the hydrolytic
enzyme PLA since it may provide additional insight on the
interfacial reactivity of thiols/disulfides systems within enzymes,
especially since the bulky physical size and amphiphilic
molecular nature of PLAare believed to affect dramatically
its interfacial properties, such as charge/potential distribution,
solvation, and others. Since these properties are often correlate
with the reactivity and the mechanism of the enzymatic reaction,
we would anticipate that these would be affected as well and
consequently our interest in their study and characterization.
Moreover, we are interested in developing new electrochemical
methodologies for the determination of interfacial enzymatic
activity of enzymes such as PLAvhose activity is a strong
function of its state of aggregation at interfaces. In order to
develop such methodologies, an understanding of the reactivity
of PLA; at electrochemical interfaces is a necessary and key
initial step and this provides an additional incentive for their
study.

We recently carried out some studies on the adsorption
dynamics of porcine pancreatic phospholipasegPLA,) onto
a hanging mercury drop electrode (HMDE) surfac8ince this
study suggested that the adsorption was through a cystine residu
within the enzyme, we wanted to probe the surface reactions
involved, thereby providing additional insight into the current
understanding of the thiol/disulfide chemisorption. We have
carried out additional studies of this system with both dc and
ac cyclic voltammetric techniques, in terms of the surface
reaction mechanism, electron transfer kinetics, and the electrical
properties of the adsorbed PkAolecules.

Experimental Section

Materials. Phospholipase A(PLA,) from pig pancreas,
which was originally suspended in 3.2 M (WSO, solution
(pH 5.4) at a concentration of 6.3 mg/mL, was obtained from
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Figure 1. (a) Cyclic voltammogram of PLAadsorbed onto a mercury

electrode in 0.20 M KCI buffered with 0.010 M KPO,—KH,PO,
(pH 6.7). Sweep rate 56 V/s, electrode surface area 1.82 mn?,
and PLA concentratior= 0.030uM. (b) Cathodic peak current vs
sweep rate.

Simulations were carried out using Digi-Sim 2.1 (Bio-
analytical Systems).
Procedure. The experimental procedure has been described

(ﬁ)reviously? i.e., the time evolution of the adsorption of PLA

onto a mercury electrode was followed by holding the potential
at —0.25 or—0.30 V and taking cyclic voltammetric scans at
various time intervals (shorter at the beginning and longer at
the end).

Results and Discussions

Surface Reaction Mechanism.(a) Adsorbed States of PLA
In our previous study on the adsorption dynaniege showed
that the typical electrochemical response for Raésorbed onto
a mercury electrode surface is that presented in Figure 1, where
one can see a pair of well-defined voltammetric waves (Figure
1a) whose peak currents were directly proportional to the sweep
rate (Figure 1b), indicating that they are due to an electrochemi-
cal reaction involving adsorbed species. This redox response
@vas ascribed to the reduction/oxidation of one of the disulfide
bonds of the cystine residues in the enzyme adsorbed onto the
mercury surface. The overall electrochemical reaction can be
represented as

RSSR+ 2H" + 2e < 2RSH (5)
In contrast to the experimental value of 71 mYhis reaction
would be expected to exhibit a 59 mV shift of the formal
potential (at 25°C) per pH unit change as predicted by the
Nernst equation. As to the origin of this difference, it was
difficult to ascertain without a better understanding of the
reaction mechanism (more detailed discussion below).
Figure 2a shows the cyclic voltammograms of Bladsorp-

Sigma and used as received. Electrolyte solutions were preparedion while Figure 2b presents the variation of the corresponding

with ultrapure salts (Aldrich) which were at least of 9919%
purity. These salts were dissolved (0.20 M) in water which
was purified with a Millipore Milli-Q system and buffered with
phosphate salts (Aldrich, 9%%), tris(hydroxymethyl)amino-
methane (TRIS, from Sigma, 99:@9.5%), and hydrochloric
acid (Aldrich, 99.999%) depending on the desired pH.

Apparatus. The experimental apparatus and data analysis
for dc cyclic voltammetry have been described previodsly.

peak and formal potentials with time. It can be seen that there
are quite significant shifts in the peak potentials during the
adsorption process, i.e., with increasing surface coverage of
PLA,. As more PLA is adsorbed onto the electrode surface,
both cathodic and anodic peak potentials shift positively, by
up to 100 mV. Once a saturated surface coverage is reached,
the anodic peak potential remains practically unchanged while
the cathodic peak potential reaches a local maximum and then

the ac voltammetry experiments, the sine wave was generatedshifts more slowly into an also constant value. Here it should

with a Tektronix CFG 250 function generator, with a typical
frequency of 73 Hz and a peak-to-peak amplitude of 10 mV.
This ac signal was superimposed onto a 10 mV/s dc ramp which
was generated with an EG&G PARC Model 175 universal
programmer. The resulting signals were fed to an EG&G Model
173 potentiostat, coupled to an EG&G lock-in amplifier (Model
5209), from which the out-of-phase (9Gignals were recorded
with a Hewlett-Packard 7045K—Y recorder.

be noted that the shift of the anodic peak potentials was always
much greater than that of the cathodic peak potential, indicating
that the reduced form is more strongly adsorbed which is
consistent with the presence of two thiols relative to a disulfide.
These observations are consistent with the above-mentioned
reaction scheme. In the case of the cystine/cysteine system, at
the early stages of adsorption, since there is an excess of free
mercury, this will facilitate reactions 1 and 2 with the final
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SCHEME 2: Schematic lllustrations of the Variations of
: the Adsorbed Forms of PLA; onto a Mercury Surface
i Depending on the Adsorption Stage
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As this electrode potential is also positive of the corresponding
potential of zero charge (PZC) for chloride on merctitiiere
120 —— 1 , is in all likelihood a preadsorbed layer of chloride anions on
6o ©© © o ¢ the electrode surface, due to specific adsorption (Scheme 2, stage
100 o ©o0 . ). Therefore, the adsorption of PLAs accompanied by the
0° concomitant displacement of adsorbed chloride from the elec-
80 | %O 1 trode surface (stage Il), which is also suggested by the
> o isopotential points in the cyclic voltammograms (Figure 2a).
E o L é | At the early stages of adsorption, adsorbed Phdlecules are
%“ 0 surrounded by chloride anions, which compete with PLA
o molecules for surface mercury sites (stage IlI). Hence, due to
407 1 the limited access to surface free mercury, it is most likely that
@ the adsorbed form of PLAis (RSyHg, which would also be
209 1 the electroactive species that undergoes reversible electron
transfer. As more PLA molecules are adsorbed onto the
o ' : ‘ . electrode surface, more chloride anions are expelled (desorbed)
0 0 20 3 4 50 from the surface. Thus, adsorbed Pigould have access to

Time / min

additional free surface mercury and react further to form RSHg
(stage Ill). Taking into account the above observations, one

Figure 2. (a) Three-dimensional plot of cyclic voltammograms with
time of PLA; adsorption onto a mercury electrode in 0.20 M KCI could speculate that there might be different predominating
buffered with 0.010 M Tris-HCI (pH 8.6). Other experimental conditions  electron transfer pathways depending upon the surface concen-
were the same as in Figure 1. Arrow indicates isopotential point. (b) rations of adsorbate and mercury, i.e., (3) and (4) during the
Ereoilégg_te(g)t'asisﬁggigegpgggkaggtgggg;g ‘\'I":“;%ssgﬁ;t'ir;%tz;:_dsorpt'oninitial and final stages, respectively. In their cathodic reactions,
(RSyHg and RSHg are reduced by two protons/two electrons
formation of RSHg, whereas with an increase in coverage, the and one proton/one electron, respectively. However, one should
formation of (RS)Hg is favored® However, in the present case note that in (3) the two thiol groups were bound to the same
of phospholipase A because of its bulky physical size, it is mercury while in (4) it involves two different mercury sites.
likely that the mechanism is more complex and/or different from Hence, one would expect that reaction 3 would be energetically
that of the cystine/cysteine system. Here one should also recallless favorable than (4). On the other hand, the anodic reaction
that, during the PLAadsorption process, the electrode was held involves the restoration of the disulfide bond (4), which would
at —0.25 or—0.30 V, which is quite positive of the disulfide  be expected to be kinetically more sluggish than (3) since it
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requires that the two adsorbed thiols move onto the sameTABLE 1: Fitting Parameters for the Shift in the Formal
mercury by a distance of about 1.2 A, taking into account the Potential, E¥', of PLA;

bond lengths of mercurymercury and sulfursulfur@ a2 (V) b? (V) k (min~2)
The formal potential™) reflects the relative energetic states " ace | —0.700+ 0.003  —0.083+ 0.003 150+ 0.14
of the reactants and products in an electrochemical process in phase Il —0.716+ 0.001 0.0132- 0.002  0.09- 0.04

terms of the overall Gibbs free energy change a All potentials are referred to the reference electrode, Ag/AgCl

saturated with NaCl.

AG = —nFE” (6)
Il might suggest a relaxation process). Taking into account eq
whereAG is the free energy changg?’ is the formal potential, g one can get
F is Faraday’'s constant, and is the number of electrons
transferred. It can be seen that wHgh shifts positively, AG a— E; b
becomes more negative, indicating that the process is energeti- X= + e ™ (9)

cally more facile. This is consistent with the above argument E.-E E-K

that the adsorbed form of PL,Adeveloped, from (RSMHg at
the ear|y stages, to Subsequenﬂy form RSHg at h|gher surfaceWhiCh Clearly shows an eXponential dependence of the partition
coverage, since the former involves a bond-breaking step in Of the adsorbed PLAmolecules between the mercury(l) and
addition to the electron transfer process, in contrast to the latter-(Il) complexes. AsEq > Es, which is implied in the relative
case. The shift oE* with increasing coverage would also €nergetic states of (R§)g and RSHg, and in phasell, < 0
suggest that adsorbed PgLMolecules are |n|t|a||y rand0m|y (Table 1), therx increases with increasirtg This is consistent
distributed and subsequently aggregate into clusters/islands, suchith our earlier argument that, with increasing surface coverage,
that the local environment and consequently the energetic statethe predominant adsorbed form of PL& RSHg.
of the adsorbed molecules would be altered during this |f we assume that when= 0,x =0, i.e., at the initial stage
aggregation process. of adsorption, (RSHg is the predominant form, then from eq
Since, as mentioned above, during the adsorption process? one can get thd; = a + b. From the fitting resultsa =
there appear to be two different electron transfer pathways, there—0.700 andb = —0.083; thusEs = —0.783 V vs Ag/AgCI.
would ostensibly be two different formal potentials one associ- However, at the present time we are not certain that at the final
ated with each pathway, respectively. However, we have found Stages of adsorption 100% of the adsorbed molecules are in
that the potential separation between these two processes is smalhe form of RSHg. Thus, we can only estimate the lower limit
(vide infra) so that what one would measure experimentally for Es, which is reflected in the peak of the cuni&, > —0.704
would be some average (likely the weighted average) of theseV (Figure 2b). There is a potential difference of these two
two reactions which will, in turn, depend on coverage (time). reactions of only about 80 mV, corresponding to an energy

At time t, the surface coverage would & from which a difference of about 15 kJ/mol. One can see that the overall
fraction, 1— x, would be in the form of (RSHg and X in the energetic difference between these two adsorbed forms is not
expressed as one involves the breaking of a disulfide bond, it is compensated
by the formation of two Hg(h-S bonds.
E” = (1 — X)E, + XE, @) Figure 2c shows the difference in peak potentiadlg) with

time. One can note thalE, increases with increasing time

. . (coverage), reflecting a decrease in the degree of reversibility
whereE_g andE, are the fo_rmal potentla_ls for_ reactions 3 and 4’_ of the related electrochemical reactions. On the basis of the
respectively. We recognize that eq 7 is neither thermodynami- reaction scheme (Scheme A) described above, we believe that

Cﬁ”y r'gorOlIJS .nolr forn:al(ljy cortr)ecttr.] Rathe.r, W? Iuse I}t mT?] tthese observations can be interpreted, at least in part, in terms
phenomenological way o describe the experimental results. Thalyg vhe jnterfacial availability of protons which are necessary

such a treatment can qualitatively describe the experimental for the redox reactions. At the early stages, with only very low

bleha\lnor candbe s?own byf_runc;nn% simple simulations for two urface coverage of PLAprotons can readily reach the redox
closely spaced surface-confined redox processes at constant tota) ;e sjte of the adsorbate, whereas as the surface coverage

coverage. W(_e have, in fact, car_rlgd .OUt S.UCh a S|mulat|on (dataincreases, the adsorbed molecules become more compact; hence,
not sho_wn) using the program Digi-Sim (Bloanalytlcal Systems) the energetic barrier for protons to diffuse to the interface is
where it can be clearly observed that as the relatlye COVerageincreased. Given that the redox events involve protons, their
of the two components changes, the peak potennal shifts in availability would be anticipated to be reflected in the kinetics.
qualitatively the same way as was observed experimentally. We \yqitiona| effects of protons on these reactions will be discussed
reiterate t_hat we are aware of t_he_llml_tatlons (_)f eq 7 but also further below and in section b.
note tha.t it provides some qualitative information. It is instructive to compare the very first voltammetric scan
Equation 7 can also be recast as (at high sweep rate, e.g., 50 V/s) to subsequent ones for a
saturated surface. As shown in Figure 3, one can see that the

E"=E+X(E,— B € cathodic wave peak current of the very first cycle is significantly
greater than those of the subsequent scans, which are almost
As E; andE4 are both constants, the dependencEbn time constant, while the anodic peak currents remain virtually

is implied in x. Figure 2b shows the fitting of the formal unchanged throughout. Also, the difference between the first
potential vs time, where it can be seen that there is a two-phaseand the subsequent cycles of the cathodic scans is dependent
transition of the formal potential, designated as | and I, upon the sweep rate: the higher the sweep rate, the greater the
respectively, both of which are fit quite well by a simple difference. This behavior is also consistent with the above
exponential expressioE®”’ = a+ be ™. The fitting parameters  argument that the supply of protons to the interface could, in
are shown in Table 1, where it can be seen that the rate constanpart, account for the observed responses. In addition, the
for phase | is about 15-fold greater than that for phase Il (phase decrease of the cathodic wave in subsequent scans might indicate
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Figure 3. Cyclic voltammograms of the steady state of Blaisorbed E, 0307755 0 . 0
on a mercury electrode surface. Experimental conditions were the same Vvs Ag/A :
as in Figure 2. Numbers shown represent the scan number. 8Cy
that due to the compact aggregation of the adsorbed film and 4 0.10
geometric constraints, the reoxidation of RSH back to RSSR is b
not complete, as suggested ab&v&his is also consistent with 3 ;[ 008
the observation that, in the early stages of adsorption, the L 006
cathodic and anodic waves were almost equal in height. i
(b) Effect of pH in the Local Microafironment To further 1k - 004
probe the surface reaction, we also carried out an experiment - 0m2 o
where the supporting electrolyte (0.20 M KCI) was not buffered =. 0 =1
and the bulk pH was around 5. Figure 4a shows the corre- = I~
sponding electrochemical responses, where it can be seen that= r | 002 —
the reversibility of the overall reaction was dramatically ol
decreased with the anodic wave almost completely disappearing. - 004
From the peak position of the cathodic wave it was estimated -3 - | .06
that the responses were very similar to those at pi9.8 Thus, ; L
it appears that the adsorbed PLiA itself able to adjust the pH 4 - -0.08
in its vicinity (local pH) due to its multiple protonable groups 5 ; ! ‘ ! ! | | | 010
around the adsorbed site. On the other hand, the effective local 41 10 -09 -08 -07 -06 -05 -04 -03 -02
pH would suggest that the charged groups around the adsorbed E/Vvs Ag/AgCl

disulfide bond are most probably positively charged, such as )
ammonium groups, consistent with our previous suggetiat Figure 4. Cyclic vc_)ltammograms of PLAadsorbed onto a mercury
N . electrode surface in unbuffered 0.20 M KCI. Electrode &re4.82
the_ ad_sorbed disulfide bond_ might be that of Cys(iysgl_.,_ mn? and PLA concentration= 0.09 M. (a) Development of cyclic
which is close to the N-terminus of the enzyme. In addition, yoltammograms vs adsorption time at a sweep rate of 50 V/s. (b) Steady
this irreversibility was very dependent on the sweep rate, as state cyclic voltammograms at sweep rates of 50 and 1 V/s.
shown in Figure 4b, where it can be seen that at low sweep
rates (e.g., 1 V/s) the anodic wave was quite visible, and its  On the other hand, the proposed discrepancy of the interfacial
peak height was close to that of the cathodic wave. This and bulk pH (i) might, in part, account for the experimental
observation was again consistent with the earlier-mentioned result that the formal potential shifts 71 mV per unit of jaH
argument that the anodic process involved the necessarycontrast to 59 mV as predicted by the Nernst equation; thus,
movement of two thiol groups from two distinct mercury thiolate one can determine their relationship asijhce = 1.2pHuik-
complexes to one adsorbed center in order for the disulfide bond(ii) The discrepancy is consistent with the above-mentioned
to be regenerated. Without buffer present in the solution, any effect of interfacial availability of protons on the reaction
protonation/deprotonation process will result in an abrupt change kinetics, as the interfacial proton concentration is lower than
of pH as well as the local charge distribution. Thus, the that in the bulk.
reduction products, namely the two RSH groups, could incur  In short, the above dc cyclic voltammetric studies suggest
significant local charge disturbance so that their distance is nothat adsorption of PLA onto a mercury electrode surface
longer in the range necessary for the formation of a disulfide involves rather complex and coupled surface reactions. The
bond. The anodic wave’s sensitivity to sweep rate was reaction mechanism appears to depend on the specific conditions
interpreted as being due to the fact that at lower sweep ratesof the system, namely, the surface concentrations of adsorbed
molecules had more time to rearrange, resulting in a fairly well- PLA, and free mercury, as well as the local pH buffering
behaved voltammetric response in contrast to the case at highcapacity. However, the overall reaction appears to be consistent
sweep rates. Here one should note that the cathodic wave wasvith the mechanism of the cystine/cysteine system presented
always well-defined, suggesting that the reduction of disulfide in the literature.
to the thiols is kinetically facile, and this might reflect the fact Electron Transfer Kinetics. To further understand the
that whereas the thiols have a high localized negative chargekinetics of the electron transfer process, we attempted to
density, the disulfide does not, making it less sensitive to such determine the values of the transfer coefficiegtand the charge
effects. transfer rate constark, Laviron'®has employed a mathematical
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0.4 — T TABLE 2: Electron Transfer Coefficient, o, and the Rate
Constant, k, at Various Solution pH?2
05 - . pH o o k(10°s) k(10s™
— 75 045+0.04 0.514+0.06 1.6+ 0.3 1.7+0.1
%),, 06 . 8.6 0.35+ 0.04 0.42+ 0.05 1.8+ 0.3 1.7+ 0.1
-
) o © 0 0P aSubscripts 1 and 2 refer to the results of first cycle and steady
f 0.7 ~g © g . state of the potential scans, respectively. Solution pH was adjusted
2 © © o . with Tris/HCI buffers.
z D
o 08T | consistent with the earlier observation that although there is
o Amode incomplete reoxidation of RSH back to RSSR after the first
091 | 7 Cathodic g;'ssl')) 7 cycle, on the subsequent scans the anodic and cathodic waves
— - Formal Potential remain virtually unchanged, suggesting that the remaining sites
1.0 ' ‘ exhibit rapid kinetics. On the other hand, the rate consténts,
! 10 100 1 1000 were found to be virtually invariant between the first cycle and
Sweep Rate / V.sec’ the steady state and of the order of $0. It should be noted

Figure 5. Semilogarithmic plots of the sweep rate effect on the peak that as developed by Laviron, the theory is not strictly applicable
potentials of the cathodic and anodic processes. Experimental conditionsto reactions involving proton transfers coupled to electron
are the_ same as in Figure 2. Symbols are the experimental results; andransfer as we appear to have in our case. However, the
the solid lines are the corresponding fits to egs 10c and 10d. application of the theory provides a qualitative picture in terms
approach to derive the formulations, which can be summarized of an orde_r of mag”'mde el LR L R L
below: transfer which was our intent.
Electrical Properties of the PLA; Adsorbed Layer. To
Ey o= E — (RTanF) In(a/m) (10a) investigate the electrical properties of th_e adsorbed film of PLA
we carried out an ac cyclic voltammetric study at full coverage.
- For a system where both reactant and product are adsorbed on
—g_ _ _

Eoa=FE [RT(1 = c)nF]In[( = o)/m]  (10b) the electrode surface and their adsorption is mutually inde-
pendent, it has been shown that the overall admittance can be

whereE, c andEp s are the cathodic and anodic peak potentials, expressed a

respectivelyE is the formal potential B, c + Ep /2, m= (RT/
F)(k/nv), andR, T, F, andn have their usual significance. Here

. . 1 s
it should be noted that the above equations are only valid for a JoCo +jwCr + 7T(0rCo + 0Cr)( — 1)

Y=jwC, +
totally irreversible reaction. Experimentally, this can be very J0k 1+ Y(og+ag)i+ 1)+ l/ZOLROLoJ'
well approximated when the difference in peak potentiaS,f (13)
is >200h mV. By substitutingm into egs 10a and 10b, one
can obtain with
E,.= E — (RTanF) In(@nFART) — (RTanF) In v (10c) C, = A(BQOB)r,
E,=E + [RT(1 — a)nF] IN[(1 — )nF/kRT] + Co = A(OQIT o) r (T IB)c,

[RT(L = c)nF]In v (10d) Cr = AWGQIT ) 1 (TH3E)c, .

Plots ofE, candEp Vs Inv yield two straight lines whose slopes

(k. and k;) are equal to—RT/anF and RT/(1 — a)nF, o = (ATJICH20/D I o = (9T/IC)(2w/D )2
respectively. Therefore, one can determine the valuwefodm o= (efdCe)(20/D) ™ 0 = (AT RICR) (2 R)(14)

a = kf(k, — k) (11) wherej is (—1)2, A is the electrode areay = 2af (f = ac
. frequency)Q is the chargek is the applied electrode potential,
whereas the rate constakt,can be determined from T is the surface excesS,is the adsorbate solution concentration,

andD is its diffusion coefficient. The subscripts O and R refer
to the oxidized and reduced states, respectively. The overall
admittance can be viewed as the combination of a capacitance
" Cyin parallel with a kinetic impedance represented by the second
term in (13). Consequently, the equivalent quadrature compo-

k= anFv/RT= (1 — 0)nFv/RT (12)

where v and v, are the cathodic and anodic sweep rates
respectively, when botk,. — E andE,, — E are equal to

Z€ro. nent of the electrode admittance can be recast as
Figure 5 shows the sweep rate dependence of the peak
potentials where one can see that at high sweep rat@q V/s) Y'=wC,+ oC (15)

AEp > 100 mV. Thus, egs 10c and 10d could be applied to

the experimental data (recall that= 2). Table 2 summarizes  \hereC; represents the contribution involved in the faradaic
the results ofx andk for the first cycle and steady state, under process and is dependent upda, Cr, 0o, andag. From eq

different pH conditions, where one can see thatare inthe 15 one would expect a linear dependency of the out-of-phase
range 0.350.50. This is consistent with the earlier observation cyrrent (') on frequency, which can be expressed as

that the shift of the anodic peak potential is more sensitive to

the surface coverage than that of the cathodic wave. In addition, I"=E"Y'=E'w(C, + C)=27E"f(C, + C;) (16)
the values ofx at steady state are somewhat larger than those

for the first cycle, suggesting a slight increase in the symmetry whereE" is the amplitude of the ac signal. Althoudh is
of the energy barrier in the electron transfer process. This is also a function ofv, the variations inw were relative small so
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a TABLE 3: Capacitance Composition of the PLA, Adsorbed
Layer at Various Solution pH
I75 nA pH C1 (uFlcn®) Cr (uF/cn®)
7.5 6.6 0.6
8.6 6.0 1.0

this current is approximately equal to thatkgt = —0.52 V,

f/lHZ indicating that the overall interfacial dielectric properties of the
163 adsorbed PLA molecules were practically unchanged before
" and after the redox reaction. Although inferring structural

123 information from capacitance measurements must be done with

s great care, what one can say is that based on these capacitance

93 results, there appear to be no gross changes in the interfacial
% L structure of adsorbed PLAvhich is consistent with our previous

suggestion that its overall molecular conformation is preserved
during the adsorption and electron transfer proceéses.

H———————+ Conclusions

E/V vs Ag/AgCl Cyclic voltammetric studies were carried out in both ac and
dc modes to study the interfacial interaction between adsorbed
1000 —— T PLA; molecules and a mercury electrode surface. The surface

b reactions involving the adsorbed disulfide bond in Blwere

900 - 1 found to be quite complex with the reaction mechanism being

800 - 4 dependent upon a variety of factors, among which the concen-
trations of surface mercury and PLAand the surface pH

« 700 1 buffering capacity were most influential. These findings were
£ 600 |- | consistent with the nature of the surface reactions presented in

3 (1)—(4). However, due to the very large molecular dimensions

8 and amphiphilic nature of PLA the corresponding surface
reaction mechanism is more complex than that for the free

500 | R*=0993

400 - o E=052V|] cystine/cysteine system in terms of the adsorbed states of the
300 |- R-09% o E=073V|] thiolate complexes and _cor)se_quently the pred_ommatl_ng elt_actron
transfer pathways. This indicates that the interfacial micro-
200 U ‘ ! : J : : structure can play a key factor in determining the surface
40 60 80 100 120 140 160 180 200 behavior of adsorbed molecules. Studies of electron transfer
F/Hz kinetics showed that the transfer coefficiea) (vas somewhat

Figure 6. (a) The ac cyclic voltammograms of PLAt the steady less than 0.50 and that the rate const&ptMas of the order of
state of adsorption onto a mercury electrode surface. dc potential sweepl®® s™1. The ac cyclic voltammetric studies showed that the
rate IS 10 mV/s and ac amplit_ude is 10 mV. Other experimental Capacitance of the adsorbed Fﬂ_hyer was around ﬁ':/cr‘n'2
conditions are the same as in Figure 2. (b) Frequency dependence ofyq that the faradaic component of the interfacial capacitance
the ac currents. was about JuF/cn?.
that the effect orC; would also be ostensibly small, and we We are currently developing an approach for evaluating the
have assumed it to be negligible under our conditions. interfacial enzymatic activity of PLAon phospholipid mono-
Figure 6a shows the ac voltammograms of adsorbed,PLA layers on a mercury electrode surface. The results presented
at steady state, where one can see that there is a well-definechere are an essential first step to the understanding of the
pseudocapacitance peak at abe0t73 V, which is very close interfacial behavior of the enzyme and provide insight into the
to the dc formal potential. In addition, a minimum in the ac hydrolytic effect of the enzyme on these lipid assemblies. These
current is found at about0.52 V, and this potential position  studies are currently underway and will be reported elsewhere.
is almost independent of the ac frequency. Figure 6b shows
the frequency dependence of the ac currents at the peak( 3 Acknowledgment. This work was supported by the National
V) and minimum (0.52 V) positions, respectively, where Science Foundation through Grant DMR-9107116. The authors
excellent linear correlation&}f > 0.99) were obtained at both  acknowledge the assistance of Mr. Y. Liu in data collection.
potentials. From the slopes, one can calculate the corresponding
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