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The effects of pH. LEWIS acids [Ca(II) ; Zn(II)] and adsorption on 
the electrochemical o_xidation of dihydronicotinamide adenine dinucleotide 
(r,4-N.G3H) at a glassy carbon electrode have been investigated in 
aqueous media using cyclic voltammet7. The osidation of NADH to 
NAD* (nicotinamide adenine dinucleotxde) is highly irreversible and is 
only marginally dependent on pH ; the initial charge transfer is indicated 
to be rate-controlling step. Osidation of at least some of the NADH 
as an adsorbed species makes the osidation more difficult, as does the 
presence of Ca(I1) and Zn(II) ; the possible causes for this behavior .are 
examined. 

Introduction 

Reduced nicotinamide adenine dinucleotide (r,+NADH ; dihydro- 
nicotinamide adenine dinucleotide) is formed on the reduction of nico- 
tinamide adenine dinucleotide (NXD+, DPN+ ; coenzyme I) in a one- 
step process enzymatically (eq. I) and in a two-step process electrochem- 
ically (eq. 2) : 

enzyme 

NAD++H++ze- 7~ NADH (1) 

electrode + H+, e- 
NAD+ + e- _ -5 NAfi ____, NADH 

ca. - I.15 V ca. - 1.6V 
(2) 

EnzymaticaUv, NADH can be o_xidized back to NAD+ in a single step. 
Electrochemi&lIy, NADH can be oxidized back to NAD* in a. single 
step at a potential of ca. 0.4 V. The electrochemical reduction of NAD+ 

l Discussed at the 4th International Symposium on Bioelectrochemistry. 
IVoods Hole (Milss.), 1-S Octokr 1977. 
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also produces some r,fSNADH, which is also oxi@.z&ble back to,%%+. 
The electrochemistry involved has been reviewed.l.2 (In:the- subseqbent 
discussion, unless otherwise indickttid. NADH ‘refers: td r;&NADH_) .’ 

In recent years, several papers have exaniiried- the electro~h&$c&l 
oxidation of NADH S* The realization of cdnditions; under which re-’ 
producible current-potential curves ‘could be bbtaintid,51’: h&.;titide pos- 
sible the use of the el&trochemical oxidation of NADH tci .&XD+ .&‘,,a 
coqponent of analeical methods based on the’enzyrnatic‘reductioii’6f 
NAm i.e., chemical species, which undergo eriiymaticallj; ‘dat&lwed 
redox reactions with NAD+; can be:determined -by coulotititric' -beasti& 
ment of the NADH produced ifi the oedatiofi_ -. ;‘I 1 .’ z: .: .: ‘. ; 

However, there is still considerable uncertainty about the d+iled 
nature of the electrochemical oxidation of NADH: The -@r&&t,: @<p&r 
is concerned with the effects of BRONSTED acids, as reflected in pH;’ tid’ 
of LEWIS acids on .the oxidation, and with the role played by adsorption 
of the NADH on a glassy carbon electrode, which is the type of:, elec- 
trode most often used in connection with the NA?H oxidation.’ __ ,, 

. -.. 

Experimental 

Chemicals ; .’ 

The purity of reduced nicotinamide adenine dinucl&otid~ &sc%u& 
salt (1,4-NADH) (P-L BIOCHE~~CALS) .yas. determined .by’. ,&@i&id 
assay.!’ Zinc perchlorate was ob’ttiined from. G. F. .sMITti aiid .-+<i_e 
perchlorate from J. T. BAKER. Background electrolyte and:..buffer..s$ 
lutions were prepared from reagent grade .chem$%ls ; .TEAP fe-fz+-$ .to 
tetraethylammonium perchlotite and Tris to z.~+rnmct_2~hydr~xym~thyl-- 
I ,3-propanediol. .-’ 

Instrl4naenbtio?r 

The jacketed electro&e+cal cell used w+. thkrmos&ted at’ &?C: 
Potentials were measured against a saturated;c+lomel electrode:, ‘&ke 
counter electrode was a platinum. coil. The. stationary glassy~~ carbon 
electrode (G.C.E.) .was a o.3-cm (length) .x o.fj-cm (diameter) ‘: glassy, 
carbon disk [TOM ELECTRODE MANUFACTURING CO~P_~NY. of. TGkyo) ;:, 
cemented into s-mm i.d. glass tubing with Techki$s.E-7 epoxy-adhesive; 
electrical connection was made by diping a nickel -wire into :a. mercy- 
pool contained above the carbon. The glass tubing and. carbon were 
ground flush to each other on a rotating 6o+mesh ,+C, paper +i&i ?I@ 
then polished. Pretreatment of the el&ctrode i: ,subsequently described.. 

For- cyclic voltammetry, a PAR Modek 17.4 po&rd.&raphic; unit. -an 
in-house built potentiostat, 20 a HOUSTON INSTR~ENT Seri~;.:200’0 ,X&Y 
recorder, and a TEKTRONLK-5103N cathode ray &cilloxdpe ti&.;.$nita,ble 
modules and cameras were used. :, 
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Procedures 

Standard voltammetric procedures were used with the modifica- 
tions subsequently noted. 

Pretreahent’ of _gZassy carbon electrode. - The electrochemical char- 
acteristics of the osrdation of NADH on a G.C.E., are strongIy depen- 
dent on the method used to prepare the electrode. In the cyclic voltam- 
metric studies to be discussed, use of the following procedure to prepare 
the electrode surface prior to the r.unning of each voltammetric sweep, 
resulted in a reproducible electrochemical response : 

I. 

3 
A. 

3- 

1- 

The electrode is vigorously sanded with 6oo-grade silicon carbide 
paper. 

The electrode is then sprayed with distilled water under pressure to 
remove loose particulate carbon. 

The escess water is daubed off the electrode surface with lens paper. 

Electrode surface is allowed to air dry. 

It was necessary to repeat this procedure before each scan because 
prolonged exposure -of the electrode to NADH had the effect of 
passivating its surface. Within z to 3 min of being immersed in a solution 
of 2.6 mM NADH in 0.1 M TE_4P and 0.01 M Tris (pH 7-z to g.6),‘the 
peak current, rp, for the voltammetric NADH oxidation peak was no- 
ticeable attenuated and the peak potential, U,, shifted positively. Es- 
posure of the G.C.E. to a solution of 0.1 ill TEAP and 0.01 M Tris alone 
produced no observable change in electrode behavior_ Since rinsing the 
electrode surface with distilled water after exposure to NADH. did not 
regenerate the original characteristics of the electrode, a relatively strong 
adsorption of NADH on the glassy carbon surface is indicated_ 

Merely polishing the electrode surface with lens paper prior to 
each voltammetric sweep did not result in a reproducible electrochemical 
response for the NADH osidation but rather had the effect of passivating 
the electrode surface. Fig. I shows the difference observed in the osida- 
tion of NADH (A) at a G-C-E. which was sanded, rinsed, and allowed 
to air dry, and (B) at a G.C.E. which was sanded, rinsed, and polished 
with lens paper. Voltammogram (B) is significantly more. irreversible 
than that of (A) ; Up is ca. 320 mV positive and 1, is ca. 30 o/o less. In 
general, the magnitudes of the positive U,., shift and the I, attenuation 
are dependent on the duration and vigor of the surface polishing. 

Eflect of $H 03c oxidntiou of NADH. 

The effect of pH on the electrochemical osidation of NADH at the 
G.C.E. was examined by cyclic voltammetry over the range of pH 7.2 
to 9.6 in 0.1: M TE,ZP and 0.01 .ii Tris (the pH was adjusted by the 
addition of HCLO,) (Table I)_ Under .these conditions, the osidation was 
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Fig. I. 

Cyclic voltammograms of 2.6 mM N_ADH in 0.1 M 
TE_-\P and 0.0 I M Tris sho\ring the effects of electrode 
pretreatment. Pretreatment procedure : (A) sand 
with 6oo-grade silicon carbide paper, rinse with 
distilled water. and air dry ; (B) sand with 6oo-grade 
silicon carbide paper. rinse with distilled water, and 
polish with lens paper. Scan rate = 40 mV/s. Scan 
starts at potential 0 in the anodic direction 

highly irreversible. No complementary cathodic peak -_. _ was observed 
within the scan rate, v, range of 0.04 to 20 V/s. At Y in excess of 20 V/s, 
the anodic peak was quite broad and estended into the potential region 
where the osidation of water to evolve oxygen occurred. Hence, peak 
notentials and currents could not be meaningfully determined at ZI 
&eater than 20 V/s. 

- _ 

The effect of pH on the voltammetric peak potential, UP, for the 
osidation of NADH was dependent on v (Table I) ; the variation of UP 
with pH for ZJ = 0.2 V/s is -&iven by 

Up = 6.53 - 0.012 pH (3) 

At a rotating glassy carbon electrode (214 r:p.m.), BLXEDEL and 
JENKINS~ reported that the osidation potential vs. pH relationship for 
IO ~.LM NADH in 0.1 _ii NaCl and 0.005 M phosphate buffer is given by 

UK = 0.512 - 0.017 pH (4) 

The agreement in potential and pH-dependence is reasonable 
considering the difference in electroanalytical techniques. 

If the oxidation of NADH proceeded reversibly with the loss of 
two electrons and a proton, UP would be espected to shift 30 mV pos- 
itive for each unit decrease in pH at 25 0C. The relationship of UP to 
pH and the irreversible character of the cyclic voltammograms indrcate 
that the osidation does not occur reversibly. 



530 Jensen and Elving 

Table I_ Cyclic I-oltammetric data for the osidation of 2.6 rnilr I,+-SADH 

on a glass+- carbon electrocle 

. - 
I 
1 

:- 

I t 
I Background : 0.1 AI kE_AP and 0.61 :‘rI Tris 
1 

7.2 j 40 
‘7.2 90 
5 _ ” 200 

s-3 -to 
S.3 90 
s.3 200 

9.6 40 
9.6 90 
9.6 zoo 

0.40 I75 
0.425 165 

0.45 165 
0.40 175 
0.41 165 

o-43 I-- 32 

o-39 IS5 

0.41 IS0 160 
O.$Z 15.5 243 

/ , 
Bzkkground ; 0.1 111 TE_AP,‘. 0.01 Tris and =jo mM Ca 

95 

I55 

=7o 
105 

I55 
230 

95 

7.2 40 

7-2 90 

7-2 200 

9.6 40 

g-6 90 

g-6 200 

0.41 

0.425 

0.46 
0.41 
O-425 

0.455 

*45 II5 o-33 

155 210 0.31 

I35 370 O-35 - 

I45 I35 o-33 

I35 2 I 0 O-35 

130 375 o-37 

7 .? 40 j 0.4'25 
7_‘2 90 O-455 

I 
7.2 200 0.485 

The solution pH \vas adjusted by the 

b The product (I - a)x, w-as calculated 

I20 =3o 
115 ‘.?O -- 

I30 355 

_ . 
I 

_- 

1 

(I - a)tQ 

0.27 

0.29 
0.29 

0.27 

0.29 

0.31 

0.26 

0.26 

0.31 

O.$O 

0.42 

0.37 

addition of HClO,. 

from the slope of the voltammognm 

and is equivalent to 1_S57 RT/[P(b;, - U&]_lO- 

Chirrge trwasjer c7zcirncteristics 

The slopes of 155 to IS~ mV for the cyclic voltammetric peaks, 
UP - UPlz (Table I), indicate that the rate-controlling step in the osida- 
tion is the charge transfer.lO In order to determine a charge transfer rate 
constant, &,, it would be necessary either for the rate to be sufficiently 
rapid that a cathodic peak could be observed or for a thermodynamic U” 
to be known. Since neither of these conditions could be met, I%,,, could 
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not be determined. However, the product, (I - ‘L)TZ~, could be calculated 
from the slopes of the voltammetric peaks ; a is the transfer coefficient 
for the charge transfer process,l’ and ?L, is the number of electrons in- 
volved, in the process (generally taken to be one) and (I - a) represents 
the fraction of the applied overpotential which promotes the osidation 
step. The relationship of the cyclic voltammetric peak slope to (I - a)n, 
is given by12 

(5) 

Determinations of (r - a)+r, based on nine cyclic voltammograms run 
at v of 0.04, 0.09 and 0.20 V/s were independent of solution pH with 
an average value of 0.2s and a standard deviation of 0.0~. For IO pII 
NADH in 0.1 M NaCl and 0.005 M phosphate buffer at a rotating glassy 
carbon electrode (214 r.p.m.), BL_AEDEL and JENKINS~ reported a slope 
for a plot of U vs. log [(ld - I) /I-j, which corresponds to an (I - a)tza 
of o_r7. 

Fig. 2. 

Variation of cycIic voltammetric peak current 
(I,) with scan rate (v) for the osidation of 2.6 mM 
NADH on a glassy carbon electrode. Solution 
conditions : (A) 0.1 Ai TE_AP and 0.01 N Tris 
(ln Ip values were calculated from the average of 
Ip at pH 7.2, 8.3 and g-6) ; (B) 0.1 dd TEAP, 

' 'p.01 .M Tris and 50 rnllf Ca(II) (ln Ip value were 
calculated from the average of I at pH 7.2 and 
9.6) ; (G) 0.1 df TE_AP,-0.01 3f ns and O-I mJf !r- 

Zn(Ir) at pH 7.2. 

Efect of NADH adsorption. 

In the limiting c&e, where all of the electroactive species under- 
going a- charge transfer is adsorbed at the solution-electrode interphase, 
the peak current, Ip, will be proportional to t-he scan rate, v, and a plot 
of ln 1, vs. In v will have a slope of 1.0. Is If a non-adsorbed electroactive 
species undergoes charge transfer either reversibly or irreversibly, a slope 
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for In I, vs. In v of 0.50 is predicted.lO Hence, a slope in excess of o-50 
indicates that some of the species undergoing charge transfer is adsorbed. 
Since a plot of ln ID vs. In v for 2.6 mM NADH in 0.1: M TEAP and 
o-01 M Tris over the range of pH 7-2 to g-6 has a slope of 0.58 (Fig. 2). 
it is apparent that some reduction of adsorbed NADH is taking place. 
In view of the passivation of the G.C.E. brought about by its exposure 
to NADH, it is not surprising that the relationship of Ip to v indicates 
the occurrence of adsorption. 

The NADH adsorbed at the electrode-solution interphase is more 
diflicult to o.xidize than the NADH; which is in solution. Since adsorbed 
NASH occupies a lower free energy state, the electrode potential needed 
to oxidize it must overcome the energy of adsorption_ Hence, oxidation 
of adsorbed NADH requires a more positive potential. Since the 1, zx. v 
relation indicates that some NADH is adsorbed; the true peak potentials 
for the oxidation of non-adsorbed NADH may be expected to be somewhat 
less positive than was esperimentally observed. However. since the 
o_xidation only shows one voltammetric peak, the oxidation potentials 
for adsorbed and non-adsorbed NADH must be sufficiently cIose that the 
experimentally observed voltammetric peak is a composite of the o_xida- 
tion peaks for adsorbed and non-absorbed N,XDH. 

Eflect of LEWIS acids :Cn(II). 

The electrochemical oxidation of NADH at a G.C.E. in the tire- 
sence of 50 mM Ca(II) in 0.1 M TEAP and 0.01 .M Tris was studied at 
pH 7-z and 9.6 in order to ascertain whether the addition of such a 
LEWIS acid, which is common in biological systems, would modify the 
oxidation. 

In the presence of Ca(T1). the oxidation of NADH is relatively 
insensitive to pH, e.g., cyclic voltammograms at pH 7.2 and ,g.6 were 
quite similar (Table I). Addition of Ca(I1) slightly shifts U, positively 
(o-10 mV at pH 7.2 and 20-35 mV at pH g-6) and increases 1, (from 25 o/o 
at 0.04 V/s to 40 o/o at 0.20 V/s). The slope of In I, vs. In ZJ is 0.73 (Fig. 2) 
as compared to one of 0.5s in the absence of Ca(I1). This increase in slope 
indicates that addition of Ca(II) increased the adsorption of NASH, 
since the slope in the presence of Ca(I1) more closely approsimates that 
predicted for oxidation of an adsorbed species. 

Since increaSed adsorption of NADH would produce a greater sur- 
face concentration of NADH, the increase in Ip brought about by Ca(II) 
addition is probably a consequence of the increased NKDH adsorption. 
The slight positive shift in U, may also result from an increase in the 
amount of adsorbed NADH. since a larger fraction of the species un- 
dergoing charge transfer will be in the lower energy adsorbed state and 
will be more difficult to o_xidize_ 

In the potential region where the NADH oxidation occurs, the elec- 
trode-solution interphase and NADH are of opposite charge, .I-.e., the 
former is positively charged due to the applied potential and the NADH 
is negatively charged due to phosphate dissociation in the pH region 
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involved. Since addition of 50 mM Ca(I1) increases the ionic strength 
from 0.x M to 0.25 M, a decrease in the activity coefficient of NADH 
and a corresponding decrease in adsorption would be expected: ‘However, 
since adsorption of NADH is increased in the presence of Ca(II), it is 
likely that Ca(I1) serves td further stabilize NADH adsorbed at the 
interphase. 

Studies of the complexation of Ca(I1) by adenine nucleotides have 
shown that Ca(I1) is bound at the phosphate g-roup~.~~~~~ If Ca(I1) forms 
a I : I complex with NADH, the Ca(I1) probably binds at the pyro- 
phosphate linkage. The resulting complexed would be electrically neutral. 
Although the lack of a negative charge on the complexed NADH would 
result in decreased electrostatic attraction towards the positively charged 
electrode-solution interphase, the electrostatic .repulsion between mol- 
ecules of adsorbed complexed NADH would be less than that between 
molecules of adsorbed uncomplexed NADH which have a charge of -2. 
With less electrostatic repulsion between adsorbed species, a greater 
surface excess will occur at the interphase. In the presence of 50 mM 
Ca(I1). the diminished repulsion between adsorbed molecules ‘of ‘com- 
plexed NADH is probably responsible for the indreased NADH adsorption. 

Efect of LEWIS acids : Zn(1.I). 

The o,xidation of 2.6 mM NADH ,in the presence of ZI mM Zn(II) 
at pH 7.2 (0.1 M TEAP and 0.02: M Tris buffer) was examined ; Up for 
the NADH oxidation shifted zo-35 mV positive and I, increased. by 

3.5 %- A plot of In I, vs. In v gave a slope of 0.63 (Fig. 2), indicating 
that the adsorption of NADH was increased slightly by the Zn(I1) gddition. 

Although much of the increase in I, can be attributed to the ‘in- 
crease in adsorbed NADH, the shift in U, can not. Adsorption of NADH 
occurs to a lesser extent from a solution 21 mM in -Zn(II) than from 
one 50 rnM in Ca(I1). However, U, in the presence of Zn(I1) was 10-25 

mV positive of Up in the presence of Ca(I1) at the same pH. Since the 
positive shift is not the result of increased NADH adsorption, it may be 
indicative of an interaction between Zn(I1) and NADH. 

If NADH complexes with‘Zn(II), the LEWIS. acid character of the 
Zn(I1) ion could serve to lower the electron denSicy in the dihydronico- 
tinamide moiety, which would make NADH mbre difficult to o_xidize. 
Nuclear magnetic resonancelO and infraredl? spectroscopic studies have 
indicated that Zn(I1) binds adenosine-5’- triphosphate at both the adenine 
and phosphate moieties. It is highly probable that Zn(I1) will bind these 
sites in NADH as well. It is not clear whether there is any significant 
interaction between Zn(I1) and the dihydronicotinamide moiety. However, 
in view of the rather small shift in U, at a Zn(I1) : NADH ratio of 8, 
any interaction of this’type would have to be quite weak. 
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